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The crystal structure of the oligonucleotide d(CGTGAATTCACG)has previously been reported as a B-type double
helix at a resolution of 2.5 A. Here, the structure of this sequence was determined at a higher resolution of 2.00A in
space group P2,2,2;. The adjustmentsin crystal packing between the former and latter are described. The present
structure allowed more in depth description of the interactions between the oligonucleotides and with the surrounding
solvent: the presence of Mg and Cl ions, a greater number of water moleculesand non-classicalG---G hydrogen bonding

interactions between adjacent DNA duplexes.
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INTRODUCTION

The d(CGTGAATTCACG) DNAduplex is
interesting because it features a EcoRI restriction
site[1]. The crystal structure of the sequence has
been  previouslyreported at 2.7and2.5 A
resolution[2, 3].Interestingly,data collection has
been carried out at 0°C because the authors state
that the useof lowertemperatures resulted in the
absence of diffraction, associated with damage of
the crystals[2]. In the present manuscript we report
the structure of d(CGTGAATTCACG); collected at
130 K and at a higher resolution of 2.0A. This is the
highest resolution reported for this structure. Thus,
we are able to discern a number of detailsthat were
not spotted in the previous reports: the presence of
Mg and CIl ions, a greater number of water
molecules) and non-classicalG:--G  hydrogen
bonding interactions. One shouldnote that our aim
was to co-crystalize the DNAwithDAPI and thus
thecrystallization condition includedDAPI. It is
unclear whether the presence of an intercalating
agent is responsible for the stabilization of the
crystal though we observed visually the
degradation/destruction of the crystalsinthe drops
afew dayslater.

EXPERIMENTAL
Sample crystallization

The dry oligonucleotide sequence
CGTGAATTCACG  was  purchased  from
“EurofinMWG Genomics”,dissolved in a buffer up
to 1 mM and annealed at 75°Chefore usein order to
obtain dsDNA. The buffer solution consists of
60mM sodium cacodylate (pH 7.0), 17 mM MgCl,,
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2mMSpermine and 1.5 mM DAPI. Crystals were
grown from hanging drops (3 ul) at room
temperature, equilibratedagainst 50%v/v2-methyl-
2,4-pentanediol (MPD).Large crystals (0.4 x 0.3 x
0.25 mm?®) suitable for single crystal X-ray studies
formed within a month(Fig. 1).

Fig. 1. Observed crystals of d(CGTGAATTCACG)
Data collection and crystal structure refinement

Crystals were mounted on loops and were flash
frozen at 130 K directly under the nitrogen cryo
stream (Cobra, Oxfordcryosystems). All data were
collected at low temperature(130K) on an Oxford
diffraction Supernova diffractometer using Cu-Ka
radiation (A = 1.54056 A) from a micro-focus
source. The determination of unit cell parameters,
data integration, scaling and absorption correction
were carried out using the CrysalisPro[4]. The
phases were obtained by molecular replacement
with a Phaser[5]using 1D29 [2] as the starting
model.The refinement of the structure involved
several cycles of refinementusing Refmac 5 [6] and
Coot[7]programs.The water and heavier atoms (Mg
and CI) were positioned on the Fo-Fcdifference
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map using the interface of a Coot program.A
summary of the fundamental crystal data and
refinement indicators is provided in Table
1.Graphical analyses of the model and the electron-
density ~maps were carried out using
Coot[7].X3DNA [8] was used to carry out
structural analysis and geometrical calculations of
the DNA parameters. PyMOL[9] was used to
prepare the figures. The coordinates and structure
factors have been deposited in the PDB as entry
5JUA4.

Table 1. Selected crystallographic data-collection
statisticsand refinement indicators for 5JU4

Crystal system Orthorhombic

Space group P2,2,2,

cell dimensions

a,b,c A 24.503, 41.09, 65.184
a, B,v,° 90, 90, 90

independent molecules 2
diffraction data

wavelength, A 1.54056
resolution, A 2.0
reflections 4796
completeness, % 99.5
o) at2 A 2.77
redundancy 8.2
Rmerge % 7.5(36.8)
Refinement

reflections used 4524
resolution, A 2.0

R (Rfree)% 21.8 (29.0)
no. of atoms 544
DNA 488

Mg, Cl/ion 2

Waters 74
average B fatcor, A2 31.01
R.m.s.d.

bond lengths, A 0.009
bond angles,* 1.776
PDB code 5JU4

RESULTS AND DISCUSSION

Single crystal data collection has been attempted
for several different crystals. One should note that
the dataset collected up to a resolution of2.00 A
was from a crystalthat was harvestedfromthedrop
five(5) daysafter it was spotted. Crystals
withsimilar or even bigger dimensions (size)that
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were allowed to “stabilize” for more than a week in
the crystallization drop diffracted usually at a
resolution up to 2.5 A.Attempts for datacollection
at roomtemperature (19°C) were performed on afew
crystals, however the observedquality of the
diffraction was not comparable with that for
experiments conducted atl30K.The presence of
DAPI in the crystallization conditions may have
played a role for crystal structure stabilization.

The asymmetric unit of 5JU4 consists of two
chemically equivalent self-complementary strands
(each strand is twelve base pairs in length)forming
an anti-parallel right-handed DNA(Fig. 2).The B-
type DNA duplex is formed by classical Watson-
Crick (W-C) hydrogen bonding base-pairing
interactions between the two strands: basesCl to
G12 from the first strand interact with basesG13 to
C24from  the  opposite  (second)  strand
(thenumbering corresponds to a sequence of
thecrystal structure). Theminor grooveof the present
double stranded oligonucleotide features a central
TpAstep (AATT) surrounded by C or G rich
regions. Its overall secondary structure is
comparable to the  previously reported
structureswith the same sequence, PDB entry
1D29[2], with an rmsd of 1.61A when the two
structures are superposed (Fig. 2b).

Fig. 2.View of the asymmetric unit of a)5JU4
including hydrogen bounds (dottedlines) and water
moleculesandb) structural alignment of 1D29[2] (shown
in yellow) and 5JU4 (the backbone is shown in black
color, Mg in green, CI in black and the water molecules
in red).

The base-pair morphology values for theshear,
stretch, stagger, buckle, open and propeller twist
obtained using X3DNA[8] for 5JU4 and 1D29are
shown in Table 2.While for the shear, stretch and
staggerthe variationsbetween the two structures
areminimal (average differences are 0.15, 0.23 and
0.12 respectively)the averaged differences for the
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buckle, open and propeller twist values in the
structures are moreevident(2.61, 5.07 and3.46
respectively). The mostpronounced differences are
not in the core TpAregion butare seen mostlyat
thetwoC-G ends, e.g.“propeller” differences of
11.97 and 10.45 in C-G pairs 12-13 and2-23 and
differences for “opening” of 8.01 and6.24 forC-G
pairs 1-24 and 11-14.Consequently, althoughthe
DNA sequence is slightlyalteredthe intrastrand
interactions of 5JU4 produces a motifthatis in
agreement withthe Dickerson-Drew
dodecamerandclassical ~ right-handed = B-DNA
duplex structuralfeatures[10, 11].

The asymmetric unit of 5JU4 contains 74 water
molecules (whileonly 36 are located in 1D29).
Many of these waters are first hydration-shell,
ordered and welldefinedand may be responsible for
providing additionalstabilization to the DNA
duplex. In addition the Fo-Fcdifference map,
suggests  thepresence ofheavier atoms (than
water)e.g.Mg®* and CI" ions. No such ions,
compensating the DNA negative charge are present
in the 1D29 structure.The 5JU4 model shows
thatMg®‘interactsattwo levels — firstly withthe DNA
moleculepresent in the ASU, near the ends of the
strands and secondly with a neighboring DNA
molecule (via symmetry operation), near the minor
groove (Fig. 3).0ne should note that the position of
this particular Mg®* is evident in earlier studies of
d(CGCGAATTCGCG)and it has been concluded
that the binding to the minor groove does not
drastically affectthe DNA helical parameters [12].
The above mentioned interaction led us to the
conclusion that this Mg may have
implicationsforthe DNAstabilization and the three-
dimensionalarrangement of the DNA molecules.

Fig. 3.Positioning of Mg?** compensating the negative
charge of the DNA phosphate backbone and acting as a
bridge between the DNA molecules.

The 5JU4 crystal structure reveals a
nonclassicalinterstrand hydrogen bonding
interactionsinvolving G bases. The base pairs C1-
G24, G2-C23and G12-C13, C11-G14,located at the
ends of the duplexes form G...G bonds with the
adjacent DNA duplexes. The discerned G...G
hydrogen bonding does not correspond to
Hoogsten[13]. Representative electron densities and
hydrogen-bonding interactions are shown in (Fig.
4).

Based on the donor acceptordistances(D...A) the
observed G...G hydrogen bonds are probably
slightly weaker[14] thanclassical W-Cones(the
D...Adistance forG...G is around 3.0A while in
C...Git is around 2.85 A). The G...Ginteractions
are located at theends of the DNA strands
whilethepreviously —mentionedDNA ... Mg*
...DNAbridge (Figure 3) involves the AATT
domain.

Table 2. X3DNA [8]results for Base-Pair morphology:shear, stretch, stagger, buckle, opening and propeller twist

values in5JU4 and 1D29DNA crystal structures.

Pair Shear Stretch Stagger Buckle Propeller Opening

1D29 5JUu4 1D29 5Ju4 1D29 5JUu4 1D29 5JU4 1D29 5JU4 1D29 5JU4
1-24 C-G -04 039 -015 -022 -01 -013 349 499 -1184 -10.24 -6.69 0.45
2-23 G-C -0.25 -0.32 -0.33 -0.31 0.04 -004 -7.03 -424 -136 -3.12 -11.8 -6.15
3-22 T-A -0.17 -03 -056 -0.07 019 -027 -565 458 -1097 -63 -7.79 -2.78
4-21 G-C -053 -048 -056 -0.18 -0.12 -0.07 721 1006 -1147 -561 -0.33 0.62
5-20 A-T 0.68 0.13 -0.38 -0.05 -0.26 -0.12 426 806 -12.17 -1191 6.81 201
6-19 A-T 0.08 -008 0.06 -0.12 -001 0.09 283 3 -18.58 -17.08 -3 3.61
7-18 T-A 041 -002 -001 -0.03 -023 0.08 095 -063 -21.35 -1528 2.34 1.8
8-17 T-A 032 0.02 -047 -0.11 -0.13 0.09 066 -397 -1833 -1532 565 3.81
9-16 C-G 0.39 026 -041 -0.06 -0.35 0.09 -839 -15.17 -18.68 -12.21 -3.77 -0.49
10-15 A-T 0.09 -0.08 -0.28 -0.22 033 016 -0.23 -0.06 -1529 -6.92 549 3.8
11-14 C-G -0.17 0.04 -044 -008 051 015 335 179 -16.27 -168 -81 0.09
12-13 G-C -0.12 -0.19 -047 -016 0.12 -0.06 331 1034 -45 1647 -79 -439
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Fig.4. Representation of non-canonical base pairings
within the adjacent DNA duplexes; (a) G...G Interaction

I (b)) G...G Interaction II and (c¢) Head-to-
endarrangement of DNA  duplexes generating
interactions a) and b).

One can assumethat the “bulky”

Mg*'requiresmore space and thusoccupies the
outside of theminor groove.On the other hand, the
upper and lower surfaces of thepurine and
pyrimidine rings are hydrophobic and the G...G
interactions exploit the interaction of the edges of
the bases (which are hydrophilic) thus eliminating
the need of water molecules. Of course, whenno
suitableinteraction is achievable thewater molecules
interact with the available donors andacceptors.
Thus theinterstrand interaction and stabilization of
the three-dimensional crystal structure isachievedby
evenly distributedweak interaction involvingDNA,
ionsand waters molecules.

CONCLUSIONS

The crystal structure of the oligonucleotide
d(CGTGAATTCACG)at 2.0  Aresolution s
described.In addition  to  the classical
intrastrandWatson-Crickhydrogen bonding
interactions the present structure disclosed some
noncanonicalG...Ginterstrandinteractions,  which
had not been previously reported. The presence of a

Mg”" ion acting as a charge compensating ion has
alsobeen discovered.The positioning of the Mg®" is
comparable to similar higher resolution structures
of the Dickerson-DrewDNA dodecamer.Data
collection showed that the time of crystal growth is
crucial for the crystal quality.
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Dickerson,

Kpucrannacrpykrypana JIHK nocienoBatennoctd(CGTGAATTCACG) npu 130K

X. U. Coupxkoga, b. JI. I1luBaues

Hucmumym no munepanozus u kpucmanoepagus “Axao. Hean Kocmos”, bvaecapcka akademus na naykume ya. ,, Axao.
I". Bonues, 6a. 107, 1113 Coghus, bvreapus

[Nonydena Ha 8 cenrremBpw, 2016 r.; Kopurupana Ha 7 HoemBpH, 2016 T.

Kpucramuata crpykrypa Ha oo BeprwkHata JIHK cexBenimusd(CGTGAATTCACG) e orcHera W
pasmmgposana ¢ pesomrormsa Of 2.00A B opTopoMOMYHATA KpUCTadHA CHCTEMa M NPOCTPAHCTBEHA rpyma P2,2:2;.
ONHUCaHM ca PasIUKUTE MEXIY HACTOSIIATA CTPYKTYpa M OTCHETHTE MPEIH ToBa ¢ pesomonus 2.5 u 2.7 A Ha craiina
Temrepatypa. 3abens3Ba ce Hannuune Ha M@ u Cl fionu kakTo Hannume Ha HetunuuHu G...GB3auMOJEHCTBUS MEXKIY

cweenanu JAHK nymexcu.
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The reaction between polystyrene 3-formylsalicylate and 2-aminophenol in DMF in the presence of ethyl acetate
results in the formation of polystyrene N-(2-hydroxyphenyl)-2'-hydroxybenzylideneimine-3'-carboxylate (I). Reacting
with mercaptoacetic acid, a benzene suspension of 1 undergoes cyclization and forms polystyrene N-(2-
hydroxyphenyl)-C-(3'-carboxy-2'-hydroxyphenyl) thiazolidin-4-one, PSCH,—LH, (11). A DMF suspension of Il reacts
with Zn(l1), Co(Il), Cu(ll), Zr(OH),(IV) and MoO,(VI) ions and forms the corresponding polystyrene-anchored
coordination compounds, [PSCHy-LHZn(OAc)(DMF)] (I11), [PSCH,—LHCo(OAc)(DMF)] (1V), [PSCH,-
LHCu(OAc)(DMF)] (V), [PSCH,-LHZr(OH)3(DMF),] (VI) and [PSCH,—LHMoO,(acac)] (VII), respectively. The
polystyrene-anchored coordination compounds were characterized on the basis of elemental analyses, spectral (IR,
reflectance, ESR) studies and magnetic susceptibility measurements. Il acts as a monobasic bidentate OS donor ligand
in all coordination compounds. The acetato groups behave as monodentate ligands in all compounds. A tetrahedral
structure for 111, a square-planar structure for 1V and V, a pentagonal-bipyramidal structure for VI and an octahedral
structure for VI are suggested.

Keywords: Thiazolidin-4-one, Polystyrene-anchored coordination compounds, Magnetic dilution, Strong field,
Covalent character.

INTRODUCTION

Interest in the preparation of polymers
incorporating metallic subunits is continuously
growing in light of their chemical and physical
properties, as well as their potential applications [1-

complexes [12].

These facts prompted us to explore the
coordination behavior of polystyrene-anchored
thiazolidin-4-one (I1) derived from the Schiff base
(1) (obtained from the condensation of polystyrene

2]. This mainly arises from the wide range of
coordination numbers, oxidation states and
geometries of transition elements that offer the
possibility of accessing a large diversity of metal-
containing polymeric materials with unusual
conformational, mechanical and morphological
characteristics [3-4].

Among transition metal based polymers, the
complexes of polymeric Schiff bases and their
derivatives are considered as a very important class
of coordination compounds which have been
extensively studied [5] owing to their wide
applications in many biological, clinical, analytical
and industrial activities, in addition to their
important roles in catalysis and organic synthesis,
as well as in various industrial applications [6].

Thiazolidin-4-ones show a broad spectrum of
biological activities due to their ready accessibility
and diverse chemical reactivity [7-8]. They show
antimicrobial, antibacterial, anticonvulsant,
antifungal, anti-inflammatory, antithyroid and
antitubercular [9-11] activities and possess better
pharmacological properties in the form of metal

* To whom all correspondence should be sent:
E-mail: amit_vashistha2004@yahoo.co.in

3-formylsalicylate and 2-aminophenol) towards
Zn(11), Co(ll), Cu(ll), Zr(OH),(1V) and MoO,(V1)
ions.

A perusal of the literature indicates that several
polymer-anchored ligands containing oxygen
atom(s) like crown ethers [13], acetylacetone [14],
etc. have been reported. However, fewer reports
are available on the coordination compounds of
polymer-anchored ligands containing thiazolidin-4-
one moiety [15].

In this manuscript, we describe the synthesis and
characterization of polystyrene-anchored
thiazolidin-4-one, PSCH-LH, (II) and its
coordination compounds with the above mentioned
ions.

PS—(lj—O—C
H OH HO:@
H
o]
\
ps—c—o—c” c—N
| "
H CH HO;@ | |
g
R
C H \C\/ u}
e
H B H
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EXPERIMENTAL
Materials

Chloromethylated  polystyrene, PSCH,—CI
(containing 1.17 mmol of Cl per g of resin and 1%
crosslinked with divinylbenzene) was purchased
from Sigma Chemical Co (USA). Copper(ll)
acetate monohydrate, zinc(ll) acetate dihydrate
[SD’s Fine]; cobalt(ll) acetate tetrahydrate,
hexadecaaquaoctahydroxotetrazirconium(lV)
chloride [BDH]; ammonium molybdate(V1)
tetrahydrate,  acetylacetone  [Ranbaxy]; 2-
aminophenol [Loba-Chemie (Mumbai)] were used
for the synthesis as supplied. Polystyrene 3-
formylsalicylate, bis(acetylacetonato)dioxo
molybdenum(V1), hexadecaaquaoctahydroxotetra
zirconium(lV) acetate and 3-formylsalicylic acid
were synthesized according to reported procedures
[15].

The elemental analyses, IR, reflectance, ESR
spectral studies and magnetic susceptibility
measurements were carried out as described in our
previous report [15].

Synthesis of polystyrene N-(2-hydroxyphenyl)-2'-
hydroxybenzylideneimine-3'-carboxylate (1)

Polystyrene 3-formylsalicylate (1.0 g) was
allowed to suspend and swell in DMF (100 mL) for
45 min. To this suspension, a DMF solution (60
mL) of aminophenol (0.510 g, 4.68 mmol) and
ethyl acetate (100 mL) were added, while stirring
magnetically. The mixture was refluxed for 8 h and
then cooled to room temperature. The obtained
polystyrene-anchored Schiff base | was filtered,
washed with DMF and ethyl acetate. It was dried
in vacuo at room temperature.

Synthesis of polystyrene N-(2-hydroxyphenyl)-C-
(3'-carboxy-2'-hydroxyphenyl) thiazolidin-4-one,
PSCHy-LH, (I1)

Mercaptoacetic acid (0.32 g, 3.51 mmol) was
added to the swollen suspension of I (1.0 g) in
benzene (100 mL). The mixture was refluxed for 12
h on a water bath and then cooled to room
temperature. The solid product was filtered and
washed with 10% sodium bicarbonate solution
followed by chilled distilled water. The product was
dried as mentioned above. IR bands (KBr): 1690 cm’
! [v(C=0)(thiazolidinone ring)], 1575 cm™ [v(C—
N)(thiazolidinone ring)], 1530 cm® [w(C-
0)(phenolic)] and 830 cm™ [v(C-S)(thiazolidinone

ring)].
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Synthesis of coordination compounds of Il

1.0 g of Il was allowed to suspend and swell in
DMF (100 mL) for 1 h. A DMF solution of the
appropriate metal salt (2.34 mmol) was added to the
above suspension. The mixture was refluxed on a
water bath for 8-10 h and the products obtained
were filtered, washed several times with ethyl
acetate and DMF. The products were then dried as
mentioned above.

RESULTS AND DISCUSSION

The  reaction  between  polystyrene  3-
formylsalicylate and 2-aminophenol in DMF in the
presence of ethyl acetate results in the formation of
polystyrene N-(2-hydroxyphenyl)- 2'-
hydroxybenzylideneimine-3'-carboxylate (1). The
cyclization of | with mercaptoacetic acid in benzene
yields  polystyrene  N-(2-hydroxyphenyl)-C-(3'-
carboxy-2'-hydroxyphenyl) thiazolidin-4-one,
PSCH,—LH, (I1). A DMF suspension of Il reacts
with  Zn(ll), Co(ll), Cu(ll), Zr(OH),(IV) and
MoO,(VI) ions in a 1:2 molar ratio and forms the
corresponding polystyrene-anchored coordination
compounds of the types:

[PSCH,-LHZn(OACc)(DMF)] (111),

[PSCH,—LHCo(OACc)(DMF)] (1V),

[PSCH,-LHCu(OAC)(DMF)] (V),

[PSCH,-LHZr(OH)3(DMF),] (VI) and

[PSCH,—LHMo0O,(acac)] (VII), respectively.

The formation of 1 (by the reaction of
polystyrene 3-formylsalicylate with 2-
aminophenol, 11 (by cyclization of 1 with
mercaptoacetic acid) and the coordination
compounds of Il with Co(ll), Cu(ll), Zn(ll),
Zr(OH),(IV) and MoO,(VI) ions are depicted in
Schemes I, 11 and 111, respectively.

The percent reaction conversion of I11-VII lies
between 48.8-74.0 and the metal binding capacity of
Il lies between 0.34-0.55 mmol of corresponding
metal per g of the resin (Table 1).

Infrared spectral studies

The infrared spectra of I-VII were recorded in
KBr and the prominent peaks are shown in Table 2.
The v(C=N)(azomethine) stretch of | occurs at 1625
cm™. This band disappears and a new band appears
in 11 at 1575 cm™ due to the v(C—N)(thiazolidinone
ring) stretch [16], indicating the formation of the
corresponding thiazolidin-4-one. The formation of
11 is further supported by the appearance of a new
band at 830 cm™ due to the v(C-S) (thiazolidinone
ring) stretch [17] The v(C-O) stretch [18] of Il
occurs at 1530 cm™. This band shifts to higher
energy by 5-10 cm™ in the coordination
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compounds, indicating the involvement of a
phenolic O atom of either 3-aldehydo-2-
hydroxybenzoic acid or 2-aminopohenol moieties
in the coordination. On the basis of steric grounds,
we suggest the non-involvement of phenolic (2-
aminophenol moiety) O atom in the coordination.

The v(C=0)(thiazolidinone) stretch [19] of Il
occurs at 1690 cm™. This band remains unchanged
in the coordination compounds showing its non-
involvement in  coordination. The [v(C—
N)(thiazolidinone ring)] stretch [16] of Il occurs at
1575 cm™ and also remains unchanged in the
coordination compounds.

The [v(C-S)(thiazolidinone ring)] stretch [17] of
I occurring at 830 cm™ shifts to lower energy by
20-35 cm™ in all coordination compounds. The
vas(COO) and v5(COO) stretches of free acetate ions
occur at 1560 and 1416 cm™, respectively [20]. The
vas(COO) and the vs(COO) stretches occur at 1575,
1350; and 1595, 1360 cm™ in all coordination
compounds. The magnitude of energy separation
(Av=225-240 cm™) between v(COO) and vi(COO)
is > 144 cm™ and indicates the monodentate nature
of acetato groups [20], since in the event of
bidentate coordination, the energy separation
between v,(COO) and v{(COO) is < 144 cm™
DMF shows a band at 1680 cm™ due to the v(C=0)
stretch [21]. This band shifts to lower energy by 20-
35 cm™in 111 to VI indicating the involvement of O

atom in the coordination [21]. The absence of a
band between 835-955 cm, characteristic of
v(Zr=0) stretch [22] in VI suggests that its
structure is [PSCH,-LHZr(OH);(DMF),] and not
[PSCH,-LHZrO(OH)(H,O)(DMF),]. The
appearance of a band at 1126 cm™ due to the 8(Zr—
OH) bending mode also supports the suggested
structure of the compound [20]. VII exhibits the
vs(O=Mo0=0) and v,5(O=Mo0=0) stretch at 942 and
920 cm™, respectively and these bands occur in the
usual range (892-964 cm™; 842-928 cm™) reported
for the majority of MoO,(VI) compounds [20]. The
presence of vy(O=Mo=0) and v,(O=Mo0=0) bands
indicates a cis-MoO, structure, as the compounds
with trans-MoO, structure exhibit only the
vas(0=Mo0=0) since the vs(O=M0=0) is IR inactive
[23].

Magnetic measurements

The room temperature magnetic moments of the
polystyrene-anchored coordination compounds of 11
are presented in Table 2. The magnetic moment of V
is 1.90 B.M. This value lies within the range (1.70-
2.20 B.M.) reported for the magnetically diluted
Cu(Il) compounds [24]. The magnetic moment of 1V
is 2.38 B.M. and the value lies in the range: 2.10—
2.90 B.M., reported for low-spin square-planar
Co(Il) compounds. 111, VI and VI are diamagnetic.
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OH OH
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H H
S é o S c|: o—c” 7
PS—C—0 PS—C— O—
N |
H OH H OH HO
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HoN /
C=0 2
/ H
H

Scheme-1: Synthesis of Polystyrene-anchored Schiff Base
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Table 1. Analytical, MBC and PRC values of polystyrene-anchored coordination compounds of 112

Observed(Calculated)% MBCP

Compound M DME (m?;g:r/]g)] of PRC®
,_HCO[(FC))SACC';(EMF)] 2.6 (4.40) 3.2 (5.45) 0.44 59.1
LHCu[(PoSACg(ZBMF)] 35(4.73) 4.1(5.43) 0.55 74.0
LHZn[(POS XC';(ZBMF)] 3.2 (4.86) 3.5 (5.42) 0.49 65.8
LHZrE(P)?—f)::('IZI)_MF)Z] 3.1(6.35) 4.9 (10.16) 0.34 48.8
[PSCH,-LHMO00O,(acac)] 3.7 (6.97) _ 0.39 53.08

dAbbreviations: PSCH,—LH, = 11

®MBC = [M% (observed) x 10] /(atomic weight of metal)

PRC = [M% (observed) x 100] / M% (calculated) on the basis of 100% reaction conversion of polystyrene-anchored

ligand to polystyrene-anchored coordination compounds.

Table 2. IR, reflectance spectral data (cm™) and magnetic moments of polystyrene-anchored

coordination compounds

v(C=0) Vas Vs N Magnetic
Compound v(C-S) (DMF) (CO0) (CO0) (C-0) Vmax moment?
(acetate)  (acetate)  (phenolic) (B.M.)
PSCH,—LH, (I1) 830 - - - 1530 - Diamagnetic
[PSCH,— 8450,
LHCo(OAC)(DMF)] 810 1645 1575 1350 1535 29800 2.38
[PSCH,—
LHCU(OAC)(DMF)] 805 1660 1585 1355 1540 17250 1.90
[PSCH,— . .
LHZn(OAC)(DMF)] 800 1650 1590 1350 1538 - Diamagnetic
[PSCH,— . .
LHZr(OH)(DMF),] 795 1645 1595 1360 1535 - Diamagnetic
[PSCH- 805 - - - 1540 - Diamagnetic
LHMoO,(acac)]
s, = 2.83 (3o x T)Y2 B. M.
Reflectance spectral studies ESR studies

[PSCH,-LHCo(OACc)(DMF)] exhibits two bands,
one at 8450 and another at 22800 cm™ due to *Ayg —
"By and 'A;; — 'By, transitions (Table 2).. These
bands occur in the usual ranges (8400-8550 and
21000-24500 cm™) reported for the majority of
square-planar compounds [25]. [PSCH,—
LHCu(OACc)(DMF)] exhibits a band at 17250 cm™
due to By, — Ay, °Byy and °E, transitions for
square-planar arrangement of ligands around Cu(ll)
ions [25]. The absence of a band in the range: 8000—
10000 cm™ precludes the presence of a tetrahedral
structure.

The ESR spectrum of V exhibits g;= 2.25 and g,
= 2.10 indicating the presence of a tetragonal type
symmetry about the Cu(ll) ion [26]. The spectral
parameters are: A; = 1.683 x 10? cm™, A, = 3.74 x
10° cm™, G = 2.53, g, = 2.15, a, = 0.80, (o)’ =
0.26, k = 0.52 and P4 = 1.68 x 10 cm™. The trend
that g,> g, and A;> A, is indicative of the presence
of an unpaired electron in the dxz_yz orbital [27].

The g, value (2.26) indicates that the metal-ligand
bond in the compound is covalent. The G value
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(2.53) indicates the strong field nature of the
polystyrene-anchored ligand [28]. The values of

aZ,(0.80) and (o)’ (0.26) indicate the covalent

nature of the compound. The positive value of «
(0.52) suggests that A; should be greater than A, [26]
and this trend in Ay and A, values was also observed
by us. The lower value (1.68 x 10 cm™) of Py in
comparison to that of the free ion value (3.5 x 107
cm™) indicates the covalent character of the metal-
ligand bonding. The spectrum shows no band ~1500
G due to the AMs = 2 transition and this precludes
the presence of M—M interaction.

CONCLUSIONS

The elemental analyses, IR, reflectance, ESR
spectral and magnetic susceptibility measurements
suggest a tetrahedral structure (I11) for [PSCH,—
LHZn(OAc)(DMF)], a square-planar structure for
[PSCH,-LHCo(OACc)(DMF)]  (IV), [PSCH,-
LHCu(OACc)(DMP)] (V), a pentagonal-bipyramidal
structure (V1) for [PSCHy-LHZr(OH)3(DMF),] and
an octahedral structure for [PSCH,—LHMo0O,(acac)]
(VII).
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CHUHTE3A N XAPAKTEPU3NPAHE HA KOMIIVIEKCH HA ITPEXOHU METAJIN,
OUKCHUPAHU BBHPXY ITOJIMMEPU

JI. Kymap', A. Kymap®

1
Jlenapmamenm no xumusi, Hayuonanen mexnonoeuuen uncmumym, Kypykuwempa, 13611, Xapusna, Hnous
2 .
Jlenapmamenm no xumus, Konesw no mexunonozusa u ynpasnenue, Katiman, 136027 Xapusna, Unous

IMocrenmna Ha 12 okToMBpH, 2014 r.; KOopurupana Ha 4 centemBpH, 2015 T.

(Pesrome)

B pesynrar Ha peakuusita MEXIy HNOJIHUCTHPEH-3-(GopMaMuicamTuIWIaT U 2-aMUHO(PEHON B JUMETHI-(hOpMaMHL
BOPHCHCTBHE HA eTWianeraTr ce mnonydaBa nomuctupeH N-(2-xuapokcudennn)-2'-XuapoKCHOSH3WIHICHUMUH-3'-
kap6okcmnar (). IIpu peakuusita ¢ MEpKanTO-OlETHA KACENNHA CycrieH3usATa Ha | B GeH3eH MpOTHYa IUKIIN3AINS U Ce
obpasysa nonmctuper N-(2-xumpoxcudenmn)-C-(3'-kapbokcu-2'-xunapokcupennn) tuazomuana-4-on, PSCH,—LH; (11).
Cycnensusta va |l B mumermn-popmamun pearupa ¢ womute Zn(ll), Co(ll), Cu(ll), Zr(OH),(1IV) u MoO,(VI) u
o0pa3yBa CBOBBETHHUTE KOOPAHHAIIMOHHW ChEIAWHCHUSA, (HUKCHPAHH BBPXY IOJIHUCTHPEH, ChOTBETHO [PSCH,—
LHZn(OAc)(DMF)] (IlI), [PSCH,-LHCo(OAc)(DMF)] (1V), [PSCH-LHCu(OAc)(DMF)] (V), [PSCH,—
LHZr(OH)3(DMF),] (V1) u [PSCH,-LHMo00,(acac)] (VII). Te3n koopAHHAIIMOHHK ChEMHCHUS Ca OXapaKTepU3UPaHH
Ha 0a3ata Ha eJeMeHTeH aHamu3, crmektpanan meroau (IR, orpaxarenna, ESR) u u3MepBaHe Ha MAarHUTHSI
CyCI_[eHTI/I6I/IJ'II/ITeT. AI_IeTaTHI/ITe Tpynu €€ OTHACAT KaTO MOHOJACHTATHU JIMTaHAU BBHB BCUYKH CHCIAWHCHUA. HpeuﬂaraT
ce TetpaeapuuHa ctpykrypa 3a lll, kBampatHo-miaHapHa cTpyktypa 3a IV m V, neHTaroHamHo OWMUpaMuaaIHa
cTpykTypa 3a VI u okTaenpuuna crpykrypa 3a VII.
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The mechanism of the cycloaddition reaction between azacyclopropenylidene and ethylene was systematically
investigated employing the second-order Mgller-Plesset perturbation theory (MP2) method in order to better understand
the reactivity of azacyclopropenylidene with the unsaturated compound ethylene. Geometry optimizations and
vibrational analyses were performed for the stationary points on the potential energy surfaces of the system. From the
potential energy profile, it is predicted that the cycloaddition reaction has three competitive pathways: (1) reaction of
azacyclopropenylidene with ethylene to form a carbene compound P1 in two steps; (I1) formation of an allene
compound P2 from the two reactants in three steps; (IllI) after the formation of P1 by the reaction of
azacyclopropenylidene with ethylene, further reaction of P1with ethylene to form a stable bicyclic compound P3.

Keyword: Azacyclopropenylidene, Reaction mechanisms, MP2 method.

INTRODUCTION

Cyanopolyene molecules HC,N have been
detected in the interstellar space by radio telescopes
for a long time [1-9]. This class of molecules plays
an important role in astronomy and interstellar
chemistry due to their astrophysical abundance and
rather large dipole moments. One of the interesting
cyanopolyenes, the molecule HCCN, was studied
by electron spin resonance and UV/IR spectroscopy
since the 1960s [10,11]. For the first time, Guélin et
al. detected HCCN in the carbon star envelope
IRC+10216, and discussed its formation
mechanism [12]. Later, in 1996, HCCN was
observed in the interstellar space [13]. A lot of
experimental and computational methods were
applied for finding out the structures and the
relative energies of some isomers of the HCCN
system. Many studies have revealed that there exist
many isomers with different kinds of geometries
(linear, bent or cyclic) or different multiplicity
(singlet or triplet) having similar energies of the
HCCN molecules [14-23]. Lee et al. have
characterized the quasilinear triplet, bent singlet,
and cyclic singlet HCCN isomers and determined
their molecular properties with a series of highly
accurate ab initio levels of theory [24]. The cyclic
HCCN isomer, generally named as
azacyclopropenylidene, is the most stable isomer of
all singlet molecules. In addition, the cyclic HCCN

*To whom all correspondence should be sent:
E-mail: chem.2001@163.com; Ipsdu@sdu.edu.cn

isomer has been found to be an intermediate
between the interconversion of other isomers on the
hypersurface of neutral, anionic, and cationic
species where the barriers are feasible [25,26].
Recently, vibrational spectroscopic constants and
fundamental vibrational frequencies for
isotopologues of the azacyclopropenylidene isomer
have been investigated [27].

In 1998, matrix generations of singlet
azacyclopropenylidene and singlet
bromocyanocarbene (BrCCN) were reported by
Maier and co-workers [28]. Casavecchia et al.
reported the dynamics of a reaction of the nitrogen
atom with an unsaturated hydrocarbon by
combining crossed molecular beam experiments
and ab initio molecular orbital calculations. They
found that azacyclopropenylidene is one of the
products of the reaction of the nitrogen atom with
C,H; in the upper atmosphere of Titan [29]. Thus,
azacyclopropenylidene seems to be a good
candidate for astrophysical detection, considering
the various possible formation pathways and its
large dipole moment [30]. Computational
investigation of HCCN molecules will be very
helpful to elucidate the reactivity and Kkinetic
stability of these molecules. We have studied the
reactions between azacyclopropenylidene and small
ring compounds [31,32]. The calculational
results demonstrated that azacyclopropenylidene
can insert into small ring compounds to form ring-
expanded products. However, no attention has been
paid to the reactivity of azacyclopropenylidene with
active species containing double bond compounds
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until now. In the present study, we have performed
a comprehensive theoretical investigation of the
reaction mechanism between azacyclo-
propenylidene and ethylene by employing the
second-order Moller-Plesset perturbation theory
(MP2) method in order to better understand the
azacyclopropenylidene reactivity. The present
results will enrich the available data for the relevant
azacyclopropenylidene chemistry and discuss the
possibility of formation of larger molecules by
means of azacyclopropenylidene in the interstellar
space.

CALCULATION METHOD

The second-order Moller-Plesset perturbation
theory (MP2) method [33] in combination with the
6-311+G* basis set was employed to locate all
stationary points along the reaction pathways
without imposing any symmetry constraints.
Frequency analyses were carried out to confirm the
nature of minima and transition states. For example,
the intermediates (IM) in the reactions are local
minima with no imaginary frequencies. The
transition states (TS) have only one imaginary
frequency. The spin multiplicities of all transition
states are singlet. Moreover, intrinsic reaction
coordinate (IRC) calculations were also performed
to further validate the calculated transition states
connecting reactants and products. Additionally, the
relevant energy quantities, such as the reaction
energies and barrier heights, were corrected with
the  zero-point vibrational energy (ZPVE)
corrections.

All calculations were performed using Gaussian
98 program [34].

RESULTS AND DISCUSSION

As displayed in Scheme 1, three possible
pathways for the title reaction were proposed. The
geometric  parameters  for the  reactants
(azacyclopropenylidene (R1) and ethylene (R2)),
transition states (TS), intermediates (IM), and
products (P) involved in the pathways (I), (I), and
(1) are displayed in Fig. 1. The calculated relative
energies for the available stationary points are
summarized in Table 1. The corresponding reaction
profile is illustrated in Fig. 2.

Pathway (1): formation of a carbene compound P1

There are step (2) and step (1) along the reaction
pathway (1), where step (a) is a common step for
the pathways (1) and (11).

The first intermediate IMa was formed along the
reaction pathways (1) and (I1) via a barrier of 51.7
kJ/mol. The calculated unique imaginary frequency

of the transition state TSa in the cycloaddition
process of step (a) is 491i cm™ at the MP2/6-
311+G™ level of theory.

As shown in Fig. 1, in TSa, the distance of C'-
Cc® and C’-C* is 01930 and 0.2514 nm,
respectively. The distance of C°-C* in the R2
fragment is 0.1378 nm, which is elongated by
0.0039 nm in comparison with the isolated R2
molecule. Thus, in TSa, two new bonds of C'-C*
and C'-C* are to be formed and the C>-C* bond is to
be simultaneously transformed from double bond to
single bond. As shown in Fig. 3, these changes can
be further validated by IRC calculations on the
basis of TSa.
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Fig. 1. Optimized structures of the reactants
(azacyclopropenylidene and ethylene), transition states
(TS), intermediates (INT), and products (P) in the
reaction pathways (I), (1), and (l1l) at the MP2/6-
311+G* level of theory, where bond length and bond
angle are in angstrom and degree, respectively.

Qualitatively, the cycloaddition process can be
understood ensuing from the frontier molecular
orbital theory since the frontier orbitals (e.g.,
HOMO) of a chemical species are very important to
define their reactivity and to determine the way in
which the molecule interacts with other species
[35]. As displayed in Fig. 4, the weak strength of
the C3-C* bond can be reflected from the HOMO of
ethylene. Obviously, it is characterized by the =
antibonding orbital. As for azacyclopropenylidene,
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the activity of the C' site can be reflected from the
largest contributions of the C' atom to the
components of the whole HOMO. Therefore, the C*
atom of azacyclopropenylidene can react with the
C®-C* bond of ethylene to form the spiro
intermediate IMa.

As displayed in Fig. 1, compared with the
isolated azacyclopropenylidene, the bond length of
C'-C? in IMa is extended by 0.0019 nm. The angle
of C'NC? in IMa is 60.3°, which is lower by 1.6°
relative to that of the isolated
azacyclopropenylidene. Therefore, the ring-tension
of the R1 fragment in IMa is larger than that of the
isolated R1. Because of the existing large tension in
the three-membered ring, the C’-C? bond in IMa
will be broken. Therefore, the second step of the
pathway (1) is the C*-C? bond cleavage, followed
by the formation of P1.
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Fig. 2. Reaction profiles for the cycloaddition
reaction pathways (1), (II), and (Ill) between
azacyclopropenylidene and ethylene at the MP2/6-
311+G* level of theory
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Fig. 3. IRC of TSa and geometry evolution.

Through the cleavage of the C*-C? bond, IMa
can be converted to P1 via TS1, where the barrier is
247.4 kJ/mol. The calculated unique imaginary
frequency of TS1 is 435i cm™. IRC calculations
were performed on the basis of the calculated TS1
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to investigate the interactions between IMa and P1
in step (1) of the process (see Fig. 5).

As shown in Figs. 1 and 5 for the angle of
CINC? in IMa, it increases along with the reaction.
At the same time, the bond distance of C!-C?
increases along with the reaction process, implying
the breakage of the three-membered ring involving
C'C’N.

R1, azacyclopropenylidene

R2, ethylene

Fig. 4. Calculated HOMO orbitals for azacyclo-
propenylidene, ethylene, and P1.

In P1, the C? adopts sp? hybridization, it has a
pair of lone electrons, making the P1 exhibit a
carbene character. Therefore, P1 is very active, it is
not only the product of pathway (1), but also the
reactant of pathway (l11). In the following reaction
process, P1 can further react with ethylene to form
the product P3.
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Fig. 5. IRC of TS1 and geometry evolution.
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reaction coordinates on the basis of the IRC of TS3.
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Pathway (I1): formation of an allene compound P2

As the common intermediate of pathway (1) and
(1), IMa can transform to P2 via steps (2a) and
(2b).

The reaction step (2a) is a hydrogen transfer
process from C? to the adjacent N, resulting in the
conversion of IMa into IM2a via TS2a. Here, the
calculated barrier is 276.4 kJ/mol and the unique
imaginary frequency of TS2a is 1464i cm™ In
detail, as shown in Fig. 1, the distance of C*-H" in
TS2a is elongated to 0.1259 nm, and the distance of
N-H! reaches 0.1234 nm, which indicates that the
H' atom can be transferred from C? to N.

Similar to the C'C?N ring in IMa, the C'C°N
ring in IM2a can be opened at its weaker bond.
Through the break of the C'-N bond, IM2a can be
converted to P2 via TS2b, where the barrier is
139.0 kJ/mol. The calculated imaginary frequency
of transition state TS2b is 921i cm™.

In P2, the bond length of C'-C? is 0.1295 nm,
which falls in the range of the intermediate between
C=C and C=C bond length. Analogously, the bond
length of C*-N (0.1242 nm) lies between those of
the C=N and C=N bonds. The three atoms C*, C?,
and N are approaching the same line (£ C'C°N is
171.2°). Therefore, P2 is an allene structure. Along
the reaction profile, P2 is exothermic with a value

of 229.0 kJ/mol
reactants.

compared with that of the

Pathway (l11): formation of a bicyclic compound P3

As mentioned earlier, P1 exhibits a carbene
character; it can further react with ethylene to form
the product P3, which is named as the pathway
(11). The geometric parameters for the species
involved in the pathway (lI1) are displayed in Fig.
1. The calculated relative energies for the available
stationary points are summarized in Table 1.

As shown in Fig. 1, in TS3, the distance of cx-
C’ and C>-C* is 0.2093 and 0.2913 nm,
respectively. The distance of C*-C* in the R2’
fragment (0.1364 nm) is by 0.0025 nm longer than
that in the isolated R2’ molecule. Thus, in the
transition state TS3, two new bonds of C>-C* and
c’-C* are formed and the C*-C* bond is
simultaneously transformed from double bond to
single bond. As shown in Fig. 6, those changes can
be further validated by IRC calculations on the
basis of TS3. Furthermore, similar with the
explanation of the R1 reaction with ethylene, the
HOMOs of P1 and ethylene are displayed in Fig. 4.
Along the reaction profile, P3 is the important
stable species, which is exothermic with a value of
203.5 kJ/mol compared with that of the reactants.

:TH
TS1 N
— Il
step (1) C
HC=nN P1
g H H "—,, H,C——CH, pathway (1)
/N + N=d —TSa c —|
AN /7N step(a) /\ _ NH
) a1 H H H,C——CH, HN—C" g
R2 s
IMa TS2a \f TS2b |
| I C _— p2
step (2a) / \ step (2b)
HoC——CH, H,C——CH,
IM2 pathway (1)
:CH Hzc_CHz
|
) N_ /S TS3 ﬁ
: * /C:C\ tep (3 T
ste
HZC/_\CHZ " P@) E
p1 R / \ pathway (1)
H2C_CH2

Scheme 1. The proposed three pathways for the reaction between azacyclopropenylidene and ethylene
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Table 1. The calculated relative energy (in kJ/mol) with respect to the isolated reactants

Pathways Relative Energies
Pathway (1) TSa TS1 P1
51.7 -173.5 73.9 -101.7
Pathway (1) TS2a IM2a TS2b P2
102.9 -28.7 110.3 -229.0
Pathway (l11) TS3
30.7 -203.5

CONCLUSIONS

The cycloaddition reaction between
azacyclopropenylidene and ethylene has three
competitive pathways (1), (1), and (lIll); the
corresponding products are: carbene compound P1,
allene compound P2, and bicyclic compound P3,
respectively. On the basis of the potential energy
surface obtained with the MP2/6-311+G* method,
it can be predicted that pathway (Ill) is the
competitive dominant channel. The pathway (1)
consists of three steps: (1) the two reactants
(azacyclopropenylidene and ethylene) first form a
spiro intermediate IMa via transition state TSa with
energy barrier of 51.7 kJ/mol; (2) IMa isomerizes to
a carbene compound P1 via transition state TSla
with an energy barrier of 247.4 kJ/mol; (3) P1
further reacts with ethylene (R2’) to form a bicyclic
compound P3 via transition state TS3 with an
energy barrier of 30.7 kJ/mol. From the
thermodynamic viewpoint, P3 is the important
product, with energy lower by 203.5 kJ/mol than
that of the reactants.
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C. TaHl, V. YaHrz, I1. JIu*

1 o
Koneorc no buonocuuecku nayku u mexuonoeuu, Ynusepcumem 6 Jocunan, Lllanoone. Kumaiicka HP
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Yyunuwe no xumus u xumuuno unscenepcmeo, Yuueepcumem 6 Kygy, [lllanoone, Kumaiicka HP

[Toctenuna Ha 22 nexemBpu, 2014 r.; kopurupana Ha 5 anpui, 2016 .

(Pestome)

CucteMHO € M3CIe[BaH MEXaHW3Ma Ha IHKIMYHO NPHCHEIMHABAHE MEXIY a3a-IUKIONPONCHIINACH U CTHIICH C
nomolInTa Ha neprypbanuonHata teopus Ha Meller-Plesset ot Bropu mopsnbk(MP2). Taka ce moctura mo-ao6po
pa3bupaHe Ha peaKTUBOCIIOCOOHOCTTA Ha a3a-IIMKJIONPOIICHWINACHA C HEHACUTeHN CheJuHeHUs (eTuieH). HampaBenn
ca reoMeTpUyYHa ONTHMHU3AINs 1 BUOPAIIMOHEH aHaJIN3 3a ONPE/CIIHETO HA CTAllMOHAPHHUTE TOYKH Ha IMTOBBPXHOCTTA Ha
MOTEeHIMAIHATa eHeprust Ha cucteMarta. OT nporiinTe Ha MOTEHIMAIHATA CHEPTHs Ce IPe/ICKa3Ba, Ue 33 PeaklusiTa Ha
IUKJIMYHO NPUCHEIUHABAHE UMa TPH KOHKypeHTHH Mapuipyta: (|) nBy-eramna peakumst ¢ oOpasyBaHe Ha KapOEHOBO
coenunenne P1l; (1) obpasyBane Ha anmeHoBO chemuHenne P2 B nBa erama ot maBara peareuta; (I11) peakius c
oOpasyBaHe Ha CTaOMIIHO OM-LIMKIMYHO chenuHeHune P3 ciien oOpasyBaHe Ha chennHenuero P1.
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Nano-BBr3.Si0;: a novel highly efficient heterogeneous catalyst for the one-pot
synthesis of 3,4-dihydropyrimidin-2-(1H)-one derivatives
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This article describes a simple protocol for the efficient synthesis of 3,4-dihydropyrimidin-2(1H)-one derivatives
using aromatic aldehydes, ethyl acetoacetate and urea in the presence of nano-BBr3;.SiO; as a catalyst. The structural
features of the synthesized compounds were characterized by m.p., IR, MS, *H NMR, 3C NMR, and CHN elemental
analysis. We synthesized nano-BBr3.SiO; for the first time as a nanocatalyst and characterized it by XRD, SEM and
TEM techniques. High yields, mild conditions, easy availability, reusability, and green chemistry were some advantages

of using this catalyst.

Keywords: Dihydropyrimidin-2(1H)-ones, Nano-BBr3.SiOz, One-pot, Mild conditions.

INTRODUCTION

It has been reported that 3,4-dihydropyrimidin-
2(1H)-ones (DHPMs) possess many
pharmacological qualities, such as antiviral,
antibacterial, and antihypertensive activity, and are
efficacious as calcium channel modulators and for
multi drug resistance reversal [1-2]. The biological
activity of some recently isolated alkaloids has also
been attributed to the 3,4-dihydropyrimidin-2(1H)-
ones moiety [3].

Biginelli (1893) reported that the first stage in
the synthesis of DHPMs was the one-pot
condensation of aldehyde, diketone and urea under
acidic conditions. This method produces low yields,
particularly in the case of some substituted
aldehydes [4]. Various catalysts have been used to
increase the efficiency of the Biginelli reaction. As
is known, the Biginelli reaction has low product
yields.

Recently, several improved methodologies have
been developed such as microwave irradiation [5],
ultrasound irradiation [6,7], use of ionic liquids [8],
lanthanide triflate [9], silicasulfuric acid [10],
HCOOH [11], copper (ll) sulfamate [12],
potassium tert-butoxide (t-BuOK) [13], ammonium
dihydrogen phosphate [14], silica-gel [15], cyanuric
chloride [16], TiO. [17], KHSO. [18,19], silica
triflate [20], Li(glycine)(CFsSOs) [21], Brensted
acidic ionic liquid [Btto][p-TSA] [22], glutamic
acid [23], use of solvent-free conditions [24],
bismuth(l1l) sulfate trihydrate [25] and others.
Some of these methods are expensive,
environmentally unfriendly, produce low Yyields,

* To whom all correspondence should be sent:
E-mail: f_hatamjafari@tonekaboniau.ac.ir,
hatamjafari@yahoo.com

and are incompatible with other functional groups,
involving  labor-intensive  product  isolation
procedures. Therefore, a simple, efficient, and
reusable procedure for one-pot
dihydropyrimidinone  synthesis  under  mild
conditions is required.

In recent vyears, the use of eco-friendly,
industrially applicable, and reusable green catalysts
has been a matter of concern and interest. We
define green chemistry as a set of principles that
reduce or eliminate the use or generation of
dangerous chemicals. This is part of our recent set
of studies relating to the development of new
methods in the synthesis of heterocyclic
compounds [23-25].

Recently, nanoparticles have emerged as
nanocatalysts alternative to conventional materials
in various fields of chemistry. Nanoparticles are
known to be promising heterogeneous catalysts in
various organic reactions. Nanoparticles have a
larger volume ratio for improved productivity,
selectivity and performance of catalytic processes.
The suitable choice of nanoparticles to the reaction
produces less waste and less impurities, which
leads to a more secure way and reduces
environmental effect.

As an example, PbO nanoparticles have been
studied as catalysts in organic reactions, including

reactions such as paal-knorr [26], oxidative
coupling of methane [27], synthesis of
tetrahydrobenzopyrans and benzylidene

malononitriles [28]. The catalyst’s properties
include: high yields, short reaction time, one-pot
procedure, experimental simplicity. This prompted
us to use nano-BBri.SiO, nanoparticles as a
catalyst.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Here, Biginelli’s reaction between
benzaldehyde, ethylacetoacetate and urea to
produce 3,4-dihydropyrimidin-2-(1H)-one

derivatives using nano-BBr3.SiO; as a nanocatalyst,
is reported. The solid catalyst was synthesized by
the reaction of nano-SiO, with BBr; by a
hydrothermal method and was characterized by
XRD, SEM and TEM techniques (Scheme 1).

EXPERIMENTAL
General Remarks

All chemicals were obtained from Merck or
Fluka. Melting points were measured on an
Electrothermal 9100 apparatus. Silica gel SILG/UV
254 plates were used for TLC. IR spectra were
measured using a Shimadzu IR-470
spectrophotometer. *H NMR and *C NMR spectra
were determined on a Bruker 300 DRX AVANCE
instrument at 300 and 75 MHz, respectively. The
elemental analyses (C, H, and N) were performed
on a Carlo ERBA Model EA 1108 analyzer. Mass
spectra were recorded on a Varian-Saturn 2000 gas
chromatograph—mass spectrometer (MS). Scanning
electron microscopy (SEM) of the nano-particles
was performed on a VEGA/TESCAN scanning
electron  microscope.  Transmission electron
microscopy (TEM) was performed by Philips
CM10-HT100KV. The X-ray diffraction (XRD)
patterns of the materials were recorded by
employing a Philips Xpert MPD diffractometer
equipped with a Cu Ko anode (A = 1.54 A) in the 20
range from 5 to 80°.

Preparation of nano-BBr3.SiO>

The catalyst was prepared by stirring a mixture
of BBr; (1 ml) and nano silica gel (20 nm, 1 g) in5
ml of chloroform for 1 h at room temperature. The
slurry was filtered and washed with chloroform.
The obtained solid (nano-BBr3;.SiO;) was dried at
ambient temperature for 2 h and then stored in a dry
container.

Typical procedure for the synthesis of 3,4-
dihydropyrimidinones(5a-j)

A mixture of aromaticaldehyde (1 mmol), ethyl
acetoacetate (1 mmol), urea (1.2 mmol), nano-
BBr3.SiO, (0.05 g) and 10 ml of ethanol was
refluxed for 1 h. The progress of reaction was
monitored by TLC. After finishing, the reaction
mixture was poured into crushed ice while stirring.
The crude product was filtered, washed with cold
water, dried, and recrystallized from ethanol 95% to
give the pure products (5a-j) (91%-97%). All
compounds were characterized by m.p., IR, CHN,
MS, H NMR, and C NMR spectroscopy. The
structures of all synthesized compounds (5a-j) are
depicted in Table 2.

5—-(Ethoxycarbonyl)-6—methyl-4—phenyl-3,4—
dihydropyrimidin—2(1H)-one (5a). White solid;
yield 95%; mp 203-205 °C; IR (KBr, vmax, cm™):
3255, 3110, 3005, 1720, 1688, 1636; ‘H NMR
(300.13 MHz, DMSO-ds, &/ppm): 1.10(t, J=7.10
Hz, 3H, CHa); 2.26(s, 3H, CHs); 3.88(q, J= 7.10
Hz, 2H, CH,); 5.42(s, H, CH); 7.32-7.54(m, 5H,
Ar-H); 7.72(s, H, NH); 9.24(s, H, NH); C NMR
(75 MHz, DMSO-ds, 8/ppm): 18.30, 19.00, 53.42,
58.63, 103.32, 111.27, 115.15, 124.54, 130.41,
148.24, 158.34, 166.71; MS(ESI): m/z 261 (M+H)*;
Anal. Calc. for Ci4H1sN2Os: C, 64.62; H, 6.15; N,
10.72; found: C, 64.50; H, 6.14; N, 10.68.

5—(Ethoxycarbonyl)-4—(4-chlorophenyl)-6—
methyl-3,4—dihydropyrimidin—-2(1H)—one (5b).
White solid; yield 95%; mp 213-215°C; IR (KBr,
vmax, cm™): 3253, 3125, 3000, 1708, 1648, 1611;
'H NMR (300.13 MHz, DMSO- dg, 8/ppm): 1.18(t,
J=7.20 Hz, 3H, CHa); 2.21(s, 3H, CHs); 3.63(q,
J=7.20 Hz, 2H, CHy); 5.27(s, H, CH); 7.14-7.28(m,
4H, Ar-H); 7.77(S, H, NH); 9.23(s, H, NH); 13C
NMR (75 MHz, DMSO-ds, 6/ppm): 16.47, 19.34,
57.06, 60.77, 101.02, 120.12, 133.42, 144.23,
153.64, 156.80, 158.66, 165.48; MS(ESI): m/z 295
(M+H)*; Anal. Calc. for C14H1sCIN2Os: C, 57.12;
H, 5.08; N, 9.55; found: C, 57.02; H, 5.03; N, 9.56.

Me 0 o ?
0 )I\ nano-BBr;.SiO,
> E NH
RCHO + + T e Ethanol, Reflux °
0 Me N 0
OEt "

Scheme 1. Nano-BBr3.SiO,-catalyzed Biginelli reaction.
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5—(Ethoxycarbonyl)-4—(4-hydroxyphenyl)-6—
methyl-3,4—dihydropyrimidin—2(1H)-one (5¢).
White solid; yield 91%; mp 231-233°C; IR (KBr,
Vmax, CM): 3442, 3345, 3107, 1710, 1680, 1629; 'H
NMR (300.13 MHz, DMSO-ds, 6/ppm): 1.22 (t,
3H, J=7.50 Hz, CHa), 2.45 (s, 3H, CHs), 4.23 (q,
2H, J=7.50 Hz, CH,), 6.10 (s, H, CH), 6.77 (s, 1H,
OH), 7.15-7.80 (m, 4H, Ar-H), 7.89 (s, 1H, NH),
8.26 (d, 2H, J=8.2, Ar-H), 9.14 (s, 1H, NH); *C
NMR (75 MHz, DMSO-ds, 6/ppm): 15.2, 19.15,
54.31, 59.75, 101.90, 122.5, 132.23, 140.5, 155.66,
155.88, 158.5, 167.75; MS(ESI): m/z 277 (M+H)* ;
Anal. Calc. for Ci4H1sN3sOs: C, 55.06; H, 4.92; N,
13.74; found: C, 55.15; H, 4.90; N, 13.70.
5—-(Ethoxycarbonyl)-4—(4—methoxyphenyl)-6—
methyl-3,4-dihydropyrimidin—-2(1H)—one (5d).
White solid; yield 94%; mp 202-203°C; IR (KBr,
Vmax, CM1): 3241, 3122, 3010, 1703, 1647, 1517; 'H
NMR (300.13 MHz, DMSO-ds, &/ppm): 1.07(t,
J=7.08 Hz, 3H, CHa); 2.23(s, 3H, CHs); 3.89(s, 3H,
CHs); 3.97(q, J=7.08 Hz, 2H, CH,); 5.09(s, H,
CH); 7.14-7.64(m, 4H, Ar-H); 7.66(s, H, NH);
9.15(s, H, NH); *C NMR (75 MHz, DMSO-ds,
d/ppm): 14.11, 20.45, 57.73, 58.40, 60.90, 101.37,
114.03, 125.38, 136.76, 148.22, 158.25, 159.75,
164.27; MS(ESI): m/z 291 (M+H)* ; Anal. Calc. for
C1sH1sN204: C, 62.06; H, 6.25; N, 9.65; found: C,
61.98; H, 6.20; N, 9.59.
5—(Ethoxycarbonyl)-4—(3-bromophenyl)-6—
methyl-3,4—dihydropyrimidin—-2(1H)—one (5e).
White solid; yield 95%; mp 183-185°C; IR (KBr,
Vmax, CM™1): 3319, 3211, 3015, 1695, 1634, 1544; H
NMR (300.13 MHz, DMSO- dg, d/ppm): 1.08 (t,
J=7.11 Hz, 3H, CHzs), 2.18 (s, 3H, CHa), 3.77 (q,
J=7.11 Hz, 2H, CH,), 5.67 (s, H, CH), 7.14-7.25
(m, 4H, Ar-H), 7.66 (s, 1H, NH), 9.31 (s, 1H, NH);
B¥C NMR (75 MHz, DMSO-ds, &/ppm): 15.11,
18.94, 56.56, 61.35, 100.68, 122.44, 127.56,
128.50, 129.07, 135.22, 142.55, 154.34, 160.77,
165.55; MS(ESI): m/z 340 (M+H)* ; Anal. Calc. for
C14H1sCIN2Os: C, 57.14; H, 5.10; N, 9.50; found:
C, 57.09; H, 5.05; N, 9.45.
5-Ethoxycarbonyl-4-(2-hydroxyphenyl)-6-
methyl-3,4-dihydropyrimidin-2(1H)-one (5f). White
solid; yield 91%; mp 209-211 °C; IR (KB, Vmax,
cm): 3456, 3232, 2883, 1712, 1641, 1594 cm-*: *H
NMR (300.13 MHz, DMSO- ds, 8/ppm): 1.15 (t,
J=7.5 Hz , 3H, CHs), 2.21 (s, 3H, CHs), 3.82 (q,
J=7.5, Hz, 2H, CHy), 5.21 (s, H, CH), 6.10 (S, 1H,
Ar-OH), 6.8-7.40 (m, 4H, Ar-H), 8.33 (s,1H, NH),
9.25 (s, 1H, NH); C NMR (75 MHz, DMSO-ds,
d/ppm): 17.22, 19.38, 55.46, 62.42, 102.33, 121.32,
125.23, 126.92, 127.28, 130.63, 139.71, 148.55,
161.85, 163.36; MS(ESI): m/z 277 (M+H)*; Anal.
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Calcd for C14H16N204: C, 60.86; H, 5.80; N, 10.14;
Found: C, 60.80; H, 5.72; N, 10.12.
5-Ethoxycarbonyl-4-(2-chlorophenyl)-6-methyl-
3,4-dihydropyrimidin-2(1H)-one (5g). White solid;
yield 93%; mp 204-206 °C; IR (KBr, Vmax, cm?):
3433, 3211, 2890, 1715, 1625, 1587 cm-1: *H NMR
(300.13 MHz, DMSO- ds, o/ppm): 1.07 (t, J=7.18
Hz , 3H, CHs), 2.24 (s, 3H, CHz), 3.75 (q, J=7.2,
Hz, 2H, CHy), 6.02 (s, H, CH), 6.9-7.42 (m, 4H,
Ar-H), 7.98 (s, 1H, NH), 8.88 (s, 1H, NH); *C
NMR (75 MHz, DMSO-ds, 6/ppm): 16.56, 17.34,
56.43, 60.65, 103.38, 123.43, 126.66, 127.70,
128.67, 132.77, 143.36, 150.14, 160.65, 166.72;
MS(ESI): m/z 295 (M+H)" ; Anal. Calcd for
C1H1sCIN2Os: C, 57.14; H, 5.10; N, 9.52; Found:
C, 56.88; H, 5.00; N, 9.46.
5-Ethoxycarbonyl-4-(3-fluorophenyl)-6-methyl-
3,4-dihydropyrimidin-2(1H)-one (5h). White solid,;
yield 95%; mp 182-184°C; IR (KBTI, Vmax, ¢mM?):
3423, 3242, 2880, 1722, 1656, 1605 cm-*: *H NMR
(300.13 MHz, DMSO- ds, o/ppm): 1.14 (t, J=7.4
Hz , 3H, CHs), 2.15 (s, 3H, CHzs), 3.71 (q, J=7.4,
Hz, 2H, CHy), 5.78 (s, H, CH), 6.93-7.72 (m, 4H,
Ar-H), 7.92 (s, 1H, NH), 9.10 (s, 1H, NH) ); ¥C
NMR (75 MHz, DMSO-ds, &/ppm): 16.33, 18.78,
57.15, 60.24, 102.56, 121.23, 125.54, 126.87,
127.13, 130.48, 140.79, 156.36, 163.62, 165.47;
MS(ESI): m/z 279 (M+H)* ; Anal. Calcd for
CuH1sFN2Os: C, 60.43; H, 5.39; N, 10.07; Found:
C, 60.30; H, 5.28; N, 10.10.
5-Ethoxycarbonyl-4-(4-fluorophenyl)-6-methyl-
3,4-dihydropyrimidin-2(1H)-one (5i). White solid;
yield 92%; mp 185-188°C; IR (KBTI, Vmax, cm?):
3420, 3217, 2874, 1708, 1635, 1580 cm™: *H NMR
(300.13 MHz, DMSO- dg, &/ppm): 1.16 (t, J=7.12
Hz , 3H, CHa), 2.34 (s, 3H, CH3), 3.83 (q, J=7.12
Hz, 2H, CHy), 6.05 (s, H, CH), 6.85-7.40 (m, 4H,
Ar-H), 8.10 (s, 1H, NH), 9.03 (s, 1H, NH); 3C
NMR (75 MHz, DMSO-ds, 8/ppm): 18.62, 18.14,
54.46, 64.67, 102.85, 123.75, 128.23, 138.11,
143.91, 154.46, 159.35, 167.42; MS(ESI): m/z 279
(M+H)* ; Anal. Calcd for C1sHisFN2Os: C, 60.43;
H, 5.39; N, 10.07; Found: C, 60.33; H, 5.30; N,
10.04.
5-Ethoxycarbonyl-4-(4-tolyl)-6-methyl-3,4-
dihydropyrimidin-2(1H)-one (5j). White solid;
yield 97%; mp 250-252 °C; IR (KBr, Vmax, cm?):
3227, 3220, 2982, 1695, 1666, 1582, cm™; H
NMR (300.13 MHz, DMSO- ds, 8/ppm): 1.11 (t,
J=7.25 Hz , 3H, CHj3), 1.92 (s, 3H, CHs3), 2.42 (s,
3H, CHa), 3.65 (g, J=7.25 Hz, 2H, CH,), 6.14 (s, H,
CH), 7.05-7.68 (m, 4H, Ar-H), 8.38 (s, 1H, NH),
9.20 (s, 1H, NH); ); *C NMR (75 MHz, DMSO-ds,
d/ppm): 18.78, 19.37, 23.1, 59.04, 64.91, 105.15, 1
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22.37, 125.48, 128.57, 138.44, 152.19, 160.48,
164.38; MS(ESI): m/z 275 (M+H)* ; Anal. Calcd.
for C1sH18N20Os: C, 65.68; H, 6.61; N, 10.21; Found
C, 65.60; H, 6.55; N, 10.15.

RESULTS AND DISCUSSION

The development of new nanocatalysts has
emerged as an available field for research and
innovation. Nanotechnology enhances catalytic
activity and the inexpensive nanocatalysts replace
expensive catalysts. The advantage of nano-
BBrs.SiO; over bulk catalysts may be attributed to
the higher surface area of nanocatalysts and the
increased catalytic activity. This is assumed to be
due to morphological differences, as shown in the
SEM and TEM images and the XRD pattern.
According to the SEM and TEM images and the
XRD pattern, the particle size of nano-BBrs.SiOz is
40 nm (Figure 1).

[A] *

<400 nrn; :

Nano-BBrs.SiO can be used as a catalyst in the
synthesis of organic compounds. Features of this
catalyst that are of interest include: easy separation,
environmental friendliness, reusability, cleanness,
and economy. The mechanism of formation of
dihydropyrimidines using nano-BBrs;.SiO; as a
catalyst is shown in Scheme. 2. Most of the
catalysts used for preparation of
dihydropyrimidinones  are  halogen-containing
Lewis acids. The present results indicate that the
halide present in the catalyst may be playing a
crucial role in these transformations and may be the
cause of the large number of publications which
have appeared recently on the synthesis of
dihydropyrimidinones by modified Biginelli
reactions using halide catalysts. Nano-BBrs.SiO;
acts as a Lewis base by interaction with the
electrophilic ~ carbon  of  the  aldehyde.

:

n

w
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Fig 1. SEM (A) image, TEM (B) image and XRD (C) pattern of nano-BBr3.SiO».

nano-
BBr,.

[e] Ar
EtO NH EtO
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Scheme 2. Mechanism of the synthesis of 3,4-dihydropyrimidin-2-(1H)-one catalyzed by nano-BBr3.SiO.
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Dihydropyrimidines exhibit a wide range of
biological activities. We are interested in studying
the mechanism of the Biginelli reaction in order to
develop a simple method for the synthesis of
DHPMs. Urea is not sufficiently nucleophilic to
react directly with aldehydes. However, nano-
BBrs.SiO; as a Lewis acid causes the reaction to
occur by coordination at the carbonyl oxygen,
activating the carbonyl group to nucleophilic attack.

We started our study of one-pot, three-
component Biginelli condensation using nano-
BBrs.SiO; as a catalyst (Scheme 2) and carrying out
reactions using benzaldehyde, ethyl acetoacetate,
and urea to create corresponding DHPM products.
As the model reaction the synthesis of compound
5a was selected to determine suitable reaction
conditions in the presence of nano-BBr;.SiO; with
various amounts of catalyst (Table 1). We found
that yield was strongly affected by the amount of
catalyst and the temperature. Best results were
obtained (Entry 8) in the presence of 0.05 g catalyst
under reflux conditions for 1 h (Table 1).

We have successfully synthesized many 3,4-
dihydropyrimidin-2(1H)-one  derivatives  from
aldehydes, ethyl acetoacetate and urea using nano-
BBrs.SiO,. Several aromatic aldehydes were
condensed with ethyl acetoacetate and urea as
shown in Scheme. 1. These results are shown in
Table 2. Nano-BBrs.SiO; as a catalyst significantly
increases the reaction rate and is easily separated
and reused (Table 2). All reactions were monitored
by TLC and carried forward to maximum atom
utilization. All compounds were characterized

using melting point, IR, *H NMR, *C NMR, and
CHN techniques. All of our results were in
agreement with the cited literature. It was noted that
aldehydes that had electron donating/withdrawing
substituents reacted within the reaction time to give
DHPMs with very good to excellent isolated yields.

The structures of products 5a-5j were
characterized based on their H and *C NMR, IR
and CHN data. The 'H NMR spectrum of
compound 5a in DMSO-d6 shows a singlet at 5.42
ppm, which is related to H-4, whereas the two
separated methyl groups resonate at 1.10 (t, J=7.10
Hz, 3H, CH3) and 2.26 (s, 3H, CHs) ppm. In the $3C
NMR spectrum of compound 5a, the peak at 58.63
ppm is related to C-4 (sp3), which confirms the
formation of a product. The two different carbonyl
groups resonate at 158.3 and 166.7 ppm. In the *H
NMR spectra of 5a and 5b, H-4 resonates at 5.42
and 5.27 ppm, respectively.

Finally, the reusability of the nano-BBrs.SiO;
catalyst was investigated in subsequent reactions,
using benzaldehyde, ethyl acetoacetate, and urea to
afford the corresponding DHPM product 5a as a
model reaction. Comparison of reaction conditions
and product yield (5a) between previously reported
methods and the present method is shown in Table
3. The catalyst was easily recovered by simple
filtration after dilution of the reaction mixture with
ethyl acetate and was reused after being vacuum
dried. Nano-BBrz.SiO, was reused for four runs
without significant loss of activity (run 1: 87%; run
2: 84%; run 3. 80%; run 4  75%).

Table 1. Nano-BBr3.SiO; catalyzed synthesis of 5—(ethoxycarbonyl)-6—-methyl-4—phenyl-3,4—dihydropyrimidin—
2(1H)-one (1) at various temperatures and various amounts of the catalyst @

Entry Catalyst (mol%) Temp. (°C) Yield (%)°
1 0.03 70 66
2 0.03 80 76
3 0.03 90 78
4 0.04 70 80
5 0.04 80 84
6 0.04 90 85
7 0.05 70 87
8 0.05 80 95
9 0.05 90 94

10 0.06 70 78
11 0.06 80 84
12 0.06 90 85
13 - 70 30
14 - 80 32
15 - 90 35
16 0.05 - 18

2 Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (1 mmol), urea (1.2 mmol) and nano-BBrs.SiO: as a catalyst for

1 h under reflux conditions;
b Isolated yield.

610



F. Hatamjafari: Nano-BBrs.SiO2: a novel highly efficient heterogeneous catalyst for the one-pot synthesis of ....

Table 2. Nano-BBr3.SiO; catalyzed synthesis of 3,4-dihydropyrimidinone derivatives?

Entry Product RCHO Yield (%)P MP (°C)
Found Reported (Ref.)
1 5a CeHsCHO 95 203-205 201-203[11]
2 5h 4-CICsH4sCHO 95 213-215 212-214[11]
3 5¢c 4-HOC¢H,CHO 91 231-233 231-233[12]
4 5d 4-CH;0C6H4CHO 94 202-203 203-204[11]
5 5e 3-BrCsH4CHO 95 183-185 182-184[12]
6 5f 2-HOCgH4CHO 91 209-211 210-212[30]
7 59 2-CICgH4CHO 93 204-206 206-208[29]
8 5h 3-FCsH4sCHO 95 182-184 180-182[30]
9 5i 4-FCe¢H4CHO 92 185-188 186-188[30]
10 5j 4-CH3CsH4CHO 97 250-252 49-251[31]

8Reaction conditions: aldehyde (1 mmol), p-ketoester (1 mmol), urea (1.2 mmol), nano-BBrz.SiO2 (0.05 g) under reflux

conditions;
bIsolated yield.

Table 3. Comparison of reaction conditions and yield of product (1) of reported methods [32-35] versus the present

method.
Entry Catalyst Condition Time Yield (%)
1 Methanesulfonic acid Ethanol, reflux 60 min 95
2 P.Os Ethanol, reflux 240 min 91
3 Chlorosulfonic acid Solvent free, 60°C 30 min 93
4 P,0s/SiO; Solvent free, 85°C 120 min 95
5 ZnCl, Solvent free, 80°C 20 min 90
6 I Solvent free, 90°C 15 min 86
7 CF3COONH,4 Solvent free, 80°C 10 min 98
8 1:10 P,0s/MeSOsH Solvent free, r.t. 5 min 94
Present method Nano-BBr3.SiO; Ethanol, reflux 60 min 95

CONCLUSION

In conclusion, we have demonstrated a novel
catalyst nano-BBrs.SiO, for the synthesis of
substituted dihydropyrimidinones. The advantages
of this method using nano-BBr3.SiO; include: high
yields, reasonable time, one-pot procedure,
experimental simplicity, environmental friendliness
and easy separation with reuse of this catalyst.
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HAHO-BBr3.Si02; HOB BUCOKOE®EKTUBEH KATAJIN3ATOP 3A EJJHOCTAJIUNHA
XETEPOTEHHA CUHTE3A HA TTIPOM3BOIHU HA
3,4- TUXUPOIIMPUMUINH-2-(1H)-OH

®. Xarammkadapu

Jenapmamenm no xumus, Hayuen ¢paxynmem, Ucnamcku ynusepcumem ,,A3ao “, knon Tonexabon, I1.K. 46841-61167,
Tonexabon, UP Upan

Ilocrpnmna wa 30 HOeMBpH, 2014 r.; Kopurupana Ha 3 maii, 2016 T.

(Pesrome)

B Ta3u cratus ce onucBa NpoCT NPOTOKOI 33 e()eKTHBHA CHHTE3a MPOU3BOIHM Ha 3,4-muxunponupumuaua-2(1H)-
OH, W3MOJI3BAfiKK apoOMAaTHH aJACXWIM, €THJ aleT-alerar ¥ KapOamuI B MPUCHTCTBUE Ha HaHO-BBri.SiO karo
kartamusatop. CTpyKTypaTa Ha CUHTE3UPAHHUTE CheJMHEHHUs € OXapaKkTepU3upaHa 4pe3 ToukaTa Ha tonene, U4, MC, H
SIMP, BC IMP and CHN-enementen ananus. Hue cuHTe3supaxme 3a NmbpBU NbT HaHO-BBrs.SiO; kxaro Hano-
katanu3atop u oxapakrepusupaxme dpe3 XRD, SEM u TEM-texuukure. Bucoku n00MBH, MEKH YCIIOBHS, JICCHA
JIOCTBITHOCT, IOBTOPHA YNOTpe0a U ,,3eJICHU " YCIOBHS Ca HSIKOU OT MPEANMCTBATA Ha U3IOJI3BAHUS KaTallu3aTop.
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Adsorption of mercury ions on activated carbons - oxidized and non-oxidized - prepared by hydro-carbonization
from mixture of coal tar pitch and furfural, was investigated. The structure and surface properties of the samples were
characterized by N, adsorption, IR spectroscopy and surface oxygen groups determination. The activated carbon,
obtained from a mixture of furfural and coal tar pitch, and oxidized cabon demonstrate high adsorption ability towards
mercury ions (149 and 136 mg/g, respectively). The relative part of the surface occupied by mercury ions is higher for
the oxidized carbon. It was found that Hg (I1) uptake increases with increasing pH.

Key words: activated carbon, coal tar pitch, furfural, mercury, adsorption

INTRODUCTION

The rapid urbanization and the extensive
development of agriculture and tourism during the
last decades have intensified the wuse of
underground and surface waters. So there appears
the issue of water contamination. The strive for
alignment to standard legislation norms requires
development of efficient methods for purification
of waste and potable waters. Water pollution is a
big problem for the modern world and it inflicted a
lot of investigations, dedicated to protection of
environment and living organisms. Metals such as
Hg, Cd, Ni, As, Pb, etc. are highly toxic and
carcinogenic, they have irreversible harmful, even
lethal effect on human physiology and other
biological systems. In order to ensure consistent
protection of surface waters, the European
Parliament and the Council of the European Union
have announced Directives on the Environmental
Quality Standards in the field of water policy. The
European Environmental Agency (EEA) has
included different heavy metal ions in the List of
Priority Pollutants to be monitored in industrial
effluents [1].

Mercury is generally considered to be one of the
most toxic metals found in the environment. The
major sources of mercury pollution in the aquatic
environment are industries such as chloralkali, pulp

* To whom all correspondence should be sent:
E-mail: racheva89@abv.bg

paper, paint industry, rubber processing, oil
refining, electrical power and fertilizer productions
[2,3]. Numerous methods are available for removal
of mercury, including membrane separation [4,5],
chemical precipitation [6,7], coagulation [8],
photodegradation [9], reverse osmosis [10],
biodegradation [11-13]. These methods are
associated, however, with high operational costs
and incomplete removal, and they require large
amounts of energy and chemicals.

Adsorption is a suitable purification process, but
the high price of commercial activated carbon
decreases the economical efficiency of pollutant
removal. Therefore it is very important to find new
effective adsorbents. Nowadays the researchers are
focused on the preparation of low-cost activated
carbons from different waste materials for the
treatment of drinking and waste waters. Activated
carbons can be produced from a large variety of
precursors - bituminous coal, wood, peat, petroleum
pitch, polymer and biomass [14-16]. Preparation of
activated carbons from waste materials and
industrial by-products, like coal tar pitch and
furfural (contained in waste products from
treatment of biomass), reveals a possibility for their
appropriate utilization.

This work presents the results from the
investigation of the adsorption activity of activated
carbon, obtained from coal by-product (coal tar
pitch) and furfural (waste material from pyrolysis
of biomass), towards Hg (1) ions.
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EXPERIMENTAL

A mixture of coal tar pitch and furfural (45:55
wt.%) was treated with concentrated H,SO,4 added
dropwise under continuous stirring at 120 °C until
solidification. The obtained solid product was
heated at 600 °C in a covered silica crucible at a
heating rate of 10 °C min? in nitrogen atmosphere.
The carbonized solid product was further submitted
to steam activation at 800°C for 1 h (carbon A).

The synthesized material was oxidized in order
to incorporate more oxygen functionalities. For this
purpose, carbon A sample was oxidized with
HNOs. The oxidation treatment with HNOs; was
performed according to the following procedure:
about 10 g of the sample was treated with 100 cm?3
10% HNOs and boiled for 1 h. After that the sample
was washed with distilled water, dried at 105°C and
kept in a desiccator until use. The oxidized carbon
was labeled as carbon B.

The nanotexture of the synthesized carbon
materials was characterized by N adsorption at -
196°C, carried out in an automatic volumetric
apparatus (ASAP 2010 from Micromeritics).
Before the experiments, the samples were
outgassed under vacuum at 300°C for overnight.
The isotherms were used to calculate specific
surface area Sger, total pore volume V', micropore
volume W,. The samples were further characterized
by elemental analysis and Boehm titration to
determine the amount of oxygen, incorporated after
oxidation treatment, and the nature of the appeared
surface functionalities. FTIR experiments were
performed on a spectrometer IFS 113V using KBr
pellets.

The pH of the carbons was measured according
to the following procedure: 4.0 g of carbon was
weighed into a 250 cm® beaker, and 100 cm® of

Table 1. Chemical composition of the samples (wt.%).

water was added. The beaker was covered with a
watch glass, and the mixture was boiled for 5 min.
The suspension was set aside, and the supernatant
liqguid was poured off at 60°C. The decanted
portion was cooled down to ambient temperature
and pH was measured to the nearest 0.1 pH unit.

Batch adsorption studies were carried out with
10 mg of adsorbent and 50 cm?® of Hg (II) solution
with the desired concentration at pH 5.5 in 100 cm?®
conical flasks. The amount of Hg (Il) in the final
volume of 25 cm® was  determined
spectrophotometrically on a Pfaro 300 UV-Vis
spectrometer. Rhodamine 6G and potassium iodide
were used to obtain a pink-colored solution in the
presence of Hg (II). The reaction occurs
immediately in the pH range 1-7, when the system
is stabilized with gelatin. The absorbance at 575 nm
remains unchanged for at least 24 h. The pH values
are adjusted with dilute solutions of hydrochloric
acid.

RESULTS AND DISCUSSION

Characterization of carbon adsorbents from coal
tar pitch and furfural

Furfural resin is a suitable oxygen-containing
raw material for the production of carbon
adsorbents with insignificant ash and sulphur
content. There are many sources of furfural,
because most agricultural wastes contain sufficient
quantities of pentosans allowing industrial
exploration by a well-established technique. The
elemental analysis of coal tar pitch shows that the
amount of oxygen containing structures is not high,
whereas the high C/H ratio indicates the presence
of a considerable amount of aromatic species in the
pitch (Table 1).

Ash C N S O CH
Coal tar pitch - 90.90 4.95 0.90 0.50 2.75 1.53
Carbon A 0.8 90.81 0.82 0.75 0.51 7.11 9.23
Carbon B 15 86.77 1.02 1.30 0.56 10.35 7.09

Table 2. Quantification and identification of the oxygen surface groups [meq g].

Carboxylic  Lactonic Phenolic  Carbonyl  Basic groups pH
Carbon A BDL BDL 0.210 1.356 0.78 8.1
Carbon B 0.109 0.239 0.456 1.767 0.330 3.7

BDL — below detection limits
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The content of surface oxygen-containing
functional groups in carbon has a significant effect
on metal ion adsorption on carbon. The results from
Boehm titration of surface groups (Table 2) show
that carbon A and carbon B are characterized with
the presence of different oxygen-containing surface
functionalities. The presence of surface oxygen
groups is also confirmed by IR spectroscopy (Fig.
1). The band at 1704 cm™ could be related to the
stretching of C=0 in aliphatic aldehydes, ketones
and carboxyls. The bands around 1600 cm™ cannot
be unequivocally interpreted. They could be due to:
i) aromatic ring stretching couples to highly
conjugated carbonyl groups (C=0); ii) stretch
vibrations of C=C bonds in aromatic structures; iii)
OH groups. The bands in the region of 1360-1150
cm?® are due to C=0 in complex ethers and ring
structures. [17-19].

absorbance, a.u.

2000 ‘ 15100 ' 1 OIDO ) 5(110
wavenumber
Fig. 1. IR spectra of the samples (A — Carbon A; B —
Carbon B).

We have observed that the furfural content has a
strong effect on the porosity of the resulting
carbons. Lower proportions of furfural leads to
synthesis of activated carbons with a narrow
microporosity. With rising the furfural content this
microporosity is gradually opened in favor of
appearance of large micropores and mesopores.
Carbon A was prepared with a moderate proportion
of furfural in the precursor mixture (45 wt.%), and
as a result it is characterized by a moderate BET
surface area and well developed microporosity
(Table 3 and Figure 2).

Table 3. Surface characteristics of the samples.

S BET Vtot* Vmicro**- Vmeso**
Sample m?lg  cmilg cm®/g cmi/g
Cafon 678 0316  0.216 0.030
Cag’on 487 0217  0.113 0.010

* evaluated at p/po~0.99
** gvaluated from DFT applied to N2 adsorption data

The nitrogen adsorption/desorption isotherms of
the carbon samples are shown in Fig.2. It can be
seen that the adsorption isotherms are of type I,
indicating a microporous material. These porous
features should be ideally adapted for the removal
of aromatics from aqueous phase. Oxidation
brought about a slight decrease in the porous
features of the carbon (likely due to the boiling step
during oxidation), although the fall in the
micropore volume accounts for only 16 %.
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Fig. 2. N2 adsorption isotherms at -196 °C of the
samples (A-Carbon A; B-Carbon B).

Adsorption measurements

The equilibrium adsorption isotherms of Hg (1)
on activated carbons are presented on Fig. 3. The
adsorption isotherms belong to the L(2)-type
according to the Giles classification [20, 21]
showing a steep initial rise and a concave curvature
at low equilibrium concentrations, followed by a
plateau, i.e. saturation limit. L-type isotherms
reflect adsorption at higher contaminant
concentrations, corresponding to the completion of
a monolayer in the experimental range.

The adsorption capacity, Q,, was calculated
from the linearized Langmuir plot [22]:

Celde = 1/Qob + Ce/Qo (1),

where C. is the equilibrium concentration (mg/L);
e is the amount of Hg (I1) adsorbed at equilibrium
(mg/g) and Q, and b are the characteristic Langmuir
parameters related to the maximum adsorption
capacity and intensity of adsorption, respectively.
The model is frequently used for adsorption from
dilute solutions. The value Q, gives the saturation
limit for adsorption from solution and b can be
considered as a measure of the adsorption energy
[22]. The Q. values determined for synthetic
(carbon A) and oxidized activated carbon (carbon
B) are 149 and 136 mg/g, respectively (Table 4).
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200+

v — vV
” W v . 10 mg/L
1/ . 20 mg/L
150 ;‘*/r A4 4o 30 mg/L
A v 40 mg/L
I

100{jpe o ¢ o«
I/

Adsorber amount, mg.g’

50 \“q‘_/l - —  um

T3 % s 8 100 o 0
time, min
Fig. 3. Adsorption isotherms of Hg (Il) ions on the
different activated carbons. Conditions: C, 10-40
mg/dm?3; pH =5.5; © 60 min; carbon amount, 10 mg/50
cm®,

Table 4. Data for mercury ion adsorption obtained
from the Langmuir plot.

Qo B Sm? Sm?/Stot
Sample mg/g L/mg m?/g %
Carbon A 149 1.17 20.64 3.04

Carbon B 136 1.39 20.64 4.24

Some theoretical parameters in the Langmuir
equation were calculated from the experimental
data and are presented in Table 4. The surface area
Sm covered by Hg (Il) ions was calculated on the
basis of the Goldschmidt ionic radius, which is
0.112 nm [23]. Metal ions with amphoteric
character are adsorbed to a considerably greater
degree by activated carbons via alkaline reaction.
The increased porosity and specific surface area
after activation with water vapor leads to increased
uptake of mercury ions. The water steam-activated
carbon adsorbs Hg ions to a lower extent than the
oxidized carbon, due to the fact that part of the
surface of the former is inaccessible to mercury
ions.

The investigation of the effect of pH on the
adsorption activity of different carbons is very
important. In the case of mercury (Il) solutions,
most of the mercury exists in the form of
complexes, which can be positive, neutral or
negative, depending on the composition and pH.
Appropriate amounts of hydrochloric acid and
sodium hydroxide were added in order to obtain
solutions with different pH values. The adsorption
capacities of the carbon were studied at different
pH values and a maximum was established near pH
6.0 for all samples. The metal uptake increases in
the range of pH values from 2 to 5.5, and stays
constant above pH 6 for all carbons. The effect of
the pH on mercury ion adsorption for the studied
samples is illustrated in Fig. 4 (for initial
concentration of 40 mg/dmd).

Bearing in mind that activated carbon A has
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higher pore volume and total surface area than
carbon B, it is evident that the removal efficiency is
not directly related to these values. Most probably
removal efficiency could be related to differences
in the pore size distribution and the surface
chemistry of the carbons.
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90 7,
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Fig. 4. Influence of pH on the adsorption equilibrium
of mercury (Il) ions on carbon A and carbon B.
Conditions: T, 60 min, carbon concentration, 10 mg/dm?,

It can be shown by stability constant
calculations that, in the presence of CI, the
predominant form at pH > 4.0 is Hg(OH). , and at
pH < 4, the predominant form is HgCl, [24]. The
dominant form in the range of highest sorption
efficiency is Hg(OH).. When the pH drops, various
chloride species, especially HgClx(aq), appear,
however they are poorly adsorbed. It was assumed
that, in addition to the different oxygen-containing
groups, CxSOsH groups are present on the carbon
surface as a result of effect of H,SO4 in the process
of activated carbon preparation.

We suggest that following complexes could be
formed:

2C,OH + Hg* — (CO)Hg* +2H*

2CO0H + Hg?*— (CxCOO) Hg** +2H*

2CS0O3H  + Hg?*—( C«SO3)Hg?* + 2H*

CONCLUSIONS

Activated carbons with good adsorptive
properties were synthesized from biomass and coal
waste materials, and were applied for removal of
mercury ions from aqueous solutions. The obtained
activated carbons exhibited very good ability to
adsorb mercury ions from aqueous solution,
oxidized carbon (136 mg/g) having lower
adsorption capacity than the non-oxidized sample
(149 mg/g). The relative part of the surface
occupied by mercury ions is greater for the
oxidized activated carbon. Stable chemical bonds
(chemisorption) are formed between Hg (Il) ions
and oxygen-containing groups present on the
carbon surface.
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[NPEYNCTBAHE HA OTITA/IHU BOJAU OT XXUBAK ITOCPEACTBOM AKTUBEH BBIJIEH,
[TOJIYUEH OT OTIIAJHM CYPOBHUHMU OT BBIJIMIIA 1 BUOMACA

U. T. Croituesa'*, b. H. Iletposal, B. I'. Liuanapcku!, T. K. Byaunosa®, H. B. Iletpos?, b. Haren?, V.
[llenyra?, C. Iymw?, C. Yaiikoscka?, b. Tpxebuixka?

Ylab. Xumus na mevpoume zopusa, Mncmumym no opeanuuna xumus ¢ Llenmwp no pumoxumus, Bvneapcxka Axademus
na Hayxume, yn. Akao. I'. Bonues, 61.9,1113 Cogus, Bvaeapus
2[Jenmwp 30 nonumepnu u 6v21epoonu mamepuaiu kom Ioackama Axademus na Hayxume, yr. Mapus Cxrodoecka-
Krwopu 34,41-819 3aboice, [lonua

Tlocrprmna Ha 12 nexemspu, 2014 ., kopurupana Ha .26 ¢pespyapu, 2016 r.

(Pestome)

UscnenBana 6e aacopOUuMsITa HA )KUBAYHU HOHHM BHPXY OKHCIICHH U HEOKHCIICHHU MPOOH aKTUBEH BBIJICH, MOJYYCHU
4Ype3 XUAPO-MUPOIIH3 OT CMEC OT KaMeHOBbINIeH mek u (ypdypon. CTpykTypaTa M MOBBPXHOCTHHUTE CBOWCTBA Ha
npobute Osixa XapakTepu3upaHu upes a3otHa ¢usucopbims, Y cnekrpockomnus U O¢ ompeeieHa KOHIICHTPALUITA Ha
MOBBPXHOCTHUTE KUCIOPOJHU IPYMH. AKTHBHUSIT BBIVICH, TOJNYYSHHU OT CMEC OT KaMEHOBBIUICH nek u Gpypdypon, u
OKHCJICHHST BBIJICH JIEMOHCTPHPAT BUCOKA aJCOPOIHMOHHA CHOCOOHOCT CHPSIMO JKMBauHHUTE HOHM (ChOTBETHO 149 u
136 wmr/r). YacTra OT MOBBPXHOCTTA, 3a€Ta OT JKMBAYHW HOHU € IMO-BUCOKA 3a OKHCIICHHS BBIVICH, B CPAaBHCHHUE C
Heokucienus. be ycranoseno, ye orcrpanssaneto Ha Hg (1) ce yBenuuasa ¢ yBenuuaBane Ha pH Ha pasTBopa.
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A facile solvent-free route for the one-pot multicomponent synthesis of
benzylpyrazolyl coumarins catalyzed by FeCls.SiO, nanoparticles

Z. Piruzmand, J. Safaei-Ghomi*, M. A. Ghasemzadeh
Department of Chemistry, Qom Branch, Islamic Azad University, Qom, I. R. Iran
Received May 4, 2015; Revised January 15, 2016

The synthesis of benzylpyrazolyl coumarin derivatives is achieved by the four-component reaction of
arylhydrazine/hydrazine hydrate, ethyl acetoacetate, aromatic aldehydes and 4-hydroxycoumarin. FeCls/SiO;
nanoparticles are used as an efficient and green catalyst for the present research work. This method is fast and affords
high yields. It is also clean, safe, cost-effective and importantly, the FeCls/SiO, nanocatalyst is easily recovered and
reused for at least five cycles, which confirms its good stability.

Keywords: FeCls/SiO; nanoparticles, multicomponent, solvent-free, pyrazolone.

INTRODUCTION

Compounds containing the pyrazolone ring
system have received considerable attention due to
the attractive pharmacological properties associated
with this heterocyclic moiety. Since many of these
heterocycles like phenazone, propyphenazone,
ampyrone (Fig. 1a) exhibit biological activities
such as anti-inflammatory, postmenopausal, anti-
osteoporosis,  angiotensin  antagonist,  and
anticoagulant activities [1-3], these derivatives have
become an integral part of pharmacologically
important heterocyclic compounds. 3-Substituted 4-
hydroxycoumarins, particularly 3-benzylsubstituted
4-hydroxycoumarin derivatives are of much
importance because they are present in many
natural products.

o0 B

Phenazone Propyphenazone Ampyrone

Warfarin Phenprocoumene
b
Fig. 1. (a) Bio-active pyrazolone moieties; (b) Some
biologically active 3-substituted coumarins.
It is also established that these compounds show
a wide range of biological activities due to their

Coumatetraliyl

abundance in medicinal scaffolds, namely warfarin,
phenprocoumon, coumatetralyl (Fig. 1b) offering
antibacterial, anti-HIV ~ [4], antiviral [5],
anticoagulant [6], antioxidant [7] and anticancer
activities [8].

Multicomponent reactions (MCRs) are a
promising and vital field of chemistry because the
synthesis of complicated molecules can be achieved
in a very fast, efficient, and time saving manner
without the isolation of any intermediate.
Multicomponent reactions are some of the most
important protocols in organic synthesis and
medicinal chemistry [9,10].

Heterogeneous supported catalysts have gained
an important role in organic synthesis due to high
activity and selectivity, available active sites, easy
catalyst separation, long catalytic life, thermal
stability, easy handling and reusability [11,12].
Therefore, the use of supported and recoverable
catalysts in organic transformations has economical
and environmental benefits [13-18]. Among various
silica-based heterogeneous catalysts, FeCls-SiO;
has the advantages of low cost, ease of preparation
and recyclability [19-21].

In this work, which is a continuation of our
studies of catalytic multicomponent reactions using
inorganic solids as heterogeneous catalysts [22-24],
we describe the preparation of benzylpyrazolyl
coumarin derivatives in the presence of FeCls-SiO;
nanoparticles (NPs) under solvent-free conditions
(Scheme 1).

T 2 ' OH Ar O
FeCl;.S510, NPs
q-NHz + ) i s \ |
HN )l\'/U\OEt Ar/u\H M ™ \ r.:}{{R
) OO Solvent-free, 110°C O 0

1) 2 3) )

(3

Scheme 1. Synthesis of benzylpyrazolyl coumarin derivatives.
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EXPERIMENTAL
General

All reagents were purchased from Merck and
Aldrich and were used without further purification.
The reaction was monitored by TLC using 0.2 mm
Merck silica gel 60 F254 pre-coated plates, which
were visualized with UV light. Melting points were
measured on an Electrothermal 9200 apparatus. The
IR spectra were recorded on a FT-IR Magna 550
apparatus using KBr discs. The H-NMR and *3C-
NMR spectra were recorded on a Bruker Avance
DRX-400 MHz instrument using TMS as the
internal standard. The elemental analyses (C, H, N)
were obtained from a Carlo ERBA Model EA 1108
analyzer. Microscopic morphology of products was
visualized by SEM (LEO 1455VP).

General procedure for the preparation of nano-
silica-supported ferric chloride

In a 100-cm?® flask, 25 g nano silica gel and 2 g
FeCl;.6H,0 (8 % of the weight of nano-SiO,) were
vigorously stirred under solvent-free conditions at
room temperature for 24 h to achieve homogeneous
adsorption. A yellow powder was obtained. This
powder was heated for 1 h at 100°C to give a
brownish powder (“active” FeCls/nano-SiO;
reagent).

General procedure for the preparation of
benzylpyrazolyl coumarin derivatives

A mixture of 0.05 g FeCls/SiO, NPs, hydrazine
1 (1 mmol), ethyl acetoacetate 2 (1 mmol),
aromatic aldehyde 3 (1 mmol) and 4-
hydroxycoumarin 4 (1 mmol) was finely ground
with a mortar and pestle and then heated in a flask
under stirring at 110°C in an oil bath. After
completion of the reaction (indicated by TLC), the
reaction mixture was dissolved in hot ethanol, and
the mixture was stirred for 5 min. The reaction
mixture was filtered, and the heterogeneous catalyst
was recovered. Then the product was recrystallized
from ethanol to get the pure compounds as white or
pale yellow crystals. The isolated compounds were
characterized by IR, *H NMR and *C NMR.

Spectral data of 5a, 5e, 5h and 5k compounds

1,2-Dihydro-4-((4-hydroxy-2-oxo-2H-

chromen-3-yl)(3-nitrophenyl)methyl)-5-methyl-

2-phenylpyrazol-3-one  (5a):  Pale  yellow
crystalline solid; mp 241-243 °C, IR (KBr, cm?):
vmax 3074, 1649, 1609, 1560, 1525, 1179, 1103,
749; 'H NMR (400 MHz, CDCls): ¢ 2.38 (3H, s),
5.79 (1H, s), 7.10-7.21 (3H, m), 7.32-7.44 (4H, m),
7.54-7.59 (3H, m), 7.74-7.76 (2H, d, J=7.8 Hz),
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7.92-7.98(2H, m), 12.07 (1H, s, OH ); C NMR
(100 MHz, CDCls): ¢ 10.8, 34.2, 105.5, 106.5,
115.9, 118.4, 121.2, 121.3, 122.1,123.7, 124.4,
126.9, 129.2, 131.8, 133.7, 135.3, 142.1, 147.1,
148.36, 152.5, 162.6, 164.6, 165.1. Anal. Calcd. for
C26H19N3051 C 66.48, H 4.07, N 8.93, Found: C
66.50, H 4.08, N 8.92.

1,2-Dihydro-4-((4-hydroxy-2-oxo-2H-
chromen-3-yl)(4-methoxyphenyl)methyl)-5-
methyl-2-phenylpyrazol-3-one (5e): White
crystalline solid; mp 207-209 °C, IR (KBr, cm™):
vmax 3072, 1645, 1606, 1563, 1522, 1174, 1103,
746; 'H NMR (400 MHz, CDCls): & 2.34 (3H, s),
3.61 (3H, s), 5.76 (1H, s), 7.08-7.25 (3H, m), 7.30-
7.42 (4H, m), 7.52-7.58 (3H, m), 7.75-7.78 (2H, d,
J=7.8 Hz), 7.92-7.98(2H, m), 12.08 (1H, s, OH );
13C NMR (100 MHz, CDCls): § 10.7, 34.5, 105.2,
106.4, 115.7, 118.8, 121.1, 121.3, 122.1,123.4,
124.4, 126.8, 129.2, 131.6, 133.5, 135.5, 142.6,
147.1, 148.42, 152.5, 162.5, 164.4, 165.5. Anal.
Calcd. for Cz7H22N204: C 71.35, H 4.88, N 6.16,
Found: C 71.37, H 4.90, N 6.19.

1,2-Dihydro-4-((4-hydroxy-2-oxo-2H-
chromen-3-yl)(4-bromophenyl)methyl)-5-
methyl-2-phenylpyrazol-3-one  (5h):  Cream
crystalline solid; mp 244-246 °C, IR (KBr, cm™):
vmax 3068, 1641, 1606, 1562, 1520, 1177, 1103,
747; 'H NMR (400 MHz, CDCls): & 2.34 (3H, s),
5.76 (1H, s), 7.09-7.25 (3H, m), 7.31-7.43 (4H, m),
7.50-7.58 (3H, m), 7.73-7.78 (2H, d, J=7.8 Hz),
7.91-7.97(2H, m), 12.06 (1H, s, OH ); C NMR
(100 MHz, CDCl3): & 10.5, 34.6, 105.1, 106.6,
115.6, 118.8, 121.2, 121.6, 122.1,123.6, 124.4,
126.9, 129.2, 131.5, 133.5, 135.5, 142.8, 147.1,
148.42, 152.5, 162.8, 164.3, 165.7. Anal. Calcd. for
CoH19N20O4Br: C 62.15, H 3.78, N 5.57, Found: C
62.18, H 3.80, N 5.54.

4-((4-Hydroxy-2-ox0-2H-chromen-3-yl)(4-
methylphenyl) methyl)-5-methyl-3H-pyrazol-3-
one (5k): Cream crystalline solid; mp 226-228 °C,
IR (KBr, cm™): vmax 3083, 1613, 1527, 1347, 1186,
1038, 758; 'H NMR (400 MHz, CDCl3): § 2.18
(3H, s), 2.37 (3H, s), 5.75 (1H, s), 7.09-7.23 (3H,
m), 7.30-7.44 (4H, m), 7.49-7.59 (3H, m), 7.73-
7.79 (2H, d, J=7.8 Hz), 7.90-7.99 (2H, m), 12.06
(1H, s, OH); C NMR (100 MHz, CDCls): 5 10.6,
20.9, 33.8, 105.3, 106.7, 115.8, 119.7, 123.3, 124.4,
125.8, 127.1, 128.0, 131.2, 140.7, 144.7, 152.6,
163.3, 165.8. Anal. Calcd. for CxnHi7N20s: C
69.80, H 4.70, N 7.75, Found: C 69.82, H 4.72, N
7.73.

RESULTS AND DISCUSSION

In our initial studies, we attempted to optimize
the reaction conditions for the multicomponent
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reaction between 3-nitrobenzaldehyde,
phenylhydrazine hydrate, ethyl acetoacetate and 4-
hydroxycoumarin as model substrates. Since
solvent-free syntheses [25] have gathered much
interest, so we decided to compare this reaction
under solvent-free conditions and in different
solvents (Table 1). It was observed that the reaction
afforded high yields under solvent-free conditions,
but poor yields in solvents.

Table 1. The model reaction using different solvents.

Entry Solvent Time (min) Yield? (%)
1 EtOH (reflux) 50 89
2 H20 (reflux) 120 10
3 CH:Cl 60 50
4 Solvent-free 10 95

2 |solated yield.

Then we focused on the systematic evaluation of
different catalysts for the model reaction under
solvent-free conditions. A wide variety of catalysts
including FeCls, SiO, nano SiO;, FeCls/SiO; and
FeCls/SiO, NPs were employed to test their
efficacy for the specific synthesis of
benzylpyrazolyl coumarins (Table 2).

Table 2. The model reaction carried out in the
presence of various catalysts.?

Time  Yield of
Entry Catalyst (g) (min)  5a (%)
1 Without catalyst 210 Trace
2 FeCls (0.05) 160 35
3 Si0O, (0.05) 160 27
4 nano SiO- (0.05) 120 60
5 FeCls/SiO; (0.05) 100 70
6 FeCls/SiO2 NPs (0.01) 20 79
7 FeCls/SiO2 NPs (0.03) 10 85
8 FeCls/SiO2 NPs (0.05) 10 95
9 FeCls/SiOz NPs (0.1) 10 95

2 phenylhydrazine hydrate (1 mmol), ethyl acetoacetate (1
mmol), 3-nitrobenzaldehyde (1 mmol) and 4-hydroxycoumarin
(2 mmol).

blsolated yield.

The results presented in Table 2 show that in
presence of FeCls/SiO, NPs, the desired product
Table 3. Synthesis of benzylpyrazolyl coumarins.

was obtained in 95% yield within 10 min.
Therefore, this catalyst appears to be superior to
any of the other catalysts tested. This also checked
that the quantity of the catalyst can play a vital role
in realizing the optimal product yield. An increase
in the amount of FeCls/SiO, NPs from 0.01 to 0.05
g increased the yield of the desired product to a
great extent.

During the optimization of the reaction
conditions, the effect of temperature was monitored
(Fig. 2). At 110 °C the maximum yield of the
product was obtained. The yield of the reaction was
very poor at a temperature below 110 °C and at a
higher temperature there might be some sort of
polymerization of the Knoevenagel condensation
product which lowers the vyield of the desired

product.
100

20 70 120 170

Temprature

Fig. 2. Effect of temperature on the synthesis of
benzylpyrazolyl coumarins.

On the basis of the above results during the
optimization of solvent, catalyst and temperature,
we then devised to employ a wide range of
aldehydes with 4-hydroxycoumarin, arylhydrazine/
hydrazine hydrate and ethyl acetoacetate. As can be
seen from Table 3 (following Scheme 1), the
reaction proceeded smoothly with unsubstituted
benzaldehyde, electron-withdrawing, and electron-
releasing para-substituted benzaldehydes.

Entry  Hydrazine (R) Aldehyde (Ar) Product  Time (min) Yield? (%) M.p. [ref]
1 CeHs 3-NO,CeH4 5a 10 95 241-243[26]
2 CeHs 4-CICgH4 5b 12 94 225-227[26]
3 CeHs 4-NO2CsH4 5¢c 15 93 247-249[26]
4 CeHs CeHs 5d 18 91 233-235[26]
5 CeHs 4-OMeCgH4 5e 20 89 207-209[26]
6 CeHs 4-MeCsH4 5f 20 92 223-225[26]
7 CeHs 4-FCgH4 59 16 93 241-243[26]
8 CeHs 4-BrCeHs 5h 17 91 244-246
9 H 3-NO2CgH,4 5i 9 91 205-207[26]

10 H 4-OMeCeH4 5j 10 90 201-203[26]
11 H 4-MeCsH4 5k 10 90 226-228
12 H CeHs 5 12 92 232-234[26]

2|solated yield.
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In order to investigate the morphology and
particle size of FeCls/SiOz NPs, a SEM image of
FeCls/SiO, NPs was recorded (Fig. 3). As can be
seen, the sample shows a nanocrystalline structure.
The reusability of the catalyst in the model reaction
was studied. The separated catalyst was collected
and washed several times with acetone to remove
all organic substances. It was then dried at 100°C
and was recycled five consecutive times with
almost unaltered catalytic activity (Table 4).

ettt cthh:rrh Parts & Costrgs

Fig 3. SEM image of FeCls/SiO, NPs.

Table 4. Catalyst reusability for the synthesis of
benzylpyrazolyl coumarins.

Entry Cycle Yield?, %
1 Fresh 95
2 1 95
3 2 94
4 3 94
5 4 94
6 5 93

2 |solated yield.

In view of these results, we offer a mechanistic
scheme for this reaction which involves
Knoevenagel condensation, Michael addition, and
cyclization catalyzed by FeCls/SiO, NPs as
presented in Scheme 2. There are two paths for this
reaction: path (a) and path (b). Initially, aryl
hydrazine/hydrazine hydrate (1) reacts with ethyl
acetoacetate (2) to generate the pyrazolone ring (I).
In path (a) Knoevenagel reaction between
pyrazolone ring (1) and aromatic aldehyde (3) takes
place to form the intermediate (II) and then
condensation of this intermediate with 4-
hydroxycoumarin (4) affords the desired product
(5). In another path, Knoevenagel reaction between
4-hydroxycoumarin (4) and aromatic aldehyde (3)
takes place to form the Knoevenagel product (I11).
Subsequently, during the Michael addition step,
nucleophilic attack on (l11) by the pyrazolone (I)
affords the desired product (5).
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Scheme 2. Plausible mechanism for the formation of
benzylpyrazolylcoumarins.

CONCLUSIONS

In conclusion, a simple and convenient method
was developed for the synthesis of benzylpyrazolyl
coumarins by the reaction of arylhydrazine/
hydrazine hydrate, ethyl acetoacetate, aromatic
aldehydes  and  4-hydroxycoumarin  using
FeCls/SiO, NPs as a catalyst under solvent free
conditions. The attractive features of this protocol
are: simple reaction procedure, short reaction time,
easy product separation and purification, reusability
of FeCls/SiO; NPs and its high adaptability to the
synthesis of a broad spectrum of benzylpyrazolyl
coumarin derivatives in good to excellent yields.

Acknowledgement: The authors are grateful to
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(Pesrome)

ITocturHata e cuHTe3a Ha OEH3WI-TIHPA30IMI-KyMapHHOBH NPOU3BOJHU Upe3 YETHPHU-KOMIIOHEHTHA peakiys Ha
apWII-XUIPA3UH/XUAPA3UH-XUPAT, €TUIAIleTO-alleTaT, apOMaTHU aJJIEXUAN U 4—XHuApOKCHUKyMapHH. M3mnonsBaHu ca
HaHovactuuy ot FeCla/SiO; karo kaTann3atop kato eeKTHBEH H ,,3e]eH KaTaau3aTtop. MeToasT € Obp3 U M03BOJISBA
BUCOKH 100uBH. OCBEH TOBa TOH € YHCT, O€30IacCeH, €BTHH U KOETO € Ba)KHO, KaTaln3aTOPhT JIECHO CE OMOJI30TBOPSBA
1 M3TI0JI3Ba METKPATHO.
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Our study concerns the two glassy systems (GeSes)ioo-xINx and (GeTes)io0-xINx Which contain different chalcogen
elements. Se and Te rich glasses are interesting in view of the possibility of their application in switching and memory
devices. They show, however, high values of electrical resistance implying certain limitations as short lifetime and low
sensitivity. To eliminate these limitations we added In as a third element into the Ge-Se (Te) matrix. As a result of the
addition of In new properties are expected, which can be related with structural transformation. The investigation of the
physico-chemical properties gives useful information about the real structure of the glasses.

In this paper some physico-chemical properties of the glasses were studied, such as density, compactness, molar
volume, number of constraints per atom and overall mean bond energy. The correlations between the composition and
the properties of the glasses were discussed in terms of the supposed structural changes that occur in the investigated

chalcogenide materials.

Key words: chalcogenide glasses, physico-chemical properties, structure

INTRODUCTION

The physico-chemical properties of
chalcogenide semiconducting glasses are strongly
dependent on their composition. Normally, control
of the properties and expansion of the scope of
applications of two-component systems is achieved
through introduction of a third component. The
addition of a third component expands the glass-
forming area and also creates compositional and
configurational disorder. Thus, the addition of In in
the binary systems Ge-Se and Ge-Te is expected to
affect some of their physico-chemical properties
[1]. The chosen concentration ratio of the
investigated glasses provides good flexibility of the
structure, which facilitates the photoinduced
changes in these materials.

In this paper we report the results of the studies
of some physico-chemical properties as density,
compactness, molar volume, number of constraints
per atom and overall mean bond energy of these
glasses and the results are discussed in respect to
the composition of the glasses. The relation
between chemical bonding and basic physico-
chemical properties of the glasses (transformation
temperature, density) is an essential feature of any
comprehensive theory relating their structure and
properties [2, 3].

EXPERIMENTAL

Bulk samples with composition (GeSes)100-xINx

and (GeTes)100xINx, X = 0, 5Mol% were prepared by

* To whom all correspondence should be sent:
E-mail: vanya_di@yahoo.com

melt-quenched technique [4]. The initial elements
Ge, Se (Te) and In were used with 4N purity
elements. The respective amounts of the initial
elements were evacuated in quartz ampoules with a
residual pressure 1.33x10°Pa. The synthesis was
carried out in furnace ,,Firemagic FM4 Plus” with a
constant rate of 5x102K/s up to final temperature
1300K. Glasses were obtained after quenching in a
mixture of water and ice with quenching rate of
1x10%K/s.

The density of the bulk samples was measured
by the pycnometer method with an accuracy of
+0.5%.

The compactness was calculated using the
formula [5]:

oA oA
522 Pi Z,: P
ZL’*

—~ P
1
where c; is the atomic fraction, Ai — the atomic
weight, pi — the density of the components and p is
the measured density of the bulk sample.
The molar volume was determined from the
density data by the equation:

_isea
vm—ch.A- ()

The average coordination number was estimated
according to [3] as:
Zgass = 4X+2y +32

: )

: 3)
where X, y and z are the atomic fractions of Ge,
Se (Te) and In, respectively.
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The number of constraints per atom can be
calculated by theoretical arguments according to
the Phillips model [6]:

Nco = Nd , (4)

i. e. the number of the topological constraint Nco,
evaluated for an atom, is equal to the number of
degrees of freedom Ng. Nc is defined by the

formula:

Zglass
Nco(zglass) = Na + Nb = + (Zzglass -3)
2 : (5)
where Na and N, are the radial and axial bond
strengths, respectively.

Using the correlation proposed by Tichy et al.
[7] for chalcogenide-rich systems we could
determine the values of the overall mean bond
energy:

<E>=E.+E,,, (6)
where EC is the average heteropolar bond

energy and Erm is the average homopolar bond
energy.

RESULTS AND DISCUSSION

The results obtained for the density of the bulk
samples from the system Ge-Se-In (Table 1) show
that the density increases after indium addition. It is
known that the variation of the density is related to
the atomic weight and to the atomic volume of the
chemical elements contained in the chalcogenide
glassy system. The atomic weight of Se and In is
Ase=7.9x10kg/mol and  A=11.5x102kg/mol,
respectively, i.e. the atomic weight of In is higher
and by replacement of Se atoms with In atoms
(increasing content of indium) the density
increases. In the system Ge-Te-In, with increasing
the In content the values of the density decrease.
The Te atomic weight is Ar.=12.6x102kg/mol, i. e.
the atomic weight of In is lower than that of Te and
by replacing tellurium with indium atoms
(increasing of In content) the value of the density
decreases. The compositions containing Te are
denser than the compositions containing Se due to
the higher atomic weight of Te.

The strength of the chemical bond is associated
with the compactness of the material, i. e. with the
“free volume” or it can be related to the density of
defect states in the samples [8]. The dependence of
the compactness on the In content for both systems
is the same as the compositional dependence of the
density (Table 1). The Te containing compositions
show lower values of compactness than the Se
containing compositions, i. e. bigger structural

changes would be expected for the Te containing
compositions.

The compositional dependence of the molar
volume also repeats the compositional dependence
of the density (Table 1).

The dependence of the physico-chemical
properties on the composition could be investigated
based on the expected chemical bonds in the
glasses. The first approximation consists of
ignorance of the unstable chemical bonds and the
weak van der Waals forces. It is assumed that
atoms predominantly combine with atoms of
different types than of the same kind in
chalcogenide glasses [9], i. e. chemical bond
between atoms from the same kind will only occur,
if there is an excess of these atoms. Furthermore,
the bonds are formed in sequence of increasing
bond energies until all available valences of the
atoms are saturated. In the investigated
chalcogenide glassy systems Ge-Se-In and Ge-Te-
In, which are enriched in Se, or Te, respectively,
the homopolar Se bonds or Te bonds are formed in
the presence of unsaturated valences of Se or Te
atoms after all heteropolar bonds are created. By In
addition the number of the homopolar selenium,
respectively tellurium bonds decreases and the
number of degrees of freedom per atom increases
(Table 1), which leads to an increase in the stability
of the glassy systems (the number of degrees of
freedom for an atom moving in a 3-dimensional
space is Ng=3, and for the ideal glass N¢=3 [10],
with an optimum mechanical stability of the
network).

The physico-chemical properties of the
chalcogenide glasses are related to their mean bond
energy, which is a function of the average
coordination number and of the bond type and bond
energy between the atoms of the glass components.
According to [6], the structure of the glassy system
Ge-Se-In is realized by a network composed of
tetrahedral GeSe; structural units and pyramidal
In,Ses structural units. Based on the model of the
chemically ordered covalent random network [11]
they are combined with the additional Se atoms.
The remaining Se atoms are combined in chains.
The structure of the glassy system Ge-Te-In is also
realized by a network composed of tetrahedral
GeTe, structural units and pyramidal In,Tes
structural units. They are also combined with the
additional Te atoms, and the remaining Te atoms
are combined in chains. No formation of Ge-Ge
bonds at a Ge content up to 33mol% is expected
[12].
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Table 1. Composition and physico-chemical properties of the investigated samples.

Composition, mol% Zgass Density, 10°%kg/m* Compactness, 102 Molar volume, 10°m®/mol Ng  <E>,1019)
Ge17Segs 2.34 4.34 -3.95 1.80 2.85 3.58
GeisSerlins 2.37 4.54 -0.09 1.75 2.93 3.61
GeirTess 2.34 5.86 -4.86 2.02 2.85 3.62
GeisTernlins 2.37 5.55 -12.61 2.12 2.93 4.18

The value of the In-Se bond energy (4.27x109))
[13] is higher than that of the Ge-Se bond energy
(3.39x1019]) [14], and the value of the In-Te bond
energy (3.60x107°J) [15] is higher than that of the
Ge-Te bond energy (3.32x107%J) [15], i. e. the
overall mean bond energy increases by indium
addition (Table 1) and the bonds between atoms of
the glass components become more stable. The
formation of stronger bonds could be responsible
for the wvariations in their physico-chemical
properties. Te containing compositions possess
higher overall mean bond energy than Se
containing compositions because of the higher
value of the Te-Te bond energy (3.24x10%J) [15]
in comparison to that of the Se-Se bond energy
(2.82x1019)) [14].

CONCLUSIONS

The values of the density of the compositions
containing Te are higher than the values of the
density of the compositions containing Se. The
increase in the In content leads to variation of the
density in both investigated systems Ge-Se-In and
Ge-Te-In in a different way.

Because of their lower compactness, more
structural changes would be expected in the
compositions containing Te.

The compositional dependence of the molar
volume repeats the compositional dependence of
the density.

The increase in the number of degrees of
freedom with addition of In leads to an increase in
the sustainability of the glassy system.
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The overall mean bond energy of the glassy
alloys containing Te is higher than the overall mean
bond energy of the glassy alloys containing Se. By
In addition the bonds between the atoms of the
glass components become more stable.
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CPABHUTEJIEH AHAJIN3 HA HIKOU ®U3UKO-XUMUYHU CBOCTBA HA
CTBKIIOBUAHUTE CUCTEMM (GeSes)100xINx 1 (GeTes)1o0-xINx

. H. Tpudonosa, B. X. UBanora, A. A. Cromnoga, B. JI. Jlunosa*
Kameopa ,, @usuka *, Xumuxomexnonrocuuen u memanypeuier ynugepcumem, oyi. ,, Knumenm Oxpudcku ™ Ne 8,

1756 Cogpus, bvreapus

[Mocrenmna Ha 29 maif, 2015 r.; npuera Ha 19 anpu, 2016 T.
(Pe3srome)

Uscnenanu ca cucremure (GeSes)iooxINk u (GeTes)iooxINx, ChABpIKAIIN pasIMYHN XaJKOTCHHH CIIEMEHTH.
Crpkiara, oborareHrn Ha S€ W Te, ca MHTEpEeCHH OT IJIeHA TOYKAa HA BH3MOXKHOCTTA 3a MPUIOKCHHUETO UM B
MPEBKIIFOYBAIIY YCTPOWCTBA U mameT. Ho Te mpuTexaBaT BUCOKHA CTOWHOCTH Ha CIEKTPUYECKO CHIIPOTHBIICHHE, KOCTO
Mpe/roiara HIKOW OTPAHMYCHHUS KAaTO KPaTKO BpEME Ha JKMBOT M HHCKa YYBCTBHTEIHOCT. 3a MoAoOpsBaHE Ha
KavecTBaTa Ha Te3u Marepuanu e gobaseH Tpetu enaement In B Ge-Se (Te) marpunara. Jlo6aBsaeTo Ha In Moxe ma 6b1e
CBBP3aHO ChC CTPYKTYPHHU MPOMEHHU B CTHKJIATA U CE OYaKBa T€ Jia MPOSBST HOBH CBOMCTBA. M3cnenBaHeTo Ha (YU3HUKO-
XMMHUYHHUTE CBOMCTBA JaBa MOJe3Ha HH(POPMAIIKS 3a pealiHaTa CTPYKTypa Ha CTHKIIATa.

Hacrosiiata paboTa € cBbp3aHa ¢ ONPEACNITHETO HIKOU (PU3MKO-XMMHUYHH CBOMCTBA HA CTHKIJIATA KaTO IUTBTHOCT,
KOMIIAaKTHOCT, MoJapeH o0eM, Opoi BpB3KM Ha aTOM W MBJHA CPEIHA CHEPrusi Ha BPB3KUTE. 3aBUCHMOCTHTE Ha
CBOICTBaTa HA W3CJICABAHUTE XAIKOTCHHIHM MAaTEpPHANd OT TEXHHS ChCTaB ca JUCKYTHPAHH OT TIe[HAa TOYKa Ha
BB3HUKBAHETO HA CTPYKTYPHH IIPOMEHHU B THX.
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from aqueous solution using aluminum electrodes
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The removal of color from solutions containing methyl orange (MQO) was experimentally investigated using direct
current electrocoagulation (EC) on aluminum electrodes. The experimental results suggested that electrocoagulation
was an effective method in MO removal. Metal hydroxides generated during EC were used to remove MO from
aqueous solution. The influence of operational parameters such as electrolysis time, applied constant potential, initial
dye concentration, temperature and solution conductivity on color removal efficiency was explored. Thermodynamic
parameters, including Gibbs free energy, enthalpy, and entropy were calculated for adsorption of MO on metal
hydroxides. Thermodynamic parameters indicated that MO adsorption on metal hydroxides was feasible, spontaneous
and endothermic in the temperature range from 298 K to 358 K. The adsorption of MO preferably fitted the Langmuir
adsorption isotherm suggesting monolayer coverage of adsorbed molecules. In addition, the adsorption kinetic studies

showed that the first-order rate equation provided the best correlation for the removal rate of MO.

Keywords: Electrocoagulation; Methyl orange; Aluminum; Langmuir, Adsorption isotherm.

INTRODUCTION

Textile and printing industry are regarded as
some of the most polluting sectors due to their high
discharge volume of dye-containing wastewater.
Among these dyes, azo dyes are some of the most
important kinds since they constitute about 50-70%
of the world dye production [1,2]. Such kinds of
dye effluents are characterized by intense color,
high organic content and stable chemical structure
due to the existence of azo groups. Moreover, they
are toxic and recalcitrant to biodegradation.
Therefore, they have caused serious risks for
environmental pollution [3,4]. Hence, the removal
of dyes during processing of waste effluents
becomes environmentally important. Methyl orange
(MO) is an azo compound, which is commonly
used as a coloring agent in several applications,
such as textile, paint, ink, plastic, and cosmetic
industries. The release of this coloring agent into
wastewater  definitely  causes a  severe
environmental problem. Several techniques have
been developed to treat wastewaters containing dye
pollutants [5-9].

There are many processes to remove dyes from
colored effluents such as adsorption, precipitation,
chemical degradation, photodegradation,
biodegradation,  chemical  coagulation  and
electrocoagulation. When chemical coagulation is
used to treat dyed wastewater, pollution may be
caused by the chemical substances added at a high

* To whom all correspondence should be sent:
E-mail: danaee@put.ac.ir

concentration [10,11]. The adsorption process is
one of the effective methods used to remove dyes
from aqueous solutions. Activated carbon is the
most widely used adsorbent for dye removal, but it
is too expensive [12]. Photooxidation by UV/H,0,
or UV/TiO, and Fenton oxidation needs additional
chemicals [13], and therefore cause secondary
pollution. Biological methods are generally cheap
and simple to apply and are currently used to
remove organics and color from dyed and textile
wastewater. However, biological methods are less
effective because of the toxicity of dyes that has an
inhibiting effect on the bacterial development [14].
This dyed wastewater cannot be readily degraded
by conventional biological processes, because the
structures of most commercial dye compounds are
generally very complex and many dyes are non-
biodegradable due to their chemical nature,
molecular size, which results in sludge bulking
[15].

Electrochemical process is more effective for
dye removal [16]. Electrocoagulation (EC) as an
electrochemical method was developed to
overcome the drawbacks of conventional
decolorization technologies. EC is an attractive
alternative for the treatment of textile dyes [17-18].
EC process provides a simple, reliable and cost-
effective method for the treatment of wastewater
without any need for additional chemicals, and thus
secondary pollution. It also decreases the amount of
sludge, which needs to be disposed. EC is a process
consisting of creating a floc of metallic hydroxides
within  the effluent to be cleaned by
electrodissolution of soluble anodes. Iron and
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aluminum are generally used as sacrificial anodes.
The dye in dye-containing wastewater is coagulated
by iron (Il) and aluminum hydrates or hydroxides
produced from the sacrificial anode [19-20].

For aluminum electrodes, the electrolytic
dissolution of the aluminum anode produces
Al¥ions, which are initially transformed into
Al(OH); and finally polymerized to Al,(OH)z,. The

main  reactions occurring in the anodic
compartment are as follows [19,20].
Al>A+3e, (1)
AP +H,0—Al(OH);+3H", (2)
NAI(OH);— Al,(OH)3,, 3)

The main reaction in the cathodic compartment
is:

2H20+2e—>H2+OH_ , (4)
In recent years, different methods have been
developed to treat wastewaters containing methyl
orange. Saldan™a-Robles et al. investigated the
decolorization of methyl orange using the Fenton
oxidation process and adsorption on vegetal carbon.
and removal efficiency lower than 85% was
obtained. Ling et al. [21] studied repeated oxidative
degradation of methyl orange through bio-electro-
Fenton in  bioelectrochemical system and
decolorization efficiency lower than 86% was
obtained. In addition, EC has been successfully
tested to treat decolorization of methyl orange from
waste water [23-25]. Zhang et al. [24] investigated
the decolorization of methyl orange by
electrocoagulation with Fe electrodes and the effect
of different operation parameters was studied. Pi et
al. [25] studied the electrocoagulation of methyl
orange from synthetic waste water with periodic
reversal of the electrodes technique. Different
experimental conditions such as cell voltage,
current density, and initial concentration were
investigated. Under optimum conditions, a color
removal efficiency of 97 % was obtained [25].

The purpose of this investigation was to study
the high-efficiency decolorization of methyl orange
from aqueous solution in a very short time by an
electrocoagulation process. In this method,
aluminum electrodes were used as a simple
instrument under applied direct constant current
and voltage. The effects of constant applied
potential, initial MO concentration, and solution
temperature on the color removal were investigated.
In addition, the adsorption thermodynamics,
isotherms, and kinetic characteristics involved in
the MO removal from aqueous solution were
studied in order to lay a theoretical foundation for
the adsorption of MO from aqueous solutions onto
aluminum hydroxides.

EXPERIMENTAL

All chemicals were of analytical grade from
Merck and were used without further purification.
The schematic structure of MO is shown in Fig. 1.
Working solutions were prepared by suitable
dilution of the stock solutions. All solutions were
prepared in doubly distilled water.

N(H;( JJO\z\ 4@5();\.3

Fig. 1. Chemical structure of methyl orange.

In order to increase the conductivity of the
solution, NaCl was added before injecting the
solution into the apparatus. The chloride salt added
to the solution prevents the formation of an oxide
layer on the anode and decreases in this way the
passivation problem of the electrodes.

The schematic diagram of the experimental
apparatus is shown in Fig 2. The EC unit consists of
an electrochemical cell, a D.C. power supply and
aluminum electrodes. The aluminum cathode and
aluminum anode consist of pieces of aluminum
sheet separated by a space of 1 cm dipped in the
wastewater. The electrodes were placed in aqueous
dye solutions in a cylindrical glass cell. There were
two electrodes connected in a monopolar mode in
the electrochemical cell, each one with dimensions
of 15%5.5%0.2 cm®.

DC power supply
@

Stirrer
Fig. 2. Schematic diagram of the electrocoagulation
equipment.
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The stirrer was used in the electrochemical cell
to maintain an unchanged composition and avoid
the association of the flocs in the solution. The D.C.
source was used through a power supply system
with 0-24 V and 0-10 A. Electrodes were washed
with dilute HCI between the experiments.

The dye concentration was measured using a
UV/Vis spectrophotometer model Shimadzu
UV1600, Japan at a wave-length corresponding to
the maximum absorbance of the dye (Anax=463 nm).
The color removal efficiency, CR (%), was
calculated using:

CR% :uxloo (5)
A

where A, and A; are the absorbance values of the
dye solution before and after treatment.

RESULTS AND DISCUSSION
Effect of applied potential

It is well-known that electrical potential and
current not only determine the coagulant dosage
rate but also the bubble production rate and size and
the floc growth, [26,27] which can influence the
treatment efficiency of the electrocoagulation.
Therefore, the effect of applied potential on the MO
removal efficiency was investigated. Fig. 3
illustrates the comparative removal efficiency at
different applied potentials with an initial MO
concentration of 4 mg I,

100 +
90 -
80 -
70 -
60 -

50

Removal efficiency (%)

40 |

30

12 15 18 21 24 27
E/V

0 3 6 9

Fig. 3. Effect of applied potential on the removal
efficiency of MO(Cy=4 mg I-1, t=30 min; Cnaci=0.5 gl™).

For a given time, the removal efficiency
increases significantly with increasing in current
density. This is ascribed to the fact that at higher
applied potential, the amount of aluminum oxidized
increases, which results in a greater amount of
precipitate for the removal of pollutants. In
addition, the bubbles density increases and their
size decreases with increasing current density [28-
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30] leads to a greater upwards flux and a faster
removal of pollutants and sludge flotation. As the
current decreases, the time needed to achieve
similar efficiencies increases. However, the cost of
the process is determined by the consumption of the
sacrificial electrode and the electrical energy which
increases in higher applied potentials. The removal
efficiency reaches to 96% by applying constant
potential 24 V in 30 min.

To observe the effect of initial dye concentration
on the dye removal efficiency by EC, the
experiments were carried out in different dye
concentrations with constant applied potential of 18
V for 30 min. Fig. 4 shows the percentage removal
for different initial dye concentrations. As the
results indicated, the dye removal -efficiency
decreases when the dye concentration increases
from 7 to 15 mg L™ It is due to the fact that at
constant applied potential, current density and time,
the same amount of aluminum hydroxide
complexes generates in all the dye solutions.
Consequently, the same amount of flocs would be
produced in the solutions. As a result, the flocs
produced at high dye concentration are insufficient
to adsorb all of the dye molecules of the solution. In
very low concentration of dye, below 7 mg L™,
access to the MO molecule and adsorption
decreases which lead to decreasing removal
efficiencies.

100
90
80 |
70 |
60 -

50 -

Remeoval efficiency (%)

40 -

0123456728 910111213141516
Initial MO concentration/ mg lit!
Fig. 4. Effect of initial concentration of MO on the
removal efficiency (applied potential= 18 V, t=30 min,
Crnac=0.5 g I').

Effect of NaCl concentration

Solution conductivity affects the current
efficiency, cell potential and consumption of
electrical energy in electrolytic cells. The
conductivity of the wastewater was adjusted to the
desired levels by adding appropriate amounts of
NaCl. The effect of NaCl concentration on the
removal efficiency is shown in Fig. 5. Both the
conductivity of the solution and the current density
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increase when the salt concentration in solution
increases.

100 +

P (=] [e]
(=} (=) [=]
L L L

Removal efficiency (%)

[
(=}
L

0 02 04 06 08 1 1.2
Initial NaCl concentration/ g 171
Fig. 5. Effect of NaCl concentration on the removal

efficiency of MO (applied potential = 18 V, t=15 min, C,
=8 mg I).

The higher ionic strength generally causes an
increase in the current density at the same cell
potential or, equivalently, the cell potential
decreases with increasing wastewater conductivity
at a constant current density. Consequently, the
necessary potential to attain a certain current
density will be diminished and the consumed
electrical energy will be decreased [31-33]. From
Fig. 5, it was found that raising the conductivity of
dye solutions has a considerable effect on color
removal efficiency. At NaCl concentrations higher
than 4 g I, the removal efficiency approaches a
constant value due to the constant electric
conductivity of the solution.

Effect of temperature on MO removal

The effect of temperature on the MO removal
efficiency obtained at 298, 318, 338, and 358 K is
shown in Fig. 6. After 15 min of electrolysis, the
MO removal efficiencies increase with increasing
temperature. The electrochemical reaction rate
increases with increasing solution temperature. The
temperature influence can be attributed to an
improved destruction of the aluminum oxide film
on the anode surface and an increase in the rate of
all reactions involved in the process according to
the Arrhenius equation [33]. Also, the higher
temperature promotes the generation of aluminum
hydroxides formed in the EC process, which leads
to a higher concentration and thus more frequent
collisions of MO and aluminum hydroxides,
resulting in an increase in the reaction rate of
pollutant adsorption [34].

100

90 -

80 -

70 -

60 -

Removal efficiency (%)

50

40

0 20 40 60 80 100
T/K

Fig. 6. Effect of temperature on the removal of MO
(Co=8 mg I}, applied current=0.9 A, Cy,c=0.5 g/L).

Effect of temperature on thermodynamic adsorption
parameters

Thermodynamic parameters, including Gibbs
free energy AG’, enthalpy AH®, and entropy change
AS®, were calculated and used to determine the
adsorption behavior of MO. The AG° was
calculated by the following equation:

AG® =-RT InK, (6)

where R is the universal gas constant (8.314 J mol™
K™, T is the temperature (K), and Kq is the
distribution coefficient (I g'). The Ky value is
calculated using the following equation [35]:
_ % 7
K, c ()
where g, and C, are the equilibrium concentrations
of MO for the adsorbent (mg g*) and the solution
(mg 1), respectively. The relationship between
AG®, AH® and AS® can be expressed by the
following equation:

e

AG® =AH® -TAS® (8)
The combination of Egs. (6) and (8) leads to:
AS®  AH°
InK, = - 9
" R RT ©

The effect of temperature on the adsorption
efficiency of MO from aqueous solution was
evaluated at different temperatures ranging from
298 K to 358 K. At each temperature, the
corresponding C. values at different fixed values of
ge Were calculated. The thermodynamic parameters
of AH® and AS°® were obtained from the slope and
intercept of the InKq versus T™ plot. The Gibbs free
energies at different temperatures were calculated
from Eq. (8). The values of AG®, AH® and AS° for
MO adsorption onto aluminum hydroxides at
different temperatures are given in Table 1. At all
temperatures, AGP is negative which indicates the
feasibility of the process and the spontaneous
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nature of the adsorption of MO on aluminum
hydroxides. The increase in the absolute magnitude
of AG® with increasing temperature indicates that
these processes are favored at high temperatures.
The positive value of AH° indicates that the
adsorption process is endothermic. In addition, the
positive value of AS® suggests that randomness at
the solid—solution interface increases during MO
adsorption onto aluminum hydroxides. While the
adsorption process is endothermic under these
conditions, it is spontaneous due to the positive
entropy change.

Adsorption isotherms

The pollutant is generally adsorbed on the
surface of the metal hydroxides generated during
the EC process. Thus the removal of pollutant is
similar to conventional adsorption, except for
coagulants generated. In order to identify the
mechanism of the adsorption process, it is
important to establish the most appropriate
correlation for the equilibrium curves. Different
adsorption isotherms were applied to establish the
relationship between the amounts of MO adsorbed
onto the aluminum hydroxides and its equilibrium
concentration in the aqueous solution. Among
them, Langmuir and Freundlich adsorption
isotherms show higher correlation coefficients for
MO adsorption onto the aluminum hydroxides.

The Langmuir model is originally developed for
a set of well-defined localized adsorption sites with
the same adsorption energy, independent of the
surface coverage, and with no interaction between
adsorbed molecules. This model assumes a
monolayer deposition on a surface with a finite
number of identical sites. It is well known that the
Langmuir equation is valid for a homogeneous
surface. The mathematical expression for the
Langmuir isotherm is [36]:

where o, (mg g™) is a constant related to the area
occupied by a monolayer of adsorbate, reflecting
the maximum adsorption capacity, C, (mg I™) is the
equilibrium liquid-phase concentration, K. (I mg™)
is a direct measure of the intensity of adsorption,
and g, (mg g?) is the amount adsorbed at
equilibrium. K_ and o, can be determined from the
slope and intercept of the straight line in the plot of
g.' versus Ce™. Fig. 7 shows the linearized
Langmuir  absorption  isotherm  plot  with
experimental data.
0.6

0.5 -

0 1 2 3
C,/ '/ 1mg!
Fig. 7. Linearized Langmuir adsorption isotherms
MO (C,=8 mg I}, applied current=0.9 A, Cy,ci=0.5 g/L).

The Freundlich adsorption isotherm typically
fits experimental data over a wide range of
concentrations. This empirical model includes
considerations of surface heterogeneity and
exponential distribution of the active sites and their
energies. The isotherm is adopted to describe
reversible adsorption and is not restricted to
monolayer formation. The mathematical expression
for the Freundlich mode is [36]:

q, = K,C’" (11)

where K ((mg g;'l) (I mg™)*™ and n (dimensionless)

are constants that account for all factors affecting
the adsorption process, such as adsorption capacity

0 a,K,C, (10) and intensity.
° 1+K._C,
Table 1. Thermodynamic parameters of MO adsorption onto aluminum hydroxides at different temperatures.
T Thermodynamic AG° AS’ AH°
/K equilibrium constant (Ky) / kJ mol™ /Jmol* K* / kJ mol™*
298 1.075 -0.18 81.8 24.389
318 1.569 -1.19
338 3.706 -3.681
358 5.075 -4.834
Table 2. Langmuir and Freundlich constants for the adsorption of salicylic acid onto aluminum hydroxides.
Langmuir Freundlich
Ki/lmgt  a /mgg™ R? K¢/ (mg g™t (Img ™" n R?
3.68 3.46 0.98 2.58 4.78 0.93
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The Freundlich constants K. and 1/n are
determined from the intercept and slope,
respectively, of the linear plot of log g. vs. log Ce..
Fig. 8 shows the linearized Freundlich adsorption
isotherm plot with the experimental data.

0.6

-0.5 0 0.5
log C, (C,/mg I'")

Fig. 8. Linearized Freundlich adsorption isotherms
MO (C,=8 mg I, applied current=0.9 A, Cyci=0.5 g/L).
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Fig. 9. Effect of electrocoagulation time on the
removal efficiency (C, =4 mg I, applied potential = 24
V, Cnaci=0.5 g I').

The applicability of the two isotherm equations
is compared using the correlation coefficient R’
The Langmuir and Freundlich constants for the
adsorption of MO onto aluminum hydroxides are
presented in Table 2. The value of the correlation
coefficient R? is found to be 0.98 for Langmuir
isotherm and 0.93 for Freundlich isotherm.
However, the Langmuir isotherm model provides a
better fit compared to Freundlich isotherm model.
This can be due to the monolayer adsorption of MO
onto aluminum hydroxides and the low interaction
between the adsorbed MO molecules on the
surface. Methyl orange has functional groups for
adsorption which lead to strong interaction with
aluminum hydroxides and increase the tendency for
monolayer formation.

4 -
3.5 4

0 5 10 15 _20 25 30 35
t/ min

2 ‘ ; . ;
0 5 10 15 20 25 30 35
t/min
Fig. 10. Plot of (a) first-order and (b) second-order
equation for the removal kinetics of MO. (C, =4 mg I,
applied potential = 24 V, Cpaci=0.5 g I'%).

Effect of electrocoagulation time

Fig. 9 shows the effect of electrocoagulation
time on the removal efficiency at a constant applied
potential. As can be seen, with increasing
electrocoagulation time, comparable changes in the
removal efficiency of MO are observed. The color
removal efficiency directly depends on the
concentration of hydroxyl and metal ions produced
on the electrodes. The color of the dye solution
decreases as a function of elapsed time. After 30
min of electrolysis, the color removal efficiency
reaches a maximum value at 24 V applied potential.
The rate of removal of MO can be presented by the
following first-order reaction kinetics:

dC

=~ —_kC™ 12

- ke | (12)
where C represents the MO concentration, m the
order of reaction, k the reaction rate coefficient and
t is the time. For a first-order reaction, the above
equation becomes

In [CEJ -kt (13)

0

where Cq is the initial MO concentration.
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According to the above equation, a plot of In (C,
C) against t yields a straight line with a slope of
Ky.

For a second-order reaction, the above equation

becomes:

11,

C G , (14)

The slope of the plot of C*-C,™ versus time
gives the value of the rate constant k.

Fig. 10 reveals the reasonably good fit of first-
order kinetic model to the observed data. The
conformity between experimental data and the
model values was evaluated by the values of the
correlation coefficient (R?. The correlation
coefficient R? for the first-order model is 0.96
which is relatively higher than that for the second-
order model (0.73). The rate coefficient for a first-
orde[ removal rate of MO was obtained as 0.1468
min™.

CONCLUSION

Electrocoagulation was used to remove color
from dye solutions containing MO. The effect of
various operational parameters on color removal
efficiency was investigated. The results indicated
that EC was a promising treatment for the removal
of MO from aqueous solutions. The experiments
showed the feasibility of removing MO by
adsorption and co-precipitation with aluminum
hydroxides. The removal efficiencies increased in
the presence of higher supporting electrolyte
concentration. The effect of different applied
constant potentials was checked and the removal
efficiencies increased with increasing applied
potential.

In addition, with increasing temperature, the
MO removal efficiencies increased and the
thermodynamic parameters were determined in
different temperatures. Their values indicated that
the adsorption process was favorable and
spontaneous. As the temperature increased from
298 K to 358 K, AG® became further negative,
indicating a stronger driving force, resulting in a
greater adsorption capacity at higher temperatures.
The positive value of AH° confirmed that the
process was endothermic, meaning that the reaction
consumed energy. The positive value of AS’
suggested that the higher randomness at the solid—
solution interface occurred during the MO
adsorption from the aqueous solution onto
aluminum hydroxides. The metal hydroxides
generated by EC can efficiently remove MO by
adsorption, and the EC process was modeled using
adsorption isotherm models. The MO adsorption
was best fitted by the Langmuir adsorption
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isotherm, and the results were in good agreement
with the experimental data. Decolorization of MO
wastewater was described well by a first-order
reaction equation and the rate constant was
obtained to be 0.1468 min™.
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KMHETHUKA U TEPMOJINMHAMNWYHO U3CJIEJIBAHE HA EJIEKTPO-KOAT'YJIALIUATA HA
METWJIOPAHX OT BOAEH PA3TBOP C AJIVMUHUEBU EJIEKTPO/U

M.P. Mamxau, U. Janae*, C. Hukmaner
Daxyrmem no nepmoundicenepcmeo, Hegpmo-mexnonozuuen ynusepcumem, Abadan, Upan
[ocrpnuna Ha 18 1oHu, 2015 r.; Kopurupana Ha 28 anpui, 2016 .
(Pestome)

OnuTHO € U3CICIBAHO OTCTPAHABAHETO HA OI[BETSABAHETO HA Pa3TBOPH, ChAbpiKaiiy Metuiaopamxk (MO) ¢ momorrra
HA MPAaBOTOKOBA €JIEKTPO-KOAryIalus ¢ AlyMUHHEBH elekTpoau. ONUTHUTE pe3yITaTH MOKa3BaT, Y€ TOBa € e(heKTUBEH
MeTox 3a oTcrpaHsBaHeTo Ha MO, koeTo craBa mopaau 00pa3yBaHETO HA METAIHH XUIAPOKCHIU . U3CIEIBAHETO HA
BIMSIHACTO Ha pa0OTHHUTE MMapaMeTpH, KaTo BPEMETO 3a eJIEKTPOJW3aTa, MPWIATAHUAT MOTCHIMAJ, HaydajHaTa
KOHIIEHTpAaIlMsi Ha OarpuioTo, TEMIEpaTypaTa W MPOBOJMMOCTTA Ha pa3TBOpa BBPXY e(EeKTUBHOCTTA Ha
obesiBeTsBaHeTo. TepMOIUHAMIYHUTE TAPAMETPH, BKIFOUUTEIHO CBOOOHATA SHEPTHs, CHTAJIHUATA U SHTPOIHSITA Ca
HU3YHCJIICHU 3a a}ICOp6HH${Ta Ha MO BBPXY MCTATHUTC XUAPOKCUIN U IMOKaA3BaT, Y€ T € CIIOHTAHHA U CHAOTCpMHUYHA 3a
TeMriepatypu B uHTepBasna ot 298 mo 358 K. Axcopbuusra ce omuca mgo0pe ¢ uzorepmarta Ha JIaHTMIOUpP, KOETO
npenoaara MOHOMOJIEKYJICH ClIoi Ha mokputieto. OCBeH TOBa, KMHETHKAaTa Ha ajcopOims Ha MO e Ha peakist OT
IIbPBU MOPSABK.
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Effects of drought stress on the components of the essential oil of evening primrose
(Oenothera macrocarpa) and determination of the biological activities of its extracts
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In this study, the essential oil of Oenothera macrocarpa belonging to Onagraceae family, subjected to drought
stress, was studied. First, the plants were grown in three irrigation conditions, including 80% field capacity (control),
60% field capacity (mild stress) and 40% field capacity (intense drought stress). Then, the antioxidant properties of
aqueous and ethanolic extracts were evaluated via DPPH radical scavenging and beta-carotene bleaching assays. Total
phenolic content of the extracts was assessed using the Folin-Ciocalteu reagent.

Results demonstrated that the main components of the plant’s essential oil were alkanes and terpene compounds.
The antioxidant potency of the ethanolic extract increased by increasing the drought stress.

Keywords: Oenothera macrocarpa, Essential oil, Antioxidant, Total phenol

INTRODUCTION

Plants can be considered as the foundation of
traditional medicine, the base of phytochemistry
and pharmacology; they are the source of unique
flavors in the fostod industries and are the exclusive
factor of perfumes in the healthcare industries.

By having rapid advancements in science on one
hand and economic issues on the other hand,
application of medicinal plants has gradually been
decreased and industrial drugs have replaced them
in the majority of cases. History of treating some
diseases with medicinal plants dates back to early
humans. By gaining experience and creating
science, humans have learned to treat themselves
with medicinal plants [1-3].

The extracts of evening primrose are rich in
gamma-linoleic and gamma-linolenic acids and are
antihypertensive, anti-inflammatory, antispasmodic,
antitussive and thrombolytic, having been widely
used for treating everything from hang nails to
terminal cancer [5].

To the best of our knowledge, all studies on
Oenothera species have only been performed on
their seeds [5-7].

In Italy, Lotti et al. (1984), showed that the level
of gamma-linoleic acid in the seeds of Oenothera
biennis grown in the spring seeding, is lower than
in those grown in autumn [8]. Levy et al. (2002)
illustrated that precocious samples of Oenothera
lamarckiana can be planted successfully in warm
zones [9]. Effects of different nitrogen doses
demonstrated that the optimum nitrogen doses and
row spacing applications for the highest yield and
quality were 120 kg ha® and 40 cm, respectively.

* To whom all correspondence should be sent:
Email: haj_aghajani@yahoo.com
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However, increasing nitrogen doses negatively
affected the gamma-linolenic acid content of
evening primrose oil [10].

Mardani et al. (2012), reported that the acetone
extract of evening primrose flowers (Oenothera
biennis) has higher level of phenolic and flavonoid
compounds and better extraction efficiency in
comparison with ethanolic and methanolic extracts.
Moreover, the extracts also showed good
antibacterial ~ activity  against  all  tested
microorganisms [11].

Evening primrose (Oenothera biennis) oil has a
high GLA content that promotes healthy skin and
skin repair. It is usually yellow in color and soothes
skin problems and inflammation, making it a good
choice for people with eczema, psoriasis, or any
type of dermatitis. Evening primrose skin oil helps
dry skin conditions and avoids premature aging of
the skin [12].

According to our research, two scientific papers
had been published on the seeds of O. macrocarpa;
one is the analysis of the triglycerides of the seeds
of O.macrocarpa published in 1965 [13] and the
other is about the hydrocarbon compounds of its
seed reported in 1975 [14].

Here we report the effects of drought stress on
the composition of the essential oil of O.
macrocarpa and investigate the biological activities
of its extracts.

MATERIAL AND METHODS

Plant materials

The seeds of O. macrocarpa were cultured using
the method of Completely Randomized Design
(CRD), in 3 replicates (pots) and 3 irrigation
conditions including: 80% field capacity (control),

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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60% field capacity (mild stress) and 40% field
capacity (intense drought stress) in Qom’s
Agricultural Research Station of Medicinal Plants.

Essential oil extraction

To extract essential oils, distillations were
performed using the Clevenger apparatus. The
duration of the extraction procedure was 3 hours,
after which samples were collected and sodium
sulfate was added to them to absorb their probable
water content. The samples were kept in a
refrigerator.

Gas chromatographic analysis

Analytical gas chromatography of the essential
oils was carried out using a Hewlett-Packard 5975B
series gas chromatograph with Agilent HP-5
capillary column (30 mx0.25 mm, f.t. 0.25 um);
carrier gas, He; split ratio, 1:10, using a flame
ionization detector. The column temperature was
adjusted at 50°C which was unchanged for 10 min.
It was programmed to rise up to 240°C at the rate of
4°C/min and then stay constant at that temperature
for 15 min. GC/MS was performed on an HP
5975B instrument with a Hewlett—Packard 5973
guadruple detector, on a capillary column HP-5 (30
mx0.25 mm; f.t 0.25 pum). The MS was operated at
70 eV ionization energy. Retention indices were
calculated using the retention times of n-alkanes
that were injected after the essential oil at the same
chromatographic conditions. Quantitative data were
obtained from the electronic integration of the FID
peak areas. Acquisition mass range was 40-400
m/z.

The components of the oils were identified by
comparing their mass spectra and kovats indexes
with Wiley library and published books, data bases
available and credible websites [15].

Preparation of extracts

Powdered dehydrated flowering branches and
leaves of the plant were used for extraction. First,
the reflux system was assembled. Then, the
cartouche was twice filled with plant samples, put
in place and then the extraction took place using
two solvents separately: ethanol and water. Finally,
ethanol and water extracts that had a blackish green
color and contained a lot of solvent were obtained.
These solutions were concentrated using a rotary
evaporator.

Evaluation of antioxidant activity

DPPH radical assay. Radical-scavenging
activities of the plant extracts were determined
using a published DPPH radical scavenging activity

assaying method with minor modifications [16-17].
Briefly, stock solutions (10 mg/ml each) of the
extracts and the synthetic standard antioxidant BHT
were prepared in methanol. Dilutions were made to
obtain concentrations ranging from 0.8 to 5x10*
mg/ml. Dilute solutions (1 ml each) were mixed
with 1 ml of a freshly prepared 1 mg/ml DPPH
radical methanol solution and were kept in the dark
at room temperature, for 30 min, in order to let the
desired reactions to take place. Absorbance values
of these solutions were recorded on an UV-Vis
spectrometer at 517 nm using a blank containing
the same concentration of the extract or BHT
without DPPH radicals. Inhibition of DPPH radical
in percentage (I %) was calculated as follows:

1% = [(Ablank - Asample) / Abiank]x100

where Ak 1S the absorbance value of the
control reaction (containing all reagents except the
test compound) and Asampie iS the absorbance value
of the test compound. The sample’s concentration
is expressed in terms of 1Cso, which was calculated
by drawing the chart of inhibitory percentages
against concentrations of the sample. All the tests
were carried out in triplicate and 1Cso values were
reported as means + SD.

p-carotene /linoleic acid bleaching assay. In the
B-carotene/linoleic acid test, the antioxidant
competes with B-carotene for transferring hydrogen
atoms to the proxy radicals (R1IR2HCOO.) formed
from the oxidation of linoleic acid in the presence
of molecular oxygen (O,) and converts them to
hydroperoxides (R1IR2ZHCOOH), leaving the f-
carotene molecules intact [18]. Assaying the
remaining p-carotene gives an estimation of the
antioxidant potential of the sample. A mixture of -
carotene and linoleic acid was prepared by adding
0.5 mg of B-carotene to 1 ml of chloroform (HPLC
grade), 50 mg of linoleic acid and 200 mg of Tween
40. The chloroform was then completely
evaporated under vacuum and 100 ml of
oxygenated distilled water were subsequently added
to the residue and mixed gently to form a clear
yellowish emulsion. The extract and BHT (positive
control) were individually dissolved in methanol (2
g/l) and 350 pl of each of them were added to 2.5
ml of the above-mentioned emulsion in the test
tubes and were mixed thoroughly. The test tubes
were incubated in a water bath at 50 °C for 2 h
together with a negative control (blank) that
contained the same volume of methanol instead of
the extracts. The absorbance values were measured
at 470 nm on an UV-Vis spectrometer. Antioxidant
activities (inhibition percentages, |1 %) of the
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samples were calculated using the following
equation:

1% = (AB—carotene after2h assay/ Ainitial B—carotene) x100

where Ag-carotene after 2 h assay 1S the absorbance value of
[-carotene after 2 h assay remaining in the samples
and Aunitial p-caroene 1S the absorbance value of B-
carotene at the beginning of the experiments. All
tests were carried out in triplicate and inhibition
percentages were reported as means = SD of
triplicates.

Total phenol assay. Total phenolic constituents
of the extracts of O. macrocarpa were determined
by literature methods involving the Folin—Ciocalteu
phenol reagent and the gallic acid standard [19]. A
solution of the extract (0.1 ml) containing 1000 pg
of the extract was pipetted into a 50 ml volumetric
flask, then 46 ml of distilled water and 1 ml of
Folin—Ciocalteu phenol reagent were added to it,
and the flask was shaken thoroughly. After 3 min, 3
ml of 2% Na,COs solution were added and the
mixture was allowed to stay for 2 h with
intermittent shaking. Absorbance values were
measured at 760 nm. The same procedure was
performed for all standard gallic acid solutions (0—
1000 pg /1 ml) and a standard curve was obtained
from the following equation:

Absorbance = 0.0012 x gallic acid (ug) +
0.0033

Total phenols of the extracts, as gallic acid
equivalents, were determined using the absorbance
values of the extracts measured at 760 nm as the
input for the standard curve and the equation. The
tests were carried out in triplicate and the gallic
acid equivalent values were reported as means *
SD of triplicate.

RESULTS AND DISCUSSION
Chemical composition of the essential oils

The essential oils of the aerial parts of O.
macrocarpa subjected to three irrigation regimes
(80%, 60% and 40% field capacity) were extracted
by means of water distillation. Quantitative and
qualitative analyses of the plant were performed
using the GC-MS method. In the essential oil
obtained from the first regime, 23 compounds were
recognized, followed by 17 compounds in the
second regime and 8 compounds in the third one
(Table 1). One interesting point here is that two
important compounds in terms of biological
activities, thymol and oleic acid, were only
observed in the conditions of full irrigation and no
drought stress.
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ANTIOXIDANT EFFECTS

General results of DPPH experiment on the
extracts of O. macrocarpa

In order to investigate the antioxidant activities
of the derived extracts, the DPPH method of
controlling free radicals and the beta-carotene test
were used. The rate of reduction in the absorption
of free radicals was measured wusing a
spectrophotometer and the antioxidant activities of
aqueous and ethanolic extracts were calculated in
different concentrations; also, the 1Csy level was
determined. Among the tested samples that were
obtained from the aerial parts of O. macrocarpa,
the ethanolic extract of the third regime (40% field
capacity) and the aqueous extract of the first regime
(80% field capacity) had the highest antioxidant
activities. Moreover, the beta-carotene test showed
that the ethanolic extract of the third regime (40%
field capacity) and the aqueous extract of the
second regime (60% field capacity) had the highest
levels of antioxidant activity.

Determination of total phenolic content

In order to evaluate the phenolic content in the
studied extracts, the Folin-Ciocalteu reagent was
used with gallic acid as the standard. The aqueous
extract of the first regime (80% field capacity)
showed the highest level of phenolic compounds,
equivalent to 28 pg/mg concentration of gallic acid.
The ethanolic extract of the third regime (40% field
capacity) showed the highest level of phenolic
compounds equivalent to 49 pg/mg concentration
of gallic acid (Table 2).

CONCLUSION

Summarizing, from the compounds recognized
in the plant’s essential oils it can be concluded that
most of the compounds are saturated compounds of
alkanes and monoterpenes, with a phenolic cycle.
By comparing three agricultural capacities, it can
be inferred that in 40% field capacity, due to less
irrigation, terpene compounds cannot be produced
and they were not observed in this stress. Another
important point is that the antioxidant potency of
ethanolic extract of this plant was increased by
increasing the drought stress.
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Table 1.Composition of the essential oils of Oenothera macrocarpa in 3 irrigation conditions.

No. Components A% B% C% RI
1 n-Octane 1.70 20.62 9.61 800
2 Nonane, 5-methyl - 0.70 - 959
3 Nonane, 3-methyl - 1.38 - 971
4 1-Hexyl-3-methylcyclopentane - 1.15 - 991
5 Decane 3.33 36.90 3.36 1004
6 Undecane - - 5.63 1108
7 Dodecane 9.06 9.59 - 1206
8 Citral - 1.29 - 1279
9 2-Undecanone 1.37 0.53 - 1302
10 Thymol 6.81 - - 1310
11 Guaiene 0.73 - - 1353
12 Tetradecane 4.43 245 19.91 1406
13 n-Decanoic acid - - 14.15 1421
14 Caryophyllene 0.87 - - 1430
15 Nerol acetate 2.75 - - 1595
16 Phenol,2,5-bis(1-methyl ethyl) 1.08 - - 1589
17 Hexadecane 1.52 0.64 - 1605
18 2-Ethylhexyl 2-ethylhexanoate 3.03 1.45 13.84 1612

2,2-Dimethyl-7-ethoxy-6-methoxy-

19 4-chromanone 11.63 - - 1734
20 trans-Nuciferol 1.32 - - 1743
21 Myristic acid 1.59 1.81 - 1789
22 Octadecane 0.41 - - 1804
23 Phthalic acid - 0.48 - 1972
24 Dibutyl phthalate 0.89 - - 1974
25 n-Hexadecanoic acid 6.84 8.91 - 1996
26 Phytol 0.57 - - 2038
27 9,12,15-Octa decatrien-1-ol - 2.83 - 2051
28 Oleic acid 15.68 - - 2052
29 Tricosane 8.84 6.03 18.45 2090
30 Tetracosane 0.55 - - 2401
31 Pentacosane 6.12 3.23 - 2501
32 Triacontane - - 14.99 2970

Category A% B% C%
Oxygenated monoterpenoids 9.56 1.29 -
Non terpenoid oxygenated hydrocarbons 43.45 16.01 27.99
Non terpenoid hydrocarbons 35.96 82.69 71.95
Sesquiterpenoid hydrocarbons 1.60 - -
Oxygenated diterpene 0.57 - -

A: Composition of essential oil in non-stress condition; B: Composition of essential oil in mild drought condition;

C: Composition of essential oil in intense drought condition;

column.

RI: Relative retention indices to C8-C24 n-alkanes HP-5 MS

Table 2. Antioxidant activity of the extracts of Oenothera macrocarpa in 3 irrigation conditions

B-Carotene/linoleic acid

Sample DPPH (ICsopg/ml) Inhibition (%) Folin-Ciocalteu
Aqueous extract FC 40% 40.0+.0.9 48104 280+£1.1
Aqueous extract FC 60% 430+£1.1 155+ 0.6 16.5+0.8
Agqueous extract FC 80% 39.0+£.0.7 46+05 28.3+£09
Ethanolic extract FC 40% 6.1+05 49.7+1.1 49112
Ethanolic extract FC 60% 14.0+0.3 34.4+£0.9 41.3%£0.7
Ethanolic extract FC 80% 17.0+ 0.6 448+0.8 19.1+£0.8

195+0.6 942+12 -
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Shaw,

E®EKT HA CTPECA OT CYLIA CIIPAMO KOMITIOHEHTUTE HA ETEPUYHO MACIJIO OT
BEUYEPHA UI'JIUKA (Oenothera macrocarpa) M OITPEAEJISIHE HA BUJIOTUYHATA
AKTHUBHOCT HA EKCTPAKTHU OT HEA
M. Komusann, 3. Arampkanu”

Jenapmamenm no xumus, Ucaamcku ynueepcumem ,,A3a0 “, Knon Kym, Upan

IMoctenuna Ha 8 aBrycrt, 2015 r.; kopurupana Ha 29 GeBpyapu, 2016 r.

(Pesrome)

B Tasu pabora e wmscnenBaHo erepuuHoTo Macio ot Oenothera macrocarpa, mpuHaaIexkana KbM CEMEUCTBO
Onagraceae, nojioeHa Ha cTpec OT cymia. Haii-Hanpe pacTeHHeTo € OTIIISKAAHO MPH TPH YCIOBHS HA HAMOSIBAHE,
BrirouBan(y 80% moseBu kamaruret (koHTpoisa), 60% (ymepen crpec) and 40% (unrensusen crpec). Cien ToBa ca
OIICHEHW aHTH-OKCHUJAHTHHET CBOWCTBAa Ha CHUPTHUTE EKCTPaKTH OT MaciaTa ¢ momomra Ha DPPH-merona 3a
OTCTpaHsIBaHE Ha pajMKalu U f-kapoTeHoBH TecToBe. OOLIOTO ChAbpKaHWEe Ha (EHONM B EKCTPAKTHTE € OLCHEHO C

pearenTa Ha Folin-Ciocalteu.

PeSyHTaTI/ITe TokKa3sBaT, 4€ TIJIaBHUTC KOMIIOHCHTH Ha CTEPUYHOTO MaACJIO Ca ajlIkaHW W TEPIICHHU, KaTO aHTH-
OKCHJIaHTHATAa aKTUBHOCT HAa CIIMPTHUTE CKCTPAKTHU HAPACTBA C HAPACTBAHETO Ha CTpECa OT CyIla.
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The analgesic property of Menthamozaffariani essential oil was investigated on mice and rats. The
analgesic activity of the oil was assessed by acetic acid-induced writhing and formalin-induced paw licking
methods. M. mozaffariani oil significantly decreased the number of acetic acid-induced writhes in mice
compared to animals that received vehicle only. In formalin test, a dose of 100 mg/kg significantly reduced
the pain score of first phase in comparison to control (p<0.05). The inhibitory activity of M. mozaffariani
essential oil was found to be very close to that of the standard drug, aspirin (100mg/kg). The studied oil was
analyzed by GC and GC-MS and twenty two constituents, representing 99.4 % of the oil, were identified.
The major component of the oil was characterized as piperitone (51.0%) which might be responsible for the
observed activity. The results suggest that M. mozaffariani essential oil possesses biologically active
constituent(s) that have significant analgesic effects which support the ethnomedicinal claims of the plant

application in the management of pain.

Keywords: Analgesic activity, Menthamozaffariani, Essential oil, Piperitone

INTRODUCTION

The Iranian endemic plant
MenthamozaffarianiiJamzad. belongs to the
Lamiaceae family and is known locally as

“Pooneh-Koohi” [1]. Six species and several
subspecies of the genus Mentha are found in Iran,
among which just M. mozaffarianii is endemic. It
has a limited geographical range in the south of Iran
and is found in Siyahoo, Qoth-Abad, Damtang and
Sikhoran in Hormozgan Province [2]. The leaves
have been commonly used in Iranian traditional
medicine as antiseptic, analgesic means,for treating
painful menstruation, dyspepsia, arthralgia, fever,
headache, common cold and for healing wounds [1-
3]. This plant is also among the medicinal plants
which have served as natural remedies for
Huntington's disease in medieval Persian medicine
[4].

Due to the widespread use of M. mozaffarianii
in Iranian traditional medicine for the relief and
treatment of pain, we were prompted to evaluate the
analgesic activity of this plant. As the plant’s leaves
contain high amount of essential oil (2-4% v/w), the
analgesic effect of the essential oil extracted from
M. mozaffarianii leaves was investigated to confirm

* To whom all correspondence should be sent:
E-mail: taxolfa@yahoo.com

the pharmacological basis for its folkloric use as a
natural pain Killer agent. This study explores the
analgesic property of M. mozaffarianii oil by two
standard experimental test models. The oil was also
analyzed by GC and GC-MS in order to identify
the potentially responsible compounds for the
observed property. This is the first attempt
addressing such ethnopharmacological properties of
M. mozaffarianii essential oil in a comprehensive
manner.

EXPERIMENTAL
Plant Materials

Leaves of M. mozaffariani were collected in
March 2014 from Genow protected area, Bandar
Abbas, Hormozgan Province, south of Iran. The
leaves were identified by R. Asadpour. A voucher
specimen has been deposited at the herbarium of
the Department of Pharmacognosy, Pharmaceutical
Sciences Branch, Islamic Azad University, Tehran,
Iran, under code number 1011-AUPF.

Fresh leaves were separately submitted to
hydrodistillation in a Clevenger-type apparatus for
3 hours. At the end of distillation the oils were
collected, dried with anhydrous Na,SO,, measured,

© 2016Bulgarian Academy ofSciences, UnionofChemistsinBulgaria 641
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transferred to clean glass vials and kept at a
temperature of —18°C for further analyses.

Experimental animals

Male NMRI mice (20-25 g) and male Wistar
rats (200-250 g) were used throughout this study.
Animals were housed separately in groups of 5-6
and were allowed free access to food and water
except for the short time that animals were removed
from their cages for testing. All experiments were
conducted during the period between 10.00 a.m.
and 13 p.m. with normal room light (12 h regular
light/dark cycle) and temperature (22 + 1 °C). All
procedures were carried out in accordance with the
institutional guidelines for animal care and use
(ethical approval number: 3183). Each mouse was
used only once.

Analgesic activity
Acetic acid-induced writhing in mice

The writhing acetic acid test was performed as
originally described by Siegmundet al. [5]. This
method was employed to preferentially evaluate
possible peripheral effects of M. mozaffarianii
essential oil as an analgesic substance. Four groups
of 10 mice were fasted overnight prior to the start
of the experiment, while given free access to water.
The vehicle, tween 80 (2%, 10 ml/kg), aspirin (100
mg/kg) and the essential oil (50 and 100 mg/kg)
were orally administered to the first, second, third
and fourth group of mice, respectively, 45 min prior
to the injection of acetic acid (1%, 10 ml/kg).
Aspirin is a well-known peripheral analgesic drug
and it was used as a positive control in the present
investigation. The mice were then placed in an
observation box, and the number of writhes was
counted for 30 min after acetic acid injection [6].

Formalin test in rats

The formalin test differs from most other
nociceptive tests as it enables evaluation of
analgesic activity towards moderate continuous
pain generated by injured tissue [7]. This method
was employed to preferentially evaluate possible
central effects of M. mozaffarianii essential oil as
an analgesic substance. Five groups of 6 rats were
fasted overnight prior to the start of the experiment,
while given free access to water. 30 min after oral
administration of the vehicle, tween 80 (2%, 10
ml/kg), aspirin (100 mg/kg) and the essential oil
(50, 100 and 200 mg/kg) to the first, second, third,
fourth and fifth group of rats, respectively, the right
hind paw was subcutaneously injected with 0.05 ml
of 5% formalin in saline. Aspirin is a well-known
central analgesic drug and it was used as a positive
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control in the present investigation. The animals
were placed in a transparent polypropylene cage
next to a mirror so that they could be observed from
all angles. The animals were continuously observed
from the time of formalin injection to 60 min. The
behaviors were quantified as described by
Dubuisson and Dennis [8] as 0 = normal weight
bearing on the injected paw, 1=limping during
locomotion or resting the paw lightly on the floor,
2=clevation of the injected paw so that at most the
nails touch the floor, and 3=licking, biting or
shaking the injected paw. Subjects’ behaviors were
continuously scored in 5 min intervals by a trained
observer. The pain score was then calculated for a
5-min interval using the following equation:
¥n/20 =average score in 5 min

Subcutaneous formalin injection resulted in a
biphasic response of nociceptive behavior in rats.
The early phase starts immediately after formalin
application, followed by an intermediate phase in
which the pain-related behavior was relatively
decreased and finally by a more prolonged but
delayed phase of increasing pain-related behavior.
The area-under-the-curve (AUC) of the pain score
of the first 10 min was considered as phase 1 and
the AUC of pain scores during 10-60 min after
formalin injection was considered as phase 2.

Statistical analysis

The results were presented as mean+SEM.
Statistical analysis was performed using Prism 5
(Graphpad Software Inc.). One-way analysis of
variance (ANOVA) followed by Dunnett’stests was
used and a p-value less than 0.05 was considered as
statistically significant.

Analysis of the essential oil

Oil sample analysis was performed on a HP-
6890 gas chromatograph (GC) equipped with a FID
and a DB-5 capillary column, 30 m x 0.25 mm,
0.25 pm film thickness, temperature programmed
as follows: 60°—240°C at 4°C/min. The carrier gas
was N, at a flow rate of 2.0 ml/min; injector port
and detector temperature were 250°C and 300°C,
respectively. Sample was injected by splitting and
the split ratio was 1:10.

GC/MS analysis was performed on a Hewlett-
Packard 6890 /5972 system with a DB-5 capillary
column (30 m x 0.25 mm; 0.25 pum film thickness).
The operating conditions were as described above
but the carrier gas was He. Mass spectra were taken
at 70 eV. Scan mass range was 40-400 m/z at a
sampling rate of 1.0 scan/s. Quantitative data were
obtained from the electronic integration of the FID
peak areas. The components of the oils were
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identified by their retention times, retention indices,
relative to Cgy-Cygn-alkanes, computer matching
with the WILEY275.L library and by comparison
of their mass spectra with data already available in
the literature [9-10]. The percentage composition of
the identified compounds was computed from the
GC peak areas without any correction factors and
was calculated relatively. The result of the oil
analysis is the average of three replicates.

RESULTS AND DISCUSSION

In this study, we evaluated the efficacy of the
essential oil of M. mozaffarianii aerial parts since
the wvolatile constituents comprise the main
components of this plant. Oral administration of M.
mozaffarianii oil (50 and100 mg/kg) decreased the
number of acetic acid-induced writhes in mice
compared to the animals that received vehicle only
(Table 1). The writhe inhibitory effects of the oil
ranged from 68 to 78%. The best results were
observed by 100 mg/kg dose of the oil. By
comparison, 100 mg/kg aspirin produced a little
less (i.e. 77.68% effectiveness) analgesia in this
nociception model. The analgesic effect induced by
M. mozaffarianii oil was dose-related.

The effects of the systemic administration of
different doses of the oil on the behavioral
responses in the first and second phases of formalin
test were evaluated (Figure 1. A.). In both phases of
the pain, behaviors were separately analyzed as the
area under the curve pain score versus time. As
shown in Figure 1. B, in the first phase of the
formalin test 100mg/kg dose of the essential oil
reduced the pain score (p<0.05) and aspirin as a
standard analgesic drug significantly (p<0.001)
reduced pain behavior. Doses of 50, 100 and 200
mg/kg of the essential oil did not affect the area-
under-the-curve pain score in the second phase of
the formalin test when compared to aspirin as the
standard analgesic drug which significantly
(p<0.001) reduced pain behavior (Figure 1. C.).

M. mozaffarianii essential oil was analyzed by
GC and GC/MS to determine the possible
compounds  responsible  for the observed
antinociceptive activity. The hydrodistillation of M.
mozaffarianii aerial parts gave yellowish oil with a
pleasant odor and a yield of 4.3% (v/w). As shown
in Table 2, twenty two components were identified
in this oil, which represented about 99.4% of the
total chromatographic material. The major
constituent of the oil was piperitone (51.0%).
Different preparations made from M. mozaffarianii
leaves are commonly used in ethnobotanical
practices for the treatment of pain in Iran.
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C:Overall changes in pain scores as the area-under-
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Fig. 1.Effect of oral administration of M.
mozaffarianii essential oil (50, 100 and 200 mg/kg) on
pain related behavior in formalin test. The oil or its
vehicle (control group) was administered 30 min before
the formalin test. Data are shown as mean + SEM (n =
6). *P<0.05, **P<0.01, ***P<0.001 significant
difference compared to control group.
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Table 1. Effect of M. mozaffarianii essential oil on
acetic acid-induced writhing in mice.

Group Dose Nur_nbgr of Inhibition
(mg/kg) writhings (%)
Control 10 45.71+£6.94 -
Essential 50 14.50+8.75" 68.27
oil 100 10.12+11.51 77.89
Aspirin 100 10.23+4.57° 77.68

Each value represents the mean+S.E.M. of 5 mice. *P<
0.05, **P<0.01 and ***P<0.001 compared to control group
using one way ANOVA followed by Dunnett’s multiple
comparison test.

Table 2. GC-MS analysis of the essential oil of M.
mozaffariani aerial parts.

Compound? KIP KI® Percentage
a-Pinene 938 939 0.6
Camphene 952 954 0.2
Sabinene 971 975 0.5
B-Pinene 977 979 1.0
Myrcene 990 991 0.3
Ocymene 998 999 0.6
Limonene 1028 1029 0.4
1,8-Cineol 1033 1031 11.7
Linalool 1097 1097 111
Menthone 1149 1153 19
d-Terpineol 1162 1166 0.3
Borneol 1165 1169 1.0
4-Terpineol 1178 1177 0.2
a-Terpineol 1190 1189 3.4
Pulegone 1237 1237 0.3
Piperitone 1251 1253 51.0
Thymol 1290 1290 1.0
Piperitenone 1339 1343 8.6
Piperitenone oxide 1371 1369 2.3
trans-Jasmone 1390 1391 19

B-Caryophyllene 1419 1419 0.8
Bicyclogermacrene 1500 1500 0.3
Total 99.4
4Compounds listed in order of elution.
bKI (Kovats index) measured relative to n-alkanes (Cg-Cyg)
on the non-polar DB-5 column under conditions listed in the
experimental section.
°Kl, (Kovats index) from literature.

Acetic acid-induced and formalin-induced pain
models were applied in the present study to
evaluate the antinociceptive effect of M.
mozaffarianii essential oil in experimental mice and
rats. The abdominal constriction response induced
by acetic acid is a sensitive procedure to evaluate
peripherally acting analgesics. In general, acetic
acid causes pain by liberating endogenous
substances such as  serotonin  histamine,
prostaglandins (PGs), bradykinins and substance P
endings. Local peritoneal receptors are postulated
to be involved in the abdominal constrictions
response. The method has also been associated with
prostanoids in general, that is, increased levels of

644

PGE2 and PGF2a in peritoneal fluids, as well as
lipoxygenase products [11]. The formalin test is an
important animal model in the study of acute long-
lasting pains comprising two distinct phases. The
first phase (neurogenic pain) is caused by direct
chemical stimulation of nociceptive afferent fibers,
predominantly C fibers, which can be suppressed
by opiates like morphine. The second phase
(inflammatory pain) results from the action of
inflammatory mediators such as prostaglandins,
serotonin and bradikinin in the peripheral tissues
and from functional changes in the spinal dorsal
horn. The level of pain in this model is sensitive to
both centrally (phase 1 and phase 2) and
peripherally (mostly phase 2) acting analgesics
[12].

Results obtained in the present study showed it
to be the first report describing the antinociceptive
activity ofM. mozaffarianii oil. The results
demonstrated that the essential oil decreased the
abdominal constriction, indicating the inhibition of
the expression of prostaglandin synthesis by
cyclooxygenase pathway [13]. The profile of anti-
nociceptive activity of the oil identified in these
experiments is different from that of aspirin,
decrease of pain behavior in the first phase of
formalin test but not in the second phase. Perhaps
the simplest explanation is that the oil did not show
anti-inflammatory effects. According to the
phytochemical results, piperitoneconstituted more
than half of the oil composition and it could be
concluded that the analgesic effects of M.
mozaffarianii essential oil may be due to the high
content of piperitone. As there are no data on the
analgesic activity of piperitone, further work to
establish the analgesic activity of pure piperitone is
currently going on in our laboratory. 1,8-Cineol as
the other main compound of M. mozaffarianii
essential oil comprising 11.7% of the oil could be
considered as one of the active components.
Several studies have proven the potent analgesic
property of this monoterpenoidalcohol [14-16].
Analgesic activity of linalool which comprises
11.1% of the studied oil has been previously
examined in two different pain models including
the acetic acid-induced writhing response and the
hot plate test in mice and since results have shown
marked analgesic activity, it could be concluded
that the observed analgesic activity of the studied
oil could be also related to the linalool content [17].
These results justified the use of M. mozaffarianii
in traditional medicine and the plant essential oil
could be a potential candidate as an analgesic agent.



H. Sam-Daliri et al.: Chemical Composition and Analgesic Activity of the Essential Oil of MenthamozaffarianiiJamzad Leaves

Acknowledgments:  Supports  from  the
Pharmaceutical Sciences Branch, Islamic Azad
University are gratefully acknowledged.

REFERENCES

1. V. Mozaffarian, A Dictionary of Iranian Plant
Names. Farhang Moaser Press, Tehran, Iran, 2006.

2. M. A. Soltanipour, Iran J. Med. Aroma. Plant
Res., 20, 547 (2005).

3. M. Arman, M. Yousefzadi, S. Z. Khademi, J.
Essent. Qil Bear Plns.,14, 131 (2011).

4, M.R. Sailani, Z. Hojati, M. Amiri, L. Lachinani,
Iran J. Parmacol. Ther.,6, 229 (2007).

5. E. Siegmund, R. Cadnus, G. Lu, Proc. Soc. Exp.
Biol., 95, 729 (1957).

6. C.A. Winter, E.A. Risley, G.W. Nuss, Proc.
Soc. Exp. Biol. Med., 111, 544 (1962).

7. C.J. Meunier, J. Burton, J. Cumps, R.K.
Verbeeck, Europ. J. Pharm. Sci., 6, 307 (1998).

8. D. Dubuisson, S.G. Dennis, Pain, 4, 161
(1978).

9. A.A. Swigar, R.M. Silverstein, Monoterpenes.
WI: Aldrich Chemical Company Publ., Milwaukee,
USA, 1981.

10. R.P. Adams, Identification of essential oil
components by gas chromatography/mass
spectroscopy. Allured publishing Co. Carol Stream,
Ilinois, 1995.

11.  M.N. Manjavachi, N.L. Quintao, M.M.
Campos, I.K. Deschamps, R.A. Yunes, R.J. Nunes,
P.C. Leal, J.B. Calixto, Eur. J. Pain, 14, 23 (2009).

12.  AJ. Reeve, AMH. Dickenson, Braz. J.
Pharmacol., 116, 222 (1995).

13. I.D. G. Duarte, M. Nakamura, S.H. Ferreira,
Braz. J. Med. Biol. Res.,21, 341 (1988).

14.  F.A. Santos, V.S. Rao, Phytother. Res., 14, 240
(2000).

15. Z.K. Asanova, E.M. Suleimenov, G.A.
Atazhanova, A.D. Dembitskii, R.N. Pak, A. Dar, S.M.
Adekenov, Pharm. Chem. J., 37, 30 (2003).

16. R.C. Silveira e Sa, L.N. Andrade, D. Pergentino
de Sousa, Mol., 18, 1227 (2013).

17. A.T.Peana, P.S. D'Aquila, M. L. Chessa, M. D.
Moretti, G. Serra, P. Pippia, Europ. J. Pharmacol.,
460, 37 (2013).

XNMHNYEH ChCTAB 1 AHAJITETYHO Z[EPICTBI/IE HA ECEHLHHMAJIHO MACJIO OT
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AHaNreTHYHUTE CBOICTBA HAa ECEHIIMATHOTO Macio oT Menthamozaffariani ca uscienBanu BbpXy MHUILIKA
W IUTbXOBE. AHANTeTHYHATa aKTUBHOCT € OIICHEHa 4Ype3 I'bpYOBE, MPEAM3BHUKAHH OT OLETHA KUCEITUHA U
Onu3aHe Ha Jama, MHIyIHMpaHo oT Qopmanud. Macimoro or M. mozaffariani 3xaunTenHo HamansiBa
I'bPUOBETE OT OIeTHA KHUCENIMHA, B CPAaBHEHUE C KOHTPOJIHHU KUBOTHH. BBB (hopManmHOBUS TECT q03aTta OT
100 mg/kg 3naumnTenHo HaMassiBa OOJKKUTE B cpaBHEeHHE ¢ KoHTposara (P<0.05). UHxubutopHaTa aKTHBHOCT
Ha MacioTo oT M. mozaffarianiessential e Mmaoro 6am3ka 10 cranaapTHO JiekapcTBo - acnupuH (100 mg/kg).
UzcnensanoTto Macio e uscneasano ananutuaHo ¢ GC u GC-MS, karo ca uaentudunupanu 22 chCTaBKH,
npencraBisiBamy 99.4 % ot wmacnoro. I'maBHa KomMmoHeHTa Ha MacioTo e munepuToHsT (51.0%), KoiTo
Mo3Ke OM € OTTOBOpEH 3a HaOJI0AaBaHaTa akKTUBHOCT. Pe3yiraTure nmokassar, 4e eceHIHaTIHOTO Macio oT M.
mozaffariani mpurexaBa OMOJOrMYHO AKTHBHH KOMIIOHEHTH ChC 3HAUUTENIEH aHAJIreTH4eH e(eKT, KOeTO
00SICHSIBA METUITHCKUTE MY TIPWJIOKEHHSI, yCTAHOBEHH OT HAPOJIHATA MEIMIIMHCKA MTPAKTHKA.
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The surface waters in Kosovo are predominantly polluted, and there are still no plants for the treatment of domestic
or industrial wastewaters in any of the cities in Kosovo. The main goal of this research is to analyze some
environmentally toxic elements downstream the river where they end up as natural recipients. The sampling sites are
geographically positioned using GIS (Geographic Information System). The results were interpreted using modern
statistical methods used to locate polluted regions with abnormal concentration values. Values of selected elements
were evaluated by Pearson’s factor statistical analysis to identify their correlation. Concentrations of some toxic
elements are as follows: Cu (1.4-4.4 pg dm®), Zn (3.2-9.4 ug dm), Pb (1.03-2.58 pg dm®), Cd (0.03-0.13 pg dm), Mn
(10.6 -59.6 pg dm), As (0.43-28.5 pg dm), Cr (0.6-1.0 ug dm3), Fe (80-570 pg dm3), Ni (0.6-2.5 ug dm), Sh (0.02-
0.07 pg dm3), Al (58-195 ug dm™). The results obtained were compared with WHO and EU standards for drinking
water. Even though there is no legislative convent in Kosovo for allowed concentrations of toxic metals in natural water
resources, the results from this study are a small contribution to gain a clear overview of the state in this field of
environmental quality assurance.

Keywords: Lumbardhi river, pollution assessment, heavy metals, physico-chemical parameters, ICP/MS, FIMS.

INTRODUCTION

Kosovo is regarded as a place with developed
river network. Its small territory and dynamic
topography have not created circumstances to form
any major river flows. Kosovo has no navigable
river but existing rivers have been the deciding
factor for the development of life, the establishment
of settlements and communication links through
their valleys.

Scarcity and misuse of fresh water pose a
serious and growing threat to sustainable
development and protection of the environment.
Human health and welfare, food security, industrial
development and the ecosystems on which they
depend, are all at risk, unless water and land
resources are managed more effectively in the
present decade than they have been in the past [1].

Overexploitation of nature and uncontrolled use
of natural resources, including inadequate
processing of industrial wastes have caused large
contamination of world ecosystems by toxic metals
(Hg, Pb, Cd, Cu, Zn, Ni, Mn). The major
contaminants are metals and metalloids [2, 3]. They
have the ability to bioaccumulate in organisms
living in the water systems [4-6]. Studies on toxic
metals and metalloids in lakes, rivers, groundwater
and fish have been the main environmental focal
spots, particularly over the last decade [7-10].

Nowadays, qualitative and  quantitative

* To whom all correspondence should be sent:
E-mail: arben.haziri@uni-pr.edu

determination of total metals and distribution of all
their physical and chemical species in trace
amounts (speciation) in natural water resources is to
be considered as the main challenge for most
scientists [11]. Based on the results of such studies
it will be possible in the future to propose
protection and detoxification measures of affected
river waters and general protection and remediation
of ecosystems. This work is a continuation of
earlier studies of surface waters in Kosovo [12-17].
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Fig. 1. Study area with sampling stations

The aim of this paper is to study the watershed
of Lumbardhi river in Prizren, which belongs to the
basin of Drini Bardhé, the richest basin with an
annual flow of 2.200.00 million m® and with the
longest surface of 4.622 km? in the territory of the
republic of Kosovo. The Lumbardhi river, Prizren
has its origins from Sharr Mountains [18].
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MATERIALS AND METHODS

Samples were taken along the banks of the
sampling stations in April 2013. Sampling tools
were washed with water and dried before the next
sample was collected. Water samples were
collected from surface waters below 10 cm [19].
The collected samples were stored in polythene
plastic containers. Weather was cloudy and rainy,
with middle water levels, which was very suitable
for sampling. Sample preparation was done
according to standard methods for surface water
analysis [20, 21]. The study area with the sampling
locations is shown in Figure 1 and the details about
all sampling sites are presented in Table 1.
Geographical positions were determined by GPS,
using model “geko 201, 12 channel”. The number
of sampling spots was 7 and at every sampling spot
samples were taken in order to determine the
chemical parameters. The sampling spots of water
in the river of Lumbardhi Prizren, were marked by
codes Ly, Ly, L3, L4, Ls, Lg and L.

Determination of physico-chemical parameters

For determination of the quality parameters of
the water we have used standard methods for water
analysis including classical and modern methods.
Temperature of water was measured immediately
after sampling, using a digital thermometer, model
“Quick 63142”. Measurements of pH were
performed immediately after sampling using a

pH/ion-meter, model “Hanna Instruments, pH &
EC”. Electric conductivity was measured by a
“HANNA Instrument HI 8424 conductivity meter.
Total hardness of water was determined by EDTA
titration using Mercurochrome black T indicator
and chemicals of p.a. purity. Chlorides were
determined using argentometric methods. Some
physico-chemical parameters (NHs*, NOs,, POs%)
were determined by UV-VIS spectrometry. “WTW
S12 photometer”, “SECOMAM Prim Light
spectrophotometer” and “SECOMAM Pastel UV
RS232 spectrophotometer” were used with a
monochromatic irradiation in the spectral range of
190-1100 nm. The measurement region, in a
cuvette of 10 mm, was 340-800 nm, for the analysis
of drinking waters, discharged and sea water.

Determination of elements

We used ICP/MS (inductively coupled plasma
mass spectrometry) to determine the concentration
of the target elements. Hg was determined by FIMS
(flow injection Hg analysis).

Statistical analysis

Program Statistica 6.0 [22] was used in the
statistical calculations of this work, such as:
determination of basic statistical parameters and
two-dimensional box plot diagrams for the
determination of anomalies (extremes and outliers)
for solution data.

Tablel. Sampling stations with detailed locality description

Sample Locality Coordinates Possible pollution sources
L1 Mushnikové 4228015?3233 677521 Throwing rubbish, Wastewater
L. Sredské 4228015011: ;872] Throwing rubbish, Wastewater
Ls Recan g(z)zﬁgé;g'; Factory Fruti
Ly Marash gg;ﬁjggg'; Throwing rubbish, Traffic
Ls Prizren ;(Z)Zﬁﬁgig Throwing rubbish, Traffic
Lse Poslisht 2402021011513311i Throwing rubbish
L7 Vlashne 42°11°57.87'N Throwing rubbish, Wastewater

20°39'47.31'E
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Table 2. Physico-chemical parameters determined in river waters: air temperature, water temperature, pH, total
solids, electrical conductivity (EC), dissolved oxygen, BODs, total hardness, content of sulfates, nitrites, ammonium

and phosphates

Parameters

Sampling station

L1 L2 L3 L4 L5 LG L7
Wategctemp-’ 12.08 135 203 15.6 15.0 14.9 17.4
A"Eecmp'/ 9.8 10.3 11.1 11.4 11.9 11.7 15.7
pH 8.25 8.49 8.51 8.38 8.37 8.10 8.12
TS/ mg dm® 100 200 200 190 560 360 960
EC/S cm't 126 159 188 178 190 226 280
DO/ mg dm® 7.7 8.2 105 10.0 0.8 8.5 0.1
BODs/
g A 5.0 4.2 05 4.8 6.1 5.5 6.74
har d:}gi' jop 672 11.2 7.84 7.89 6.72 16.8 26.88
2-
mzoé‘ /s 15 17 12 22 20 25 27
NOs/
mg a3 0.04 0.025 0.08 0.15 0.18 0.20 0.28
m'\'gké“ m/_3 0.25 0.3 0.4 0.8 0.9 12 22
3-
mpgoé‘ m/ , 0.11 0.15 0.2 0.55 0.7 0.65 0.8
CH/mgdm® 501 4.30 3.58 2.66 1.43 3.94 4.85

RESULTS AND DISCUSSION
Physico-chemical parameters

Table 2 shows several physico-chemical
parameters measured in the water of Lumbardhi
river, Prizren: air temperature, water temperature,
pH, electrical conductivity (EC), dissolved oxygen,
BOD:s, total hardness, content of sulfates, nitrites,
ammonium and phosphates.

Temperature is a biologically significant factor
which plays an important role in the metabolic
activities of organisms. It is also an important
parameter in determining water quality, as it
influences pH, alkalinity, acidity and dissolved
oxygen (DO). The temperature values recorded in
the water samples from the study area range
between 12.08 °C (L;) and 20.3 °C (Ls3), as
summarized in Table 2 with a mean temperature of
15.54 °C. The recorded temperature values were
within the WHO standard for drinking water.

The pH is a measure of the acidity or alkalinity
and measures the concentration of hydrogen ions in
water. Basically, pH is determined by the amount
of dissolved carbon dioxide (COz) which forms
carbonic acid in the water. The pH values of the
surface water sampled in the area varied from 8.10
to 851 with a mean value of 8.32 (the WHO
standard range is 6.50-8.50). From these data we
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can see that the water of the river Lumbardhi
Prizren is slightly basic.

The minimum TS value of 100 mg dm= was
recorded at L while the maximum value of 960 mg
dm was recorded at L;. No limit has been set by
WHO for drinking water and water for domestic
uses but water with values similar to these has
previously been described as good [23].

Electrical conductivity (EC) is a measure of
water capacity to convey electric current. It is a
determination of levels of inorganic constituents in
water [24]. EC values obtained for the samples
were in the range of 126-280 uS cm™, which is
below the WHO recommended value of 400 uS cm
! indicating a low amount of dissolved inorganic
substances in ionized form.

Dissolved oxygen (DO) is an important
parameter in water quality assessment and reflects
the physical and biological processes prevailing in
the water. The DO values indicate the degree of
pollution in water bodies. DO values, as shown in
Table 2, varied from 7.7 to 10.5 mg dm3,

The values for biochemical demand shown in
Table 2 range from 0.5 to 6.74 mg dm® with a
mean of 4.69 mg dm=. The values are quite lower
than the standard of 10 mg dm= recommended by
WHO.

The total hardness was 6.72 °D (sampling spots
L: and Ls), 11.2 °D (sampling spot L), 7.84 °D
(sampling spot Ls), 7.89 °D (sampling spot Lua),
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16.8 °D (sampling spot L) and 26.88 °D (sampling
spot Ly). The lowest total hardness was observed at
L: and Ls spots (6.72 °D) and a higher value of the
hardness was observed at spot L7 (26.88 °D).

Sulfate content higher than 100 mg dm tends
to give water a bitter taste and has a laxative effect
on people not adapted to the water [25]. Also
ailments  like  catarrh,  dehydration  and
gastrointestinal irritation have been linked with
high sulfate concentration. The results revealed that
all analyzed water samples have a low sulfate
content ranging from 12 to 27 mg dm (Table 2).
So, the concentration of sulfates is below the
maximum value allowed by the WHO and the EU
[23, 26].

Nitrate content in the analyzed water samples
ranged from 0.025 mg dm2in L, to 0.28 mg dm=in
L;. These fall within the allowable value when
compared to the WHO recommended guidelines.
Nitrate fouls the water system and epidemiological
studies have shown that exposure to nitrate causes
methemoglobinemia disease [27].

The amounts of CI, POs*, NH." ions range
from 1.43 t0 5.01 mg dm, 0.11 to 0.8 mg dm=, and
0.25 to 2.2 mgdm?, respectively. Table 3 shows
the concentrations of 67 elements in the water of
river Lumbardhi Prizren.

Concentration of major and trace elements

Cadmium levels in all samples were in the range
of 0.03-0.13 pug dm™ with a mean value of 0.061 pg
dm (Table 4). The relative cadmium concentration
for individual samples is indicated in Table 3. Ls
has the lowest cadmium content and L; has the
highest one. In the case of cadmium, the highest
concentration was recorded at the sampling spot L
(0.13 pg dm™®), where this high concentration
comes from the face of the earth geology. The
values are lower than the WHO recommended
standard of 3x10° mg dm?3. Excess cadmium
concentration in water is highly toxic and is
responsible for adverse renal arterial changes in
kidneys [28].

Copper detected in the water samples was very
low and far below the recommended limits of 2.0
mg dm= set by WHO. Copper concentration was
found to vary from 1.4 to 4.4 pg dm™ with a mean
of 3.029 ug dm=(Table 4) for all samples.

Most groundwater supplies contain some iron
because it is one of the most abundant metals in the
earth crust and is essential for plants and human
beings. But excess iron in drinking water produces
inky taste and muddy smell. The WHO

recommends that the iron content of drinking water
should not exceed 0.2 mg dm™ because iron in
water stains plumbing fixtures, cloths during
laundering, incrusts well screens and clogs pipes
[29]. Iron concentration was observed to vary from
80-570 pg dm™ with a mean of 230 ug dm= (Table
4) for all samples. Iron concentrations in the water
samples from L4, Ls and L; were above the EU
guideline [26].

Magnesium ions are directly related to hardness.
Magnesium content in the investigated water
samples was ranging from 2120 to 7730 ug dm?
which were below the WHO guidelines of 200 mg
dm?3, It is known that Ca?* and Mg?* ions in water
are essential for human health and metabolism [30].

The sodium content ranged from a minimum of
2570 ug dm™ to a maximum of 6750 pg dm™. The
minimum values of the samples can be explained
on the basis of lower microbial activity. No limit is
established by the WHO for sodium in drinking
water but a maximum standard of 100 mg dm has
been proposed for the general public.

The major source of potassium in natural fresh
water is weathering of rocks [31]. Potassium
content in the water samples varied from 790 to
1340 pg dm™. No guide and acceptable limits have
been specified for potassium levels in the WHO
standards for drinking water.

Aluminum levels in all samples were in the
range of 58-195 ug dm™ with a mean value of
126.571 pg dm?® (Table 4). Relative aluminum
concentration for individual samples is indicated in
Table 3. L, has the lowest aluminum content and Ls
has the highest one. The values are lower than the
WHO recommended standard of 0.2 mg dm3.

Arsenic levels in all samples were in the range
of 0.43-28.5 ug dm™ with a mean value of 4.487 pg
dm (Table 4). Relative arsenic concentration for
individual samples is indicated in Table 3. L; has
the lowest arsenic content and L; has the highest
one. In the case of arsenic the highest concentration
was recorded at the sampling spot L7 - 28.5 ug dm’
8. Also from Table 3, we can see that arsenic (28.5
pug dm?3, sample L;) has higher concentration
compared to WHO and EU standards for drinking
water.

The WHO recommends that the zinc content of
drinking water should not exceed 3 mg dm. Zinc
concentration was observed to vary from 3.2 to 9.4
pg dm with a mean of 5.743 ug dm™ (Table 4) for
all samples, which is below the WHO guideline.
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Table 3. Concentrations (ug dm-) of 67 elements in the water of river Lumbardhi Prizren

Element Sampling station
(ng dm'3) Ly L, Ls L4 Ls Ls Ly
Na 2570 2850 3080 2760 3200 6750 4850
Li <1 <1 1 1 1 1 1
Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Mg 2120 3400 3920 4760 4910 5460 7730
Al 80 58 111 136 195 167 139
Si 2200 2600 2700 3000 3000 3100 2900
K 790 930 1080 1060 1100 1560 1340
Ca >20000 >20000 >20000 >20000 >20000 >20000 >20000
Sc 1 1 1 1 1 1 1
Ti 2.4 1.5 1.4 1.6 1.9 2.1 1.9
\% 0.3 0.2 0.3 0.5 0.6 0.5 0.5
Cr 0.6 <0.5 0.7 0.8 1 0.9 0.7
Mn 10.6 12.3 22.2 31.3 43.2 59.6 24.7
Fe 100 80 130 210 320 200 570
Co 0.182 0.163 0.228 0.35 0.486 0.361 0.305
Ni 0.6 2 1.2 2.2 25 0.8 0.9
Cu 1.4 3 2.8 44 4 2.8 2.8
Zn 4.3 3.2 35 6.1 5.3 8.4 94
Ga 0.22 0.15 0.1 0.08 0.07 0.05 <0.01
Ge <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
As 0.43 0.44 0.46 0.45 0.55 0.58 28.5
Se <0.2 <0.2 <0.2 <0.2 <0.2 0.3 0.3
Br 4 4 5 4 4 6 7
Rb 0.519 0.415 0.476 0.483 0.548 0.884 0.795
Sr 77 88.9 95.4 78.5 80.3 81.3 163
Y 0.121 0.096 0.163 0.272 0.346 0.254 0.214
Zr 0.03 0.02 0.04 0.04 0.04 0.02 0.03
Nb <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Mo 0.3 0.3 0.2 0.1 0.1 0.1 0.1
Ru 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Pd 0.01 0.01 0.01 0.01 <0.01 0.01 0.01
Ag <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Cd 0.13 0.05 0.07 0.04 0.03 0.05 0.06
In <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sn <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb 0.07 0.21 0.02 0.05 0.03 0.06 0.07
Te <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.1
| <0.1 <0.1 <0.1 <0.1 <0.1 1 1
Cs 0.01 0.008 0.009 0.013 0.014 0.014 0.013
Ba 13.7 14 13.7 23.7 24.7 25.7 74.3
La 0.181 0.115 0.145 0.276 0.33 0.228 0.186
Ce 0.474 0.247 0.336 0.653 0.743 0.373 0.332
Pr 0.036 0.027 0.04 0.074 0.084 0.061 0.048
Nd 0.145 0.1 0.157 0.288 0.316 0.255 0.181
Sm 0.028 0.032 0.039 0.072 0.093 0.069 0.047
Eu <0.001 <0.001 <0.001 <0.001 0.004 <0.001 <0.001
Gd 0.036 0.03 0.046 0.08 0.1 0.066 0.062
Th 0.004 0.004 0.006 0.011 0.013 0.01 0.008
Dy 0.029 0.019 0.031 0.047 0.071 0.045 0.038
Ho 0.004 0.004 0.005 0.009 0.012 0.008 0.007
Er 0.011 0.011 0.013 0.021 0.029 0.025 0.018
Tm 0.001 <0.001 0.002 0.003 0.004 0.003 0.002
Yb 0.01 0.009 0.014 0.019 0.023 0.018 0.012
Lu 0.002 0.001 0.001 0.003 0.003 0.003 0.002
Hf 0.003 0.003 0.003 0.004 0.001 0.003 0.002
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Table 3. continuation.

Element Sampling station

(ug dm'3) L1 L, Lj L4 Ls Le L,
Ta <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
w <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02
Re 0.002 0.001 0.001 0.002 0.001 0.002 0.002
Os <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Pt <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Au <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Hg <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Ti 0.002 0.002 0.002 0.002 0.004 0.003 0.005
Pb 2.58 1.18 1.03 1.54 1.18 1.93 1.42
Bi <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Th 0.002 0.003 0.003 0.003 0.004 0.002 0.005
] 0.097 0.0184 0.158 0.137 0.148 0.153 0.206

Hg (ng L) 53 27 24 23 12 <6 <6

Lead levels in all samples were in the range of 1.03-2.58 ug dm™ with a mean value of 1.551 ug dm™ (Table 4). Relative lead
concentration for individual samples is also indicated in Table 3. Ls has the lowest lead content and L1 has the highest one. The
values are lower than the WHO recommended standard of 0.01 mg dm-3.

Antimony ranges from 0.02 pg dm?3 (Ls) to
0.07 pg dm (L; and L7); barium ranges from 13.7
pg dm? (L; and Ls) to 74.3 pg dm™ (L;); bromine
ranges from 4 pg dm (L4, Lo, La, Ls) to 7 ug dm™
(L7); chromium ranges from 0.6 ug dm™ (Li) to 1
ug dm? (Ls); manganese ranges from 10.6 pg dm
(L1) to 59.6 pg dm™ (Lg); mercury ranges from 12
ng dm?® (Ls) to 53 ng dm? (L;); molybdenum
ranges from 0.1 ug dm™ (L4, Ls, L and L) to 0.3
ug dm2 (L1 and L), nickel ranges from 0.6 ug dm
(L) to 2.5 pg dm?® (Ls); uranium ranges from
0.0184 pg dm? (L) to 0.206 pg dm? (L). So, the
concentration of these elements is below the
maximum value allowed by the WHO.

The data from Table 3 show that the
concentrations of the elements Be, Ge, Nb, Ag, In,
Sn, Ta, W, Os, Pt, Au and Bi are below the
corresponding limits of detection.

The concentrations of heavy metals are almost
within the allowed standard concentrations except
for some sampling spots where higher
concentrations of some heavy metals were found.
Removing heavy metals from surface water is
important. Metal ions like Cu?*, Hg?*" Pb?* Zn?*
Ni?* Cd?" represent harmful and noxious water
pollutants for human and animal consumption,
mostly due to their tendency to accumulate in the
food chain. Their removal can be done by chemical
precipitation, coagulation and flocculation,
adsorption onto plant wastes and special treatments,
as nanofiltration or reverse osmosis.

So, before human utilization, this kind of
waters must be subjected to intensive physical and
chemical treatment, extended treatment and
disinfection, e.g., chlorination to break-point,

coagulation, flocculation, decantation, filtration,
adsorption (activated carbon), disinfection (ozone,
final chlorination). The wvulnerability of water
quality is followed by serious changes of its
properties resulting in undesirable effects like: lack
of oxygen, reduction in pH value, increase of heavy
metal complexation capacity, increase of toxicity
and accumulation of hazardous substances in the
food chain. Water resources in Kosovo are limited
and the major ingredients of surface water are
rivers except for some artificial accumulation lakes.

Global concern for environment, in spite of the
fact that efforts were done and are being done to
overcome pollution, permanent monitoring of
polluted waters now and in the future will be a big
challenge for us and all scientific institutions in
entire Kosovo. Water like a natural resource of
general interest should be rationally used and
protected from eventual degradation.

Statistical Analysis

Determination of basic statistical parameters

Table 4 presents the basic statistical parameters
for 67 elements in four samples, which can be
considered as preliminary values until a larger data
set will be compiled. For each element, the values
are given as arithmetic mean, geometric mean,
median, minimal and maximal concentration,
variance and standard deviation. From the
experimental data (Table 3) and the box plot
approach of Tukey [32], we have determined the
abnormal data (extremes and outliers) for some
elements in the river Lumbardhi Prizren.
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Table 4. Basic statistical parameters for four major and 67 minor elements in samples of river Lumbardhi Prizren
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Descriptive Statistics (Spreadsheet1)

Variables _ . ) _
Mean Geom. Mean Median Minimum  Maximum Variance Std. Dev.
Na 3722.857 3506.865 3080.000 2570.000 6750.000 2356457 1535.076
Li 29.571 3.738 1.000 1.000 101.000 2381 48.795
Mg 4614.286 4315.420 4760.000 2120.000 7730.000 3118262 1765.860
Al 126.571 117.921 136.000 58.000 195.000 2279 47.738
Si 2785.714 2769.457 2900.000 2200.000  3100.000 98095 313.202
K 1122.857 1098.811 1080.000  790.000 1560.000 65424 255.781
Sc 1.000 1.000 1.000 1.000 1.000 0 0.000
Ti 1.829 1.800 1.900 1.400 2.400 0 0.355
\Y/ 0.414 0.389 0.500 0.200 0.600 0 0.146
Cr 15.100 1.549 0.800 0.600 101.000 1435 37.879
Mn 34.029 28.079 31.300 10.600 59.600 422 20.534
Fe 230.000 186.903 200.000 80.000 570.000 29067 170.489
Co 0.296 0.277 0.305 0.163 0.486 0 0.114
Ni 1.457 1.282 1.200 0.600 2.500 1 0.761
Cu 3.029 2.875 2.800 1.400 4.400 1 0.969
Zn 5.743 5.335 5.300 3.200 9.400 6 2.392
Ga 14.524 0.266 0.100 0.050 101.000 1454 38.132
Ge 86.573 27.057 101.000 0.010 101.000 1457 38.171
As 4.487 0.863 0.460 0.430 28.500 112 10.589
Se 72.229 19.154 101.000 0.300 101.000 2414 49.137
Br 4.857 4.740 4.000 4.000 7.000 1 1.215
Rb 0.577 0.559 0.519 0.415 0.884 0 0.165
Sr 94.914 91.707 81.300 77.000 163.000 944 30.717
Y 0.209 0.192 0.214 0.096 0.346 0 0.089
Zr 0.031 0.030 0.030 0.020 0.040 0 0.009
Mo 0.171 0.151 0.100 0.100 0.300 0 0.095
Ru 0.011 0.011 0.010 0.010 0.020 0 0.004
Pd 14.437 0.037 0.010 0.010 101.000 1457 38.171
Cd 0.061 0.056 0.050 0.030 0.130 0 0.033
Sb 0.073 0.057 0.060 0.020 0.210 0 0.063
Te 57.757 5.209 101.000 0.100 101.000 2909 53.933
| 72.429 27.018 101.000 1.000 101.000 2381 48.795
Cs 0.012 0.011 0.013 0.008 0.014 0 0.003
Ba 27.114 22.520 23.700 13.700 74.300 463 21.517
La 0.209 0.197 0.186 0.115 0.330 0 0.075
Ce 0.471 0.443 0.474 0.247 0.743 0 0.176
Pr 0.053 0.049 0.048 0.027 0.084 0 0.021
Nd 0.206 0.192 0.181 0.100 0.316 0 0.081
Sm 0.054 0.050 0.047 0.028 0.093 0 0.024
Eu 86.572 23.737 101.000 0.004 101.000 1457 38.173
Gd 0.060 0.056 0.062 0.030 0.100 0 0.025
Th 0.008 0.007 0.008 0.004 0.013 0 0.004
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Table 4 continuation.

Descriptive Statistics (Spreadsheetl)

Variables _ . _ _
Mean Geom. Mean Median  Minimum Maximum  Variance  Std. Dev.
Dy 0.040 0.037 0.038 0.019 0.071 0 0.017
Ho 0.007 0.006 0.007 0.004 0.012 0 0.003
Er 0.018 0.017 0.018 0.011 0.029 0 0.007
Tm 14.431 0.011 0.003 0.001 101.000 1457 38.173
Yb 0.015 0.014 0.014 0.009 0.023 0 0.005
Lu 0.002 0.002 0.002 0.001 0.003 0 0.001
Hf 0.003 0.003 0.003 0.001 0.004 0 0.001
Ta 101.000 101.000 101.000  101.000 101.000 0 0.000
W 86.574 29.873 101.000 0.020 101.000 1457 38.167
Re 0.002 0.001 0.002 0.001 0.002 0 0.001
TI 0.003 0.003 0.002 0.002 0.005 0 0.001
Pb 1.551 1.481 1.420 1.030 2.580 0 0.543
Th 0.003 0.003 0.003 0.002 0.005 0 0.001
] 0.155 0.151 0.153 0.097 0.206 0 0.035
Hg 48.714 37.097 27.000 12.000 101.000 1430 37.810

Frequency histograms and two-dimensional scatter with plot diagrams of 12 measured elements are presented in
Figures 2 and 3. Using experimental data and the box plot approach of Tukey [32], anomalous values (extremes and
outliers) of some elements were determined (Table 5). It was found that cadmium shows an outlier (L1), arsenic - an

extreme (L7) and antimony - an extreme (L2).

Table 5. Anomalous values (extremes and outliers)
of concentrations for particular elements (ug dm).

Outliers of
elements (0)
Cd (0.13 pg dm®)

Extremes of
elements (*)
L1 -

Lo Sb (0.21 pg dm)

Sample

Ly . .
Ls : .
Le : .
L, As (28.5 pg dm®) -

The results from Pearson’s correlation factors
displayed in Table 6 for some elements as sodium
show an excellent and very high positive
relationship (>0.65) compared with K, Mn, Zn and
Br but it is in high negative relationship with Hg (-
0.69). Magnesium is in excellent and very high
positive relationship compared with K, Mn, Fe, Zn,
As, Br, Sr, Ba, Th and U but is in very high
negative relationship with Hg (-0.87). The
concentration of aluminum in water samples is in
excellent correlation and in very high positive
relationship with V, Cr, Mn, and Co. No
correlations were found for Sb and Hg.

As it belongs, the concentration of chromium in
the same samples is in excellent and very high
positive relationship with Co (0.96) but in high
negative relationship with Sb (-0.69). The
calculated iron concentration from the program data
is in excellent and very high positive relationship
with Zn, As, Sr, Ba and Th, but no correlation with
the concentration of Hg was found. The results
from the correlation factors displayed on Table 6
for the concentration of nickel are in excellent and
very high positive relationship with Cu (0.85), but
in very high negative relationship with Cd (-0.72).
It is worth mentioning that the manganese
concentration is in high positive relationship with
Fe (0.77), Co (0.70), Zn (0.92) and Br (0.76) but in
very high negative relationship with Hg (-0.88).

Discussing the arsenic concentration from the
program data it is evident that it is in excellent and
very high positive relationship with Br, Sr, Ba and
Th. Finally, the cobalt concentration is in very
positive relationship with Cu (0.67). No correlation
with concentrations of Cd (-0.65) and Hg (-0.66)

was found.
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Fig. 2. Frequency histograms of 12 measured elements.
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Table 7. Classification of the water of Lumbardhi
river, Prizren based on some trace metals as pollution
indicators

Element Water class
(ng dm™) | 1 1l v \Y
<2 2-10 10-15 15-20 >20
Cu L1 sz L7

<50 50-80 80-100 100 - 200 >200
Zn L; - L7
<0.1 01-2020-50 50-80 >80

Pb -l L

<01 01-0505-20 20-5.0 >5.0
Cd L-Ly L

In Kosovo there are no standards for water
guality yet, that is why we decided to use the
Croatian standards to classify the water quality of
the Lumbardhi river, Prizren [33]. Table 7 shows
the classification of the water samples of the
Lumbardhi river, Prizren, based on the
concentrations of toxic metals.

Based on Croatian standards for drinking water,
the water from the Lumbardhi river, Prizren is
classified in first class (no anthropogenic
pollutions) according to the concentrations of zinc.
Based on lead the samples L,- L; are in second
class (the concentrations of toxic metals are higher
than their natural concentrations) and L; in third
class (the toxic metal concentrations are lower than
their permanent levels). Based on copper the
sample L is classified in first class and L,-L7 in
second class. Based on cadmium the samples L>-L7
are classified in first class and L; in second class.

CONCLUSIONS

Based on our results we can conclude:

e Our analyses of the water of the river
Lumbardhi of Prizren relate the water quality as
good except for some spots where anthropogenic
pollutants probably appear.

o Results of heavy metals show that their
concentrations are  within the standard
concentrations except for some spots where
higher concentrations of some heavy metals are
observed.

e According to pH the water is basic (pH=8.10-
8.51).

e Based on Croatian standards for drinking water
the Lumbardhi water was classifed in the first
class according to the concentration of zinc.

e Based on Croatian standards for drinking water
the Lumbardhi water was classified in the second

and third class according to the concentration of
lead.

e Based on Croatian standards for drinking water,
the Lumbardhi water was classified in the first
and second class according to the concentrations
of copper and cadmium.

¢ Although Kosovo has no legislative prohibition
for exceeded concentrations of toxic metals in the
natural water resources until now, the results
from this study represent a small contribution to
gain a clear overview of the state in this field of
environmental quality assurance.

e We have thus concluded that water resources of
Kosovo’s are put at risk by anthropogenic
pollution. As a first step further forward, surface
water pollution has to be prevented, managed and
its condition continually improved.
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OLEHABAHE HA KAYECTBOTO HA BOAUTE HA PEKA JIVMBAP/IU, ITPU3PEH,
KOCOBO

®. Paiiky’, A. Xazupu

Jlenapmamenm no xumus, @axyasmem no npupoouu nayxku, Ynusepcumem 6 Ilpuwuna, Kocoso
IMoctenuna Ha 14 asrycrt, 2015 r.; npueta Ha 26 mapt, 2016 T.
(Pesrome)

IMosbpxHOCTHATE BOAM B KOCOBO ca MpeMMHO 3aMBPCEHH, KaTO BCE Ol HAMA MMPEYNUCTBATETHN CTAHIINY 32
OWTOBH W TIPOMHUIIIEHH BOIH. [ JlaBHATA IIeJT HA HACTOSIIETO W3CIIEABAHE € Jla CE aHAM3MPA ChIBPKAHUETO Ha HAKOU
TOKCHYHH €JIEMEHTH 10 TEYEHWETO Ha pekara. Mecrara 3a MpoOOB3MMaHe ca pasloJIOCHH CIPSIMO Teorpadcka
nHpopmanmonna cuctema(GlS). PesyiaratnTe ca WHTEPIpPETHPAHH C IOMOINTA Ha CHBPEMEHHH METOAM 3a
JIOKaJTM3UPAHETO Ha 3aMBPCEHHMTE PAMOHW C MOBHUINEHH KOHIEHTparud. CTOWHOCTUTE Ha TMOJOpaHHUTE eIEMEHTH ca
OllCHEHH ¢ (DAKTOPEH CTATHCTHYECKH aHaum3 10 Pearson 3a HammupadeTo Ha Kopenanuu. KOHIEHTpanuure Ha
TOKCHYHHTE €JIEMEHTH ca KakTo ciejpa: Cu (1.4-4.4 pug dm?), Zn (3.2-9.4 ug dm3), Pb (1.03-2.58 pg dm3), Cd (0.03-
0.13 pg dm?), Mn (10.6 -59.6 pg dm), As (0.43-28.5 ug dm3), Cr (0.6-1.0 pg dm3), Fe (80-570 pug dm®), Ni (0.6-2.5
ug dm3), Sb (0.02-0.07 pg dm3), Al (58-195 pg dm=3). IonyuenuTe pe3yaTaTH ca CpaBHEHH ChC CTAHAAPTUTE HA
CaetoBanra 3apaBHa opranusans (WHO) u na EBporeiickust cbio3 3a nureitHa Bojga. Berpeku, ue B KocoBo Hsima
3aKOHOBHM OTPaHMYEHHUS 3a JOMYCHMMH KOHIEHTpAIlMM Ha TOKCHYHHM METald B MPUPOJHHUTE BOAM, HACTOSIIUTE
pe3yaTaTd ca CKPOMEH MPUHOC KbM IMOJy4aBaHETO Ha SCCH MOTJIEN CHhCTOSHHETO Ha OKOJNHATA Cpela W HEHHOTO
moto0psiBaHe.
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This paper is concerned with studying the influence of Hall current on the unsteady hydromagnetic natural
convection flow with heat and mass transfer of an electrically conducting, viscous, incompressible, temperature
dependent heat absorbing and chemically reacting fluid past an accelerated moving vertical plate with ramped
temperature and ramped surface concentration through a porous medium. The governing non-dimensional equations are
solved analytically in closed form by Laplace Transform Technique. The expressions for skin friction, Nusselt number
and Sherwood number are also derived. The variations in fluid velocity, fluid temperature and species concentration are
displayed graphically, whereas numerical values of skin friction, Nusselt number and Sherwood number are presented
in tabular form for various values of pertinent flow parameters. Numerical results of natural convection flow near a
ramped temperature plate with ramped surface concentration are also compared with the corresponding flow near an

isothermal plate with uniform surface concentration.

Keywords: Hall Current, Natural Convection, Heat Absorption, Chemical Reaction.

INTRODUCTION

Hydromagnetic natural convection flows in
porous and non-porous media have been studied
extensively due to the widespread applications
abound in many areas of science and technology
including fusion processes in electrical furnaces,
problems of boundary layer control in the field of
aerodynamics, geothermal energy extraction,
metallurgy, plasma studies, mineral and petroleum
engineering, etc. In addition to it, the
Magnetohydrodynamic (MHD) natural convection
flow of an electrically conducting fluid in a fluid
saturated porous medium has also been successfully
exploited in crystal formation. Oreper and Szekely
[1] observed that the presence of magnetic field can
suppress natural convection currents and the
strength of magnetic field is one of the important
factors in reducing non-uniform composition
thereby enhancing quality of crystal. Following
this, several researchers investigated the unsteady
hydromagnetic natural convection flow of an
electrically conducting fluid past bodies with
different geometries under various initial and
boundary conditions. Mention may be made of the
research studies of Raptis and Kafousias [2], Raptis
[3], Chamkha [4], Aldoss et al. [5], Helmy [6], Kim
[7], Chaudhary and Jain [8], Rashidi et al. [9-10],

* To whom all correspondence should be sent:
E-mail: hussain.modassir@yahoo.com

Seth et al. [11-12] and Makinde and Tshehla [13].
The study of hydromagnetic natural convection
flow with heat and mass transfer, induced due to a
moving surface with a uniform or non-uniform
velocity, has drawn considerable attention of
several researchers owing to its vast applications in
numerous manufacturing processes in industry,
which include boundary layer flow along with
material handling conveyers, cooling of an infinite
metallic plate in a cooling bath, extrusion of plastic
sheets, distribution of temperature and moisture
over agricultural fields and groves of trees,
continuous casting and levitation, glass blowing,
design of chemical processing equipments,
formation and dispersion of fog, damage of crops
due to freezing, common industrial sight, especially
in power plants, etc. Keeping in view the
significance of such study, Jha [14] investigated
hydromagnetic natural convection and mass
transfer flow past a uniformly accelerated moving
vertical plate through a porous medium. Ibrahim et
al. [15] examined the unsteady hydromagnetic
natural convection flow of a micro-polar fluid and
heat transfer past a vertical porous plate through a
porous medium in the presence of thermal and mass
diffusion with a constant heat source. Makinde and
Sibanda [16] analyzed the hydromagnetic mixed
convective flow with heat and mass transfer past a
vertical plate embedded in a porous medium with
constant wall suction. Makinde [17] studied the

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 659
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hydromagnetic mixed convection flow and mass
transfer over a vertical porous plate with constant
heat flux embedded in a porous medium. Makinde
[18] also studied the hydromagnetic boundary layer
flow with heat and mass transfer over a moving
vertical plate under convective surface boundary
conditions. Poonia and Chaudhary [19] investigated
a unsteady two-dimensional hydromagnetic laminar
mixed convective boundary layer flow with heat
and mass transfer of a viscous, incompressible and
electrically conducting fluid along an infinite
vertical plate embedded in a porous medium.
Eldabe et al. [20] analyzed the unsteady
hydromagnetic convection flow of a viscous and
incompressible fluid with heat and mass transfer in
a porous medium near a moving vertical plate with
time-dependent velocity. Prakash et al. [21] studied
the diffusion-thermo and radiation effects on a
unsteady hydromagnetic natural convection flow in
a porous medium past an impulsively started
infinite vertical plate with variable temperature and
uniform mass diffusion.

The effect of heat absorption/generation on the
hydromagnetic natural convection flow of a
viscous, incompressible and electrically conducting
fluid has a significant effect on heat transfer
characteristics in numerous physical problems of
practical interest such as fluids undergoing
exothermic and/or endothermic chemical reaction
[22], convection in Earth’s mantle [23], post
accident heat removal [24], fire and combustion
modeling [25], development of metal waste from
spent nuclear fuel [26], etc. This encouraged
several researchers to undertake the study of a
hydromagnetic natural convection flow in the
presence of heat absorption/generation of a viscous,
incompressible and electrically conducting fluid
past bodies with various geometries. Kamel [27]
investigated unsteady hydromagnetic convection
flow due to heat and mass transfer through a porous
medium bounded by an infinite vertical porous
plate with temperature dependent heat sources and
sinks. Chamkha [28] examined the unsteady
hydromagnetic two-dimensional convective laminar
boundary layer flow with heat and mass transfer of
a viscous, incompressible, electrically conducting
and temperature dependent heat absorbing fluid
along a semi-infinite vertical permeable moving
plate in the presence of a uniform transverse
magnetic field. Makinde [29] analyzed heat and
mass transfer by a hydromagnetic mixed
convection stagnation point flow toward a vertical
plate embedded in a highly porous medium with
radiation and internal heat generation. In all these
investigations, numerical/analytical solutions were
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obtained by assuming simplified conditions that the
velocity and temperature at the plate are uniform,
continuous and well defined. However, the majority
of problems of practical interest require the velocity
and temperature to satisfy  non-uniform,
discontinuous or arbitrary conditions at the plate.
Due to this fact, several researchers investigated the
natural convection flow from a vertical plate with
discontinuities in the surface temperature
considering different aspects of the problem.
Mention may be made of the research studies by
Hayday et al. [30], Kelleher [31], Kao [32], Lee
and Yovanovich [33] and Chandran et al. [34]. The
effect of radiation on the natural convection flow of
a viscous and incompressible fluid near a vertical
flat plate with ramped temperature was investigated
by Patra et al. [35]. They compared the effects of
radiative heat transfer on the natural convection
flow near a ramped temperature plate with the flow
near an isothermal plate. Seth and Ansari [36]
studied the unsteady hydromagnetic natural
convection flow of a viscous, incompressible,
electrically conducting and temperature dependent
heat absorbing fluid past an impulsively moving
vertical plate with ramped temperature in a porous
medium taking into account the effects of thermal
diffusion. Subsequently, Seth et al. [37] extended
the problem studied by Seth and Ansari [36] to
consider the effects of rotation on flow-field. Seth
et al. [38] analyzed the hydromagnetic natural
convection flow past an accelerated moving vertical
plate with ramped temperature in a porous medium
with thermal diffusion and heat absorption.

The practical applications of a hydromagnetic
convection flow with heat and mass transfer in the
presence of chemically reactive species showed its
importance in different areas of science and
engineering. In many chemical engineering
processes, there occurs a chemical reaction between
a foreign mass and fluid. Classically, chemical
reactions encompass changes that strictly involve
the motion of electrons in forming and breaking of
chemical bonds, although the general concept of a
chemical reaction is applicable to transformations
of elementary particles, as well as to nuclear
reactions. Chemical reactions can be classified as
either heterogeneous or homogeneous processes
depending on, whether they occur at an interface or
as a single-phase volume reaction. These processes
take place in numerous industrial applications, viz.
curing of plastics, cleaning and chemical processing
of materials, manufacturing of pulp and insulated
cables, polymer production, manufacturing of
ceramics or glassware, food processing, etc.
Keeping into consideration such study, Afify [39]
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investigated the effect of radiation on the natural
convection flow and mass transfer past a vertical
isothermal cone surface with chemical reaction in
the presence of a transverse magnetic field.
Muthucumaraswamy and Chandrakala [40] studied
radiative heat and mass transfer effects on a moving
isothermal vertical plate in the presence of chemical
reaction. Zueco and Ahmed [41] analyzed the
combined heat and mass transfer by a mixed
convection hydromagnetic flow along a porous
plate with chemical reaction in the presence of heat
source. Suneetha and Reddy [42] investigated
radiation and Darcy effects on the unsteady
hydromagnetic heat and mass transfer flow of a
chemically reacting fluid past an impulsively
started vertical plate with heat generation. Chamkha
et al. [43] discussed the effects of Joule heating,
chemical reaction and thermal radiation on the
unsteady hydromagnetic  natural  convection
boundary layer flow with heat and mass transfer of
a micro polar fluid from a semi-infinite heated
vertical porous plate in the presence of a uniform
transverse magnetic field. Bhattacharya and Layek
[44] obtained a similarity solution of MHD
boundary layer flow with mass diffusion and
chemical reaction over a porous flat plate with
suction/blowing. Mohamed et al. [45] investigated
the unsteady MHD natural convection heat and
mass transfer boundary layer flow of a viscous,
incompressible, optically thick and electrically
conducting fluid through a porous medium along an
impulsively moving hot vertical plate in the
presence of homogeneous chemical reaction of first
order and temperature-dependent heat sink. They
obtained analytical solution of the governing
equations in closed form by the Laplace transform
technique. Hernandez and Zueco [46] studied the
unsteady hydromagnetic free convection by a
laminar, viscous, electrically conducting and heat
generating/absorbing fluid on a continuously
moving vertical permeable surface in the presence
of radiation effect, chemical reaction and mass flux.
Nandkyeolyar et al. [47] analyzed the unsteady
hydromagnetic heat and mass transfer flow of a
radiating and chemically reactive fluid past a flat
porous plate with ramped wall temperature.

It is found that, when the density of an
electrically conducting fluid is low and/or the
applied magnetic field is strong, a current is
induced in a direction which is normal to both the
electric and magnetic fields. Thus, if an electric
field be applied at the right angle to the magnetic
field, the total current will not flow along the
electric field. This tendency of the electric current
to flow across an electric field in the presence of a

magnetic field is called Hall effect and the resulting
current is known as Hall current which reduces the
electrical conductivity normal to the lines of force
so that the electrical conductivity becomes
anisotropic  [48]. One of the important
characteristics of Hall current is to induce a
secondary flow in the flow-field. Hall effects are
significant in science and engineering, namely,
MHD power generation, nuclear power reactors,
Hall current accelerator, magnetometers,
underground energy storage system, Hall effect
sensors and spacecraft population and in several
areas of astrophysics and geophysics. Taking into
consideration this fact, Takhar and Ram [49]
studied the effects of Hall current on the
hydromagnetic free convection boundary layer flow
of a heat generating fluid past an infinite plate in a
porous medium using harmonic  analysis.
Aboeldahab and Elbarbary [50] analyzed the
influence of Hall current on a MHD natural
convection flow with heat and mass transfer over a
vertical plate in the presence of a strong external
magnetic field. Seth et al. [51] considered the Hall
effects on a hydromagnetic natural convection flow
past an impulsively moving vertical plate with
ramped temperature taking into account thermal
diffusion and heat absorption.

Keeping in view the above literature survey, our
objective is to study the effects of Hall current on a
unsteady hydromagnetic natural convection flow
with heat and mass transfer of a viscous,
incompressible, electrically conducting, heat
absorbing and chemically reacting fluid past an
accelerated moving vertical plate with ramped
temperature and ramped surface concentration
through a porous medium. To the best of our
knowledge, this problem has not yet received any
attention from the researchers despite having its
applications in the recovery of petroleum products
and gases (e.g. CBM: Coal Bed Methane and UCG:
Underground Coal Gasification), fire dynamics in
insulations, solar collection systems, nuclear waste
repositories, geothermal energy systems, catalytic
reactors, etc.

PROBLEM FORMULATION AND ITS
SOLUTION

Consider the unsteady hydromagnetic natural
convection flow with heat and mass transfer of an
electrically conducting, viscous, incompressible,
temperature  dependent heat absorbing and
chemically reacting fluid past an accelerated
moving vertical plate through a porous medium
taking into account Hall effects. The flow is
assumed to be in the x'direction, which is taken
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along the length of the plate in upward direction,
y' -axis is normal to it and z'-axis is perpendicular
to the x'y’-plane. A uniform transverse magnetic
field B,is taken to be acting along the y’-axis.
Firstly, i.e. at time t'<0, both the fluid and plate
are at rest and maintain uniform temperature T, and
uniform surface concentration C/. At time t'>0,

the plate begins to move in the x'direction against
the gravitational field with time dependent

velocityU (t’). Instantaneously, the temperature of

the plate is raised or lowered to T, + (T, =T, )t'/t,
and the level of concentration at the surface of the
plate is raised or lowered to C. +(C,,—C.)t'/t,
when0 <t <t,. Thereafter, i.e. at time t'>t,, the
plate is maintained at uniform temperature T, and
the level of concentration at surface of the plate is
preserved at uniform concentrationC,. A
homogeneous chemical reaction of first order with
constant rate K, is supposed to exist between the
diffusing species and the fluid. Physical model of
the problem is shown in Figure 1. It is assumed that
the plate is of infinite extent in x’and z' directions
and is electrically non-conducting, all quantities
except pressure are functions of y’and t' only. For
liquid metals and partially ionized fluid, the
magnetic Reynolds number is very small and hence
the induced magnetic field produced by the fluid
motion is negligible in comparison to the applied
one [52] so that the magnetic field B =(0, B,,0).
Also the effect of polarization of fluid is negligible
when no external electric field is applied [52]; that
is E =(0,0,0). This corresponds to the case where

no energy is added or extracted from the fluid by
electrical means.

Owing to the above mentioned assumptions, the
governing  equations  for  the  unsteady
hydromagnetic natural convection flow with heat
and mass transfer of an electrically conducting,
viscous, incompressible and temperature dependent
heat absorbing and chemically reacting fluid
through a porous medium taking Hall effects into
account, under Boussinesq approximation, are
reduce to

ou' oA O'BOZ(U'-i-mW'J v,

— =0 - -—u

at' ava el K:[
+gB(T'-T.)+g9B (C'-C.),... (1)

’ 200/ 2 "W
oW o'w  oB, (mu \Zlvj_iw,l @)
1+m K/

1+m?

— =0 +
atr ay!Z e,

oT’ T Q

9 _ _ T =T'),  ceeeenen 3

atr a ay/2 pCp( 00) ( )
2 2/

L _pZC KyC-CL)y @

ot oy’

where
u', W" T'v C,l Vl O-l pyKl'; gi ﬁ,! IB*’ a'! QO! D!
w,, 7, and m=w,z, are, respectively, fluid velocity

in Xx'direction, fluid velocity along z'direction,
fluid temperature, species concentration, kinematic
coefficient of viscosity, electrical conductivity,
fluid density, permeability of porous medium,
acceleration due to gravity, coefficient of thermal
expansion, volumetric coefficient of expansion,
thermal diffusivity, heat absorption coefficient,
chemical  molecular  diffusivity,  cyclotron

frequency, electron collision time and Hall current
parameter.

T'(0.£) =
C’(0,1") =1

Fig.1. Physical model of the problem.
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Initial and boundary conditions for fluid
velocity, fluid temperature and  species
concentration for the model are

u'=0,w=0,T=T,,C'=C fory>0andt' <0,

u'=U(t),w=0aty =0 fort' >0,

T =T, +(Ty—T)t'/tg, C' =Cl +(Cyy —C)t' /g (5)
at y'=0for 0<t'<tp,

T =Ty, C'=Cj aty =0fort >tg,

uU—->0,wW—->0T —>T,,C' —>C,asy —wfort'>0.

In order to convert Egn. (1) to (4) along with the
initial and boundary conditions in non-dimensional
form, the following non-dimensional quantities and
parameters are introduced

y=Y/Ugty,u=u"/Ugp, w=w /Uy t=t'/1g,
T=(T"-Ty)/(Tw-Ts), C=(C'-CL)/(Cy—-Cs),
Gr =09/ (Ty~T5)/Ug® Ge =095 (Ciy ~Clo) 1Ug°. ¢ (6)
M :O'BOZU/pUOZ, K1U0 /02, P =vla,
SC:U/D, K2 :UKz/UO and¢:uQ0/pCpU0 ,

where G., G, M, K, B, S, K, and gare
respectively, thermal Grashof number, solutal
Grashof number, magnetic parameter, permeability
parameter, Prandtl number, Schmidt number,
chemical reaction parameter and heat absorption
parameter.

The governing equations (1) to (4), in non-
dimensional form, become

2
ou_du Iv|(u+mw

j—i+GrT +G,C, (7)
I<l

o oy 1+m?
2 —

w_gw, (m“ Zvj—ﬂ, .............. (8)
ot oy 1+m K,

2
LI S AL IR, )
a R oy

2
ﬁzi%_ K,C. (10)
o s, oy

It may be noted that the characteristic time t, may

be defined according to the non-dimensional
process mentioned above, i.e.

t, :U/Ug,
where U, is the characteristic velocity.
The initial and boundary conditions in non-
dimensional form are
u=0,w=0,T=0,C=0 for y>0and t<0,
u=G(t),w=0at y=0 fort>0,
T=t,C=tat y=0for 0<t<], (11)
T=,C=1aty=0 for t>1,
u—->0,w—0T—>0C—>0asy—>wfort>0,

where G(t)=U(t')/U,.

The equations (7) to (10) subject to initial and
boundary conditions (11) showing fluid flow, are
quite general. We now take a particular case of
interest, namely, uniformly accelerated movement

of the plate, ie. G(t)=Rtwhere R is a non-

dimensional constant, to explore the flow features
of the fluid flow.

Egns. (7) and (8) are presented in compact form as
2
ﬁ=£—)LF+GT+GC (12)
o oy’

where
F=u+iwand A=M (1-im)/(1+m?)+1/K;.

Initial and boundary conditions (11) in compact
form become

F=0,T=0,C=0 fory>0andt<0,
F=Rt at y=0 fort>0,
T=t,C=taty=0for 0<t<], (13)
T=1,C=1aty=0 for t>1,
F—>0,T—>0C—>0asy—owfort>0.

The exact solutions for fluid velocity F(y,t),
fluid temperature T(y,t) and species concentration

C(y.t)are obtained by using Laplace transform
technique, which are expressed in the following
form after simplification

F(y.t)= Rfl(y,l,/l,t)+%{Fl(y,t)— H(t-1)F (y.t-1)}

_z%{(;l(y,t)—H(t—l)Gz(y,t—l)}, (14)

2
T(y,t)=f(v.P. ¢ t)—H(t-1) f(v.P, 4,1 -1), (15)
C(y.t)=fi(y.Sc, Ko, t)—H(t=1) fy(v,S¢, Ky, t-1), (16)
where

Fu(y.t) =€ { f5(y.Pr.d.by,t) - T (y. 1L Aby 1))
+by{ f3(y. P dbyt) - f3(y,L4by b)),
)= €% { f3(y,Sc, Ka,bp,t) = Fo (v, 12,0, 1)}

+b2{f3(y,SC,K2,b2,t)— fo(y.LAby 1)},
3 =G; Q- Pr)’ a, =G, /(1_80)1 bl = (Pr¢_ﬂ*)/(1_ Pr)
and b, =(S.K, - 1)/ (1-S;).

The expressions for f; (i =1,2,3)are given in the
Appendix A
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SOLUTION WHEN THE FLUID IS IN
CONTACT WITH AN ISOTHERMAL PLATE
WITH UNIFORM SURFACE
CONCENTRATION

In order to put emphasis on the influence of
ramped temperature and ramped surface
concentration on the flow-field, it may be justified
to compare such a flow with the one near an
accelerated moving vertical isothermal plate with
uniform surface concentration. Keeping in view the
assumptions made in this paper, the solutions for
fluid wvelocity, fluid temperature and species
concentration for a natural convection flow past an
accelerated moving vertical isothermal plate with
uniform surface concentration are obtained and are
presented in the following form

F(y.t) =[%+Z—jj fo(y,.14,0,t)+Rfy(y.1 A1)
+%[ebﬂ {f2(y, P gubut) = To (v 2.y, 1)} -

fz(y, Pr,¢,0,t)j| +Z—§|:ebzt { fz(y,Sc, Kz,bz,t)

— fo (Y.L Ay )}~ (1,56, K2, 0t) |, v (17)
T(y.t)=1f,(y,P.801), ..cooooeinnin, (18)
C(y,t)=f(¥,Se Ky, 0t) oo, (19)

SKIN FRICTION, NUSSELT NUMBER AND
SHERWOOD NUMBER

The expressions for primary skin frictionz,,
secondary skin friction z, which are measures of
the shear stress at the plate due to primary flow,
shear stress at the plate due to secondary flow, the
Nusselt number N,, which measures the rate of
heat transfer at the plate and the Sherwood number
S,, » which measures the rate of mass transfer at the
plate, are presented in the following form for a
ramped temperature plate with ramped surface
concentration and an isothermal plate with uniform
surface concentration:

For the plate with ramped temperature and
ramped surface concentration

ot +ir, = R{[t 7 +%J{erfc(ﬁ)_1}_\/§e—m}

S [R(00)-H (-1 R (013« 5[, (0)

—H(t-1)G,(0,t-1)], (20)

N, =fs (P g t)-H(t-1) fs (R ¢, t-1), (21)
Sy = f6(Se. Koy t)—H (t-1) f5 (S, Ky, t-1), (22)
where
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F, (0, t):eblt{f4(Pr,¢,bl,t)— f, (Mbl,t)}
_bl{ fs (P 4,01, t)— s (l,i,bl,t)},
G, (0, t) =€ { £, (S, Ky, by,t) = T, (1 4,by,1)}

—by { 5 (S, Kz, by, t) = f5 (12,15, 1)},
and for the isothermal plate with uniform surface
concentration

T=7,+i7, = {[%+Z—§+ Rt}/j+%}{erfc(ﬁ)—l}
‘[%*3—?Rtj%+%[e“‘{f4<ww>—
f4(LAbyt)} - f4(Prr¢,0't)]+%[eb2t{f4(3cf Kby, t)}

~ 4 (LB )}~ T (Sc Ko, 0.0)}

(23)
N, = f,(P..4.0t), (24)
S, = f,(S..K,,0,t). (25)

Expressions for f,(i=4,56)are provided in
the Appendix A.

RESULTS AND DISCUSSION

In order to analyze the effects of Hall current,
thermal buoyancy force, solutal buoyancy force,
field, heat absorption, chemical reaction and time
on the flow-field, the numerical values of primary
and secondary fluid velocities in the boundary layer
region, computed from the analytical solutions
reported in the previous sections, are displayed
graphically versus boundary layer coordinate y in

Figures 2-13 for various values of Hall current
parameter m,thermal Grashof number G,,solutal

Grashof number G, heat absorption parameter
@, chemical reaction parameter K,and time t
taking magnetic parameter M =10, permeability
parameter K, =0.5, Prandtl number P, =0.71
(ionized air), Schmidt number S, =0.22 and R=1.

It is noticed from Figures 2-13 that, for both
ramped temperature plate with ramped surface
concentration and isothermal plate with uniform
surface concentration, the primary fluid velocity u
and the secondary fluid wvelocity w attain a
maximum distinctive value near the surface of the
plate and then decrease properly on increasing the
boundary layer coordinate y to approach the free
stream value. Also the primary and secondary fluid
velocities are faster in case of isothermal plate with
uniform surface concentration than those of ramped
temperature  plate  with  ramped  surface
concentration. Figures 2-7 reveal the influence of
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Hall current, thermal and solutal buoyancy forces
on the primary and secondary fluid velocities u and
w, respectively.
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The thermal Grashof number G, signifies the

relative effect of the thermal buoyancy force to the
viscous hydrodynamic force. The solutal Grashof
number G, characterizes the ratio of the solutal

buoyancy force and viscous hydrodynamic force.
As expected, it is noticed from Figures 2-7 that, for
both ramped temperature plate with ramped surface
concentration and isothermal plate with uniform
surface concentration, u and w increase with the
increase in either Hall current parameter m, Grashof
number G, or solutal Grashof number G,. This

implies that Hall current, thermal and solutal
buoyancy forces tend to accelerate primary and
secondary fluid velocities for both ramped
temperature  plate  with  ramped  surface
concentration and isothermal plate with uniform
surface concentration. Figures 8-11 depict the
effects of heat absorption and chemical reaction on
the primary and secondary fluid velocities. It is
observed from Figures 8-11 that, for both ramped
temperature  plate  with  ramped  surface
concentration and isothermal plate with uniform
surface concentration, u and w decrease with the
increase in either heat absorption parameter ¢ or
chemical reaction parameter K,. This implies that
heat absorption and chemical reaction have the
retarding influence on the primary and secondary
fluid velocities for both ramped temperature plate
665
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with ramped surface concentration and isothermal
plate with uniform surface concentration. This may
be attributed to the fact that the tendency of heat
absorption (thermal sink) is to reduce the fluid
temperature which causes the strength of thermal
buoyancy force to decrease resulting in a net
reduction in the fluid velocity. Figures 12 and 13
demonstrate the effects of time on the primary and
secondary fluid wvelocities. It is evident from
Figures 12 and13 that, for both ramped temperature
plate with ramped surface concentration and
isothermal  plate  with  uniform  surface
concentration, u and w increase on increasing time
t. This implies that there is enrichment in the
primary and secondary fluid velocities for both
ramped temperature plate with ramped surface
concentration and isothermal plate with uniform
surface concentration with the progress of time.
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The numerical values of species concentration
C, computed from the analytical solution mentioned
in the previous sections, are depicted graphically
versus the boundary layer coordinate y in Figures
14-16 for various values of the chemical reaction
parameter K,, Schmidt number S_and time t. It is

observed in Figures 14-16 that, for both ramped
temperature  plate  with  ramped  surface
concentration and isothermal plate with uniform
surface  concentration, species concentration
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decreases on increasing either K,orS, whereas it

increases on increasing time t. Since the Schmidt
number S, is the ratio of momentum diffusivity to

mass diffusivity, an increase in S_ implies a

decrease in the mass diffusion rate. This implies
that, for both ramped temperature plate with
ramped surface concentration and isothermal plate
with uniform surface concentration, chemical
reaction tends to reduce species concentration,
whereas mass diffusion has a reverse effect on it
and there is an enhancement in the species
concentration with the progress of time throughout
the boundary layer region. It is also noticed from
Figures 14-16 that species concentration is maximal
at the surface of the plate and decreases properly
with the increase of boundary layer coordinate y to
approach free stream value.
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The numerical values of non-dimensional skin
frictions 7, and 7, due to primary and secondary

flows, respectively, for both ramped temperature
plate with ramped surface concentration and
isothermal  plate  with  uniform  surface
concentration, computed from the analytical
expressions reported in the paper, are presented in
tabular form in Tables 1 to 6 for various values of
m, ¢, G,, G, K, and ttaking R=1 M =10,
K,=0.5 P, =0.71and S, =0.22 whereas those of

Sherwood number S, , calculated from the

analytical expressions presented in the paper, are
exhibited in tabular form in Table 7 for different

values of K,and t.

It is observed from Tables 1 to 6 that, for both
ramped temperature plate with ramped surface
concentration and isothermal plate with uniform
surface concentration, primary skin friction

-7, increases on increasing either ¢ or K, or tand
it decreases on increasing either mor G, or G,

whereas secondary skin frictionz,increases on
increasing either m or G, or G, ort and it

decreases on increasing either ¢ or K,. This implies

that, for both ramped temperature plate with
ramped surface concentration and isothermal plate
with uniform surface concentration, heat absorption
and chemical reaction have a tendency to enhance
primary skin friction whereas Hall current, thermal
and solutal buoyancy forces have the reverse effect
on it. Hall current, thermal and solutal buoyancy
forces have a tendency to enhance secondary skin
friction, whereas heat absorption and chemical
reaction have the reverse effect on it, for both
ramped temperature plate with ramped surface
concentration and isothermal plate with uniform
surface concentration. Both the primary and
secondary skin frictions are getting enhanced with
the progress of time, for both ramped temperature
plate with ramped surface concentration and
isothermal  plate  with  uniform  surface
concentration.

It is found from Table 7 that, for both ramped
temperature  plate  with  ramped  surface
concentration and isothermal plate with uniform
surface  concentration, Sherwood numberS,

increases on increasing K,. On increasing time t,
S,, increases for the ramped temperature plate with

ramped surface concentration, whereas it decreases
for the isothermal plate with uniform surface
concentration. This implies that, for both ramped
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Table 1. Primary skin friction —z, when K, =0.2,G, =4, G, =5and t=0.7

Ramped Isothermal
pim— 0.5 1.0 15 0.5 1.0 15
1 1.01741 0.622583 0.278910 0.154959 0.144327 0.100579
3 1.05740 0.667453 0.329253 0.249978 0.236641 0.176908
5 1.08762 0.701253 0.367049 0.293849 0.264610 0.194591
Table 2. Secondary skin friction 7, when K, =0.2,G, =4, G, =5and t=0.7
Ramped Isothermal
pim— 0.5 1.0 15 0.5 1.0 15
1 0.579536 0.862241 0.931667 0.760465 1.19187 1.3681
3 0.571497 0.848668 0.915488 0.736848 1.14988 1.3150
5 0.565602 0.838733 0.903647 0.721472 1.12255 1.2803
Table 3. Primary skin friction —z, when m=0.5, K, =0.2, ¢=1and t =0.7
Ramped Isothermal
G VG, > 3 5 7 3 5 7
2 1.62883 1.29846 0.968091 1.13613 0.599886 0.463638
4 1.34778 1.01741 0.687043 0.67120 0.434959 0.401288
6 1.06673 0.73636 0.405995 0.40628 0.329967 0.266214
Table 4. Secondary skin friction 7, when m=0.5 K, =0.2, g=1and t=0.7
Ramped Isothermal
G G, > 3 5 7 3 5 7
2 0.503644 0.547908 0.592173 0.60533 0.69448 0.78363
4 0.535271 0.579536 0.623800 0.67131 0.76046 0.84961
6 0.566899 0.611163 0.655428 0.73730 0.82645 0.91560
Table 5. Primary skin friction —z, when m=0.5, G, =4,G, =5and ¢=1
Ramped Isothermal
tiK, > 0.2 2 5 0.2 2 5
0.5 0.82261 0.84418 0.87252 0.129931 0.181550 0.289501
0.7 1.01741 1.05636 1.10406 0.134959 0.229325 0.329780
0.9 1.20486 1.26388 1.33210 0.752093 0.857801 0.962095
Table 6. Secondary skin friction 7, when m=0.5, G, =4,G, =5 and ¢ =1
Ramped Isothermal
tlK, > 02 2 5 0.2 2 5
0.5 0.386746 0.382209 0.376293 0.610284 0.589456 0.564859
0.7 0.579536 0.570093 0.558730 0.760465 0.732626 0.703327
0.9 0.776110 0.760566 0.743094 0.898134 0.865231 0.833698
Table 7. Sherwood number —S, when S; =0.22
Ramped Isothermal
Kott— 0.5 0.7 0.9 0.5 0.7 0.9
0.2 0.386593 0.463189 0.531694 0.428415 0.379505 0.349641
2 0.488076 0.625355 0.760246 0.785973 0.757863 0.738408
5 0.628694 0.838894 1.04877 1.12945 1.09522 1.07538
temperature  plate  with  ramped  surface CONCLUSIONS

concentration and isothermal plate with uniform
surface concentration, chemical reaction tends to
enhance the rate of mass transfer at the plate. For
the ramped temperature plate with ramped surface
concentration, the rate of mass transfer at the plate
is getting enhanced, whereas for the isothermal
plate with uniform surface concentration it is
getting reduced with the progress of time.
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The present study brings out the following
significant findings of the effects of Hall current on
the unsteady hydromagnetic natural convection
flow with heat and mass transfer of a viscous,
incompressible, electrically conducting,
temperature  dependent heat absorbing and
chemically reacting fluid past an accelerated
moving vertical plate with ramped temperature and
ramped surface concentration through a porous
medium:
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1. For both ramped temperature plate with
ramped surface concentration and isothermal plate
with uniform surface concentration.

Hall current, thermal and solutal buoyancy
forces tend to accelerate primary and secondary
fluid wvelocities whereas heat absorption and
chemical reaction have a reverse effect on it. There
is enrichment in the primary and secondary fluid
velocities with the progress of time. Chemical
reaction tends to reduce species concentration
whereas mass diffusion has a reverse effect on it
and there is an enhancement in the species
concentration with the progress of time throughout
the boundary layer region. Heat absorption and
chemical reaction have a tendency to enhance
primary skin friction, whereas Hall current, thermal
and solutal buoyancy forces have a reverse effect
on it. Hall current, thermal and solutal buoyancy
forces have a tendency to enhance secondary skin
friction, whereas chemical reaction has a reverse
effect on it. Both the primary and secondary skin
frictions are getting enhanced with the progress of
time. Chemical reaction tends to enhance the rate of
mass transfer at the plate.

2. For a ramped temperature plate with ramped
surface concentration, the rate of mass transfer at
the plate is getting enhanced, whereas for an
isothermal  plate  with  uniform  surface
concentration, it is getting reduced with the
progress of time.
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E®EKT HA XOJI ITP1 ECTECTBEHA KOHBEKIIMA ITPU MATHUTO-
XNAPOAMHAMMYEH IIOTOK C TOIVIO-MACOITPEHACAHE 3AJ1 BEPTUKAJIHA
[IJNIOCKOCT ITPU TTPOMEHJINBU [TOBBPXHOCTHU TEMIIEPATYPA U
KOHIEHTPALIA C OTHEMAHE HA TOIUVIMHA U XUMUWYECKU PEATUPALL ®JIYU]

C. M. Xycaun™, Jix. [xann', I'.C. Cerx®

1 "
Jlenapmamenm no mamemamuxa, Yuusepcumem ,, O.I1. [orcunoan“, Paiieape, Hnous
2
Jlenapmamenm no npunosicna mamemamura, Jepacasen Konedxic no undicenepemeo, bacmap, Hnous
3 .
Jlenapmamenm no npunodcHa mamemamuxa, MnHouticku mexnonoeuyen uncmumym, J{xan6ao, Hnous

[ocrermna va 15 despyapu, 2015 r.; mpuera Ha 14 sHYapH, 2016 T.
(Pesrome)

B Ta3u pabota ce u3cienBa BIMSHHETO Ha eeKTa Ha X0J BhPXY HECTAIMOHAPHA €CTECTBEHAa KOHBEKIHS ITPU MAarHUTO-
XUJIPOAMHAMUYHO TEYEHUE C TOIUIO U MAacONpPEHACSIHE B EIEKTPONPOBOAAIIA, BUCKO3HA U HECBMBAaEéMa TEYHOCT.
Pa3rne>1<)1a CC TEMIIEPATYPHO 3aBUCHUMO IIOTJIBIIAHE HA TOINIMHA U XUMHWYHA PCAKIMA BbHB (bnypma 3a1 BCPTUKAJIHA
TMOJABMKHA IIDIOCKOCT € IPOMCHIIMBH TEMIIEpATypa W KOHICHTpPAOWW Ha IMOBBPXHOCTTA H. BO)ICH_H/ITC 663H3MepHI/I
YpaBHEHHUSI ca pelllaBaHN aHAIUTUYHO C PEIICHUs B 3aTBOpeHa (hopma upes Jlamnacosa Tpanchopmanus. [lonyuern ca
3aBuUCUMOCTH 3a umciara Ha Hycent m llepByn. M3meHeHusiTa Ha CKOpOCTTa Ha (Iymaa, TemIepaTypara My H
KOHIICHTpaluATa Ha NPEHACAHOTO BEHICCTBO Ca NPEACTaBCHU rpa(quHo, J0KaTo KOC(I)I/IHI/ICHT'I)T Ha TpUECHC M YHCJIaTa
Ha Hycent u lllepByx ca npejncraBeHr TabIMYHO 3a pa3lIMuHU CTOMHOCTH Ha MapaMeTpUTe Ha TeueHueTo. YncieHure
pe3ynTaTu ca CpaBHEHH C TE€3M 32 MOJAO0OHO TeueHHE B OJI3MOCT JJO N30TEPMHUYHA IUIOCKOCT C TIOCTOSIHHA TIOBBPXHOCTHA
KOHIIEHTpaLusl.
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Atropine sulfate monohydrate (ASM), with the chemical name (RS)-(1R,3r,5S)-3-tropoyloxytropanium sulfate
monohydrate, is a prominent anticholinergic drug. The kinetic study of its oxidation is of great significance in
understanding the mechanistic chemistry of this drug in redox reactions. For this reason, the kinetics and mechanism of
the reaction of ASM with chloramine-T (CAT) in HCIO4 medium were investigated at 303 K. The reaction exhibits a
first-order dependence of the rate on [CAT],and a fractional-order dependence on both [ASM], and [HCIO4]. The effects
of added p-toluenesulfonamide and chloride ion, and varying ionic strength and dielectric constant of the medium on the
rate of the reaction were studied. The reaction was carried out at different temperatures and activation parameters were
determined from the Arrhenius plot. Absence of any polymerization of acrylonitrile added to the reaction mixture
indicated a non-radical pathway. The stoichiometry of the reaction gave a mole ratio of 1:1 and the oxidation product was
identified as atropine N-oxide. The protonated conjugated acid (CH3CsH1SO2N*H2Cl) was postulated as the reactive
oxidizing species in the acid accelerating step. The mechanistic pathways and kinetic modeling for this redox system were

computed.

Keywords: atropine sulfate mo

nohydrate; chloramine-T; oxidation-kinetics; acid medium

INTRODUCTION

The chemical name of atropine sulfate
monohydrate  (ASM) is  (RS)-(1R,3r,5S)-3-
tropoyloxytropanium sulfate monohydrate. It is a
potent  anticholinergic,  antispasmodic  and
antimuscarinic drug [1]. Due to its therapeutical and
pharmacological relevance, a lot of attention has
been paid on the determination of ASM [2-6], but a
very limited number of Kinetic and mechanistic
investigations on the oxidation of this drug have
appeared in the literature. Up to now, ASM has been
oxidized by Chimatadar et al. [7-9] using a number
of oxidizing agents under various experimental
conditions. Surprisingly, no such information is
available with +1 oxidants. This gave us an interest
to investigate the title reaction.

N-haloamines contain a halogen in +1 oxidation
state and the chemistry of these compounds is of
great significance due to their diverse behavior [10].
Their versatile nature is due to the ability of these
compounds to act as sources of halonium cations,
hypohalite species, and nitrogen anions, which act
both as bases and nucleophiles [10]. The important
chlorine compound of this class is chloramine-T
(CAT: p-CH3CsH4sSO2NCINa. 3H,0), which is a
well-known oxidizing/ chlorinating reagent. This
reagent has been exploited as an oxidant for diverse
substrates in both acidic and alkaline media [11-20]
and their mechanisms have been Kkinetically

* To whom all correspondence should be sent:
E-mail: nirmavaz2005@yahoo.co.in

investigated. CAT is commercially available, cost-
effective, water-tolerant and relatively non-toxic
[21]. Our preliminary kinetic studies revealed that
ASM drug oxidation with CAT is most favorable in
acidic conditions. It is for these reasons that CAT has
been opted as an oxidizing agent in the present redox
system.

In view of the above facts, and as a part of our on-
going research on the kinetic and mechanistic
investigations of oxidation of pharmaceuticals using
CAT, we report herein for the first time the results
obtained on the kinetics and mechanism of oxidation
of ASM with CAT in HCIO4 medium. This research
program was designed with the following objectives:
(i) to accumulate all possible kinetic data, (ii) to
formulate the plausible mechanism, (iii) to design
the rigorous Kkinetic rate law, (iv) to deduce
thermodynamic parameters, (v) to ascertain the
reactive species and, (vi) to identify the reaction
stoichiometry and oxidation products.

Further, it is well known that hypochlorous acid
(HOCI) is a biologically relevant oxidant. It is also
reported that CAT resembles HOCI in its oxidative-
mechanistic behavior [10]. Moreover, both CAT and
HOCI contain chlorine in +1 oxidation state. Hence,
the current research knowledge is very beneficial for
kineticists who are working on the kinetics and
mechanistic aspects of ASM drug in redox
chemistry, as well as in biological processes.
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MATERIALS AND METHODS

Materials

The drug atropine sulfate monohydrate of
analytical grade purity was purchased from Rolex
Chem. Ind., Mumbai, India and was used as
received. An aqueous solution of ASM was freshly
prepared whenever required. Chloramine-T was
obtained from Merck and was purified by the
method of Morris et al. [22]. An aqueous solution of
CAT was periodically prepared and standardized by
the iodometric method. CAT solution was stored in
brown bottles to prevent photochemical
deterioration. All other chemicals used were of
Analar grade. Double distilled water was used
throughout the study.

Kinetic procedure

Detailed kinetic runs were performed under
pseudo-first-order conditions with a known excess
of [ASM], over [CAT], at 303 K. Detailed kinetic
procedure was followed by an iodometric method,
which is similar to that reported earlier [16]. The
course of the reaction was studied for at least two
half-lives. Plots of log [CAT] vs. time were made to
evaluate the pseudo-first-order rate constants (k's™).
All kinetic runs were carried out twice and were
found to be reproducible within + 3-6%. The
regression coefficients (R?) of the linear plots were
obtained using an fx-100Z scientific calculator.

Reaction stoichiometry

Reaction  mixtures  containing  varying
proportions of CAT to ASM in the presence of
0.5x10° mol dm of HCIO, were equilibrated at 303
K for 24 h. Determination of residual CAT by
iodometric method showed that one mole of ASM

CH,
|
N
|
o—cC —C‘—CsHs
g CH,OH
(ASM)
CH, H,0 / HCIO,
o .

consumed one mole of CAT. The stoichiometry
obtained can be formulated as Eq. (1):

Product analysis

The reaction mixture of ASM and CAT in HCIO,
solution was stirred for 24 h at 303 K. After
completion of the reaction (monitored by TLC), the
reaction mixture was neutralized with dilute NaOH
and the products were extracted twice with ethyl
acetate. The organic products were subjected to spot
tests and chromatographic analysis (TLC technique),
which revealed the formation of atropine N-oxide as
the oxidation product of ASM and p-
toluenesulfonamide as the reduction product of
CAT. These products were separated by column
chromatography on silica gel (60-120 mesh) using
dichloromethane and petroleum ether (3:5 v/v) as the
mobile phase. Further, atropine N-oxide was
confirmed by GC-MS analysis. The GC-MS data
were obtained by an Agilent technologies mass
spectrometer. The mass spectrum showed a
molecular ion peak at 306 (M+1) amu clearly
confirming atropine N-oxide. (Figure 1)

100 124

a0~ 306

o
=)
|

Relative Intensity
T

2 290
209 £

m/z
Fig. 1. Mass spectrum of atropine N-oxide with its
molecular ion peak at m/z 306 (M+1) amu.

[
+ H3C4@73 —NH, + Na*+ CI (]

o—cC —(‘:—CGHS
‘c‘, CH,0H

(atropine N-oxide)
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All other peaks observed in GC-MS were
interpreted in accordance with the observed
structure. It was also observed that there was no
further oxidation of these products under the
prevailing experimental conditions. p-
toluenesulfonamide (TsNH>), the reduction product
of CAT, was extracted with ethyl acetate and
identified by paper chromatography [20]. Benzyl
alcohol saturated with water as a solvent with 0.5%
vanillin in 1% HCI solution in ethanol was used as a
spray reagent (R¢=0.905). The Rsdetermined agrees
well with the literature value (Rf= 0.905) [20].

RESULTS AND DISCUSSION

The oxidation of atropine sulfate by CAT was
kinetically investigated at different initial
concentrations of the reactants in HCIO4 medium at
303 K. Under pseudo-first-order conditions of
[ASM], >>[CAT], and at constant [ASM]o, [HCIO4]
and temperature, plots of log [CAT] vs. time are
linear (R? > 0.9986), indicating a first-order
dependence of the rate on [CAT].. The pseudo-first-
order rate constants (k' s1) are listed in Table 1.

Table 1. Effect of varying oxidant, substrate and acid
concentrations on the rate of reaction at 303 K.

10°[CAT] 102[ASM] 10°[HCIO;]  10°K
(moldm®)  (moldm?®) (mol dm?) (sh
1.0 2.0 0.5 2.70
2.0 2.0 0.5 2.83
4.0 2.0 0.5 2.70
6.0 2.0 0.5 2.68
8.0 2.0 0.5 2.75
4.0 0.5 0.5 1.12
4.0 1.0 0.5 191
4.0 2.0 0.5 2.70
4.0 3.0 0.5 3.90
4.0 4.0 0.5 4.94
4.0 2.0 0.1 1.50
4.0 2.0 0.2 2.19
4.0 2.0 0.5 2.70
4.0 2.0 1.0 3.28
4.0 2.0 2.0 4.35

Further, the values of k' remained unaltered with
variation of [CAT]., confirming the first-order
dependence of the rate on [CAT].. Under the same
experimental conditions, an increase in [ASM],
increased the rate (Table 1). The plot of log k' vs. log
[ASM] is linear (R? = 0.9959) with a slope of 0.72,
indicating a fractional-order dependence of the rate
on [ASM],. Further, the plot of k' vs. [ASM], is a
straight line (R? = 0.9974) with a y-intercept
confirming a fractional-order dependence of the rate
on [ASM].. Increase in  [HCIO,] increased the
reaction rate (Table 1) and the log-log plot of k' vs.

[HCIO4] is linear (R? = 0.9897) with a slope of 0.35,
suggesting a fractional-order dependence of the rate
on [HCIO4].

Rate studies were carried out in MeOH-H,O
mixtures of different compositions (0-15% v/v),
thereby varying the dielectric constant (D) of the
solvent medium. The rate was found to increase with
the increase in MeOH content (Table 2). The plot of
log K'vs. 1/D was linear (R? = 0.9995) with a positive
slope. The values of the dielectric constant of
MeOH-H,0 mixtures reported in the literature [23]
were employed. It was further noticed that no
reaction of the dielectric with the oxidant took place
under the experimental conditions employed.

Table 2. Effect of varying dielectric constant of the
medium on the rate of reaction at 303 K.

% MeOH D 10* K/
viv (s1)
0 76.73 2.70
5 74.50 3.02
10 72.37 3.39
15 69.75 3.98

Experimental conditions: [CAT]o= 4.0x104 mol dm3, [ASM]o
=2.0x10"2 mol dm3, [HCIO4] = 0.5x10- mol dm.

Addition of 5.0x10* mol dm?3 of p-
toluenesulfonamide (PTS or TsNH>) to the reaction
mixture has no pronounced effect on the reaction
rate. This signifies that PTS is not involved in any
step prior to the rate-determining step (rds) in the
reaction scheme proposed.

The effect of ionic strength of the medium on the
reaction rate was studied in presence of 0.2 mol dm-
¥ NaClO, solution, keeping other experimental
conditions constant. It was found that addition of
NaClO, had a negligible effect on the reaction rate,
indicating the involvement of non-ionic species in
the reaction scheme. Hence, the ionic strength was
not a fixed constant for all kinetic runs studied.
Addition of NaCl (5.0x10* mol dm) to the reaction
mixture had no effect on the rate, suggesting that no
free chlorine is formed in the reaction sequence. The
reaction rates were determined at 293, 298, 303, 308
and 313 K, keeping the other experimental
conditions constant. Based on the Arrhenius plot of
log k' vs. 1/T (R? = 0.9961) the activation parameters
(Ea, AH?, AG*, AS” and log A) for the overall
reaction were computed. These results are
summarized in Table 3. Addition of an aqueous
solution of acrylamide to the reaction mixture did
not initiate polymerization. This suggests non-
involvement of free radicals during the oxidation.
Appropriate  controlled  experiments  were
simultaneously run.
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Table 3. Effect of varying temperature on the rate of
reaction and activation parameters for the oxidation of
ASM with CAT in acid medium.

Temperature 104 K/
(K) sh

293 1.17

298 1.80

303 2.70

308 3.62

313 5.70
Ea(kJ mol?) 59.0
AH? (kJ mol?) 56.3
AG? (kJ mol ) 95.2
AS*(IKtmol) 1122
Log A 9.80

Experimental conditions: [CAT]o= 4.0x10"* mol dm3, [ASM]o
=2.0x102 mol dm3, [HCIO4] = 0.5x10-3 mol dm3,

Reactive species of CAT

Chloramine-T acts as a mild oxidant in both
acidic and alkaline media, with a two electron
change per mole, giving PTS and NaCl [24]. The
oxidation potential of the CAT-PTS redox system
varies with pH of the medium [25], having values of
1.139V at pH 0.65, 1.778V at pH 7.0 and 0.614V at
pH 9.7. It behaves like a strong electrolyte [25] in
aqueous solutions, and depending on pH of the
medium it furnishes different equilibria in aqueous
solutions [10, 25-26].

The possible oxidizing species in acidified CAT
solutions are TSNHCI, TsNCl,, HOCI and possibly
H,O*Cl. From these four possibilities, the reactive
species of CAT can be selected based on the
observed kinetic results. If TsNCI, were to be the
reactive species, then the rate law would predict a
second-order dependence of the rate on [CAT]o,
which is contrary to the experimental results. If
HOCI were primarily involved, a first-order
retardation of the rate by adding PTS or TsNH:
would be expected. Since no such effects were
observed, both TsNCI, and HOCI could be ruled out
as the oxidizing species. Hardy and Johnston [26],
who have studied the pH dependent relative
concentrations of the species present in acidified
CAT solutions of comparable molarities, have
shown that TsSNHCI is the likely oxidizing species in
acid medium. Further, formation of doubly
protonated species TsN*H,Cl in acidic solutions is
reported by Narayanan and Rao [27], with a value of
1.02x10? at 25°C for the second protonation
constant. In the present case, acceleration of the rate
by [H*] indicates that TSN*H>CI is the most active
oxidizing species and hence we believe that it is
involved in the present reaction.
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Reactive species of ASM

Under acidic conditions, the drug ASM may get
protonated and exist in the following equilibrium
form:

CH,
| CH,

+ H*
H

|
0—C—C—CH,
N 0—C—C—CH,
CH,OH T
° 2 0 CH,0H

(unprotonated ASM) (protonated ASM)

Unprotonated form of atropine sulfate monohydrate
is involved in the present reaction

Reaction Scheme

In the light of the above facts, a detailed
mechanism (Scheme 1) is suggested for the
oxidation of ASM with CAT in acid medium. In the
fast rate accelerating step (step(i)) of Scheme 1, the
conjugated acid TsNHCI accepts a proton to give a
diprotonated species TsN*H:CI. In the next fast step
(step (ii)), TsN*H.CI reacts with the substrate ASM
forming an intermediate complex-l1 with the
elimination of TsNHz. In the next slow and rate
determining step (step (iii)), complex-I hydrolyses to
complex-Il with the elimination of a molecule of
HCI. Finally, complex-1I loses a proton to yield the
ultimate product atropine N-oxide.

Kinetic rate law

If [CAT]: is the total effective concentration of
CAT, then
[CAT], =[TsNHCI] + [TsN*H,CI] +[Complex-I] (2)

Finding the values of [TsSNHCI] and [TsN*H,ClI]
from steps (i) and (ii) of Scheme 1, and solving for
[Complex-I], we get

K,K,[CAT][ASM][H*]
[Complex-1] = 3)
1+K [H] + K K, [ASM][H']

From the slow and rds of Scheme 1,
Rate = k3 [Complex-I] ()]

By substituting for [Complex-1] from Eg. (3) into
EqQ. (4), the following rate law is obtained.
K, Kyk3[CAT][ASM][H"] ©)
14K, [H]+K K, [ASM][H]

This rate law is in complete agreement with the
experimental results. Since the rate = k/ [CAT],

Rate=

under pseudo-first-order conditions of
[CAT]o<<[ASM],,
I K;Kok3[ASM][H'] ©)
14K [H]+K Ko [ASM][H]
or
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Ky

i) TsSNHCI + H* TsN*H,CI

(fast)

CH3

ii) TsN*H Cl +

CH

\_/ R (fast) -TsNH, R

O—C —C—C Hsg

O—C—C—C H;

O CH ,OH O CH ,OH
(ASM) (Complex-1)
CH, CH3
i Cl
iii
N

/ .

i (slow and rds)
H,O -

2 H HCI

I
O—C—C—C4H; O—C—C—C Hs
]
o CH,0H o CH 2OH
(Complex-1) (Complex-11)

. CH, CH
iv) (_\‘ | o | 3

H—0—N{ N

k4
—_—
(fast)
H

0—C—C—CgH,

[
0

I
0—C—C—CgHs

[
0

CH,OH

(atropine N-oxide)

Scheme 1. Detailed mechanistic scheme for the oxidation of atropine by CAT in acid medium.

CH,OH
(Complex-11)

1 1 1 1
I el ()
K/ KKKG[ASMI[HY] K ko[ASM] K
or
1 1 1 1 1
W vil S e AN ()
k [ASM] K K ks[H*] Kk ™ kg

A double reciprocal plot of 1/k’ vs. 1/[H*] from
Eq. (7) yields:
1

and an intercept = {; i }
k

slope = +
K k;[ASM]

K, Kk, [ASM]

Similarly, a double reciprocal plot of 1/k’ vs.
1/[ASM] from Eq. (8) gives:

1 1 1
+ = —
KIRIHT Kok, } and an intercept 3

From the slopes and intercepts of Egs. (7) and (8),
the values of the equilibrium constants K; and Ko,
and the decomposition constant ks were calculated
for the standard run. The values obtained are K; =
9.0x10° dm® mol?, K, = 22.2 dm® mol* and ks =
1.25x10® s, The proposed reaction scheme and the
derived rate law are also evinced by the following
experimental findings.

The proposed mechanism is evinced by the
observed effect of ionic strength on the rate of the
reaction. The primary salt effect on the reaction rate
was described by the Bransted and Bjerrum theory
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[28]. According to this concept, the effect of ionic
strength on the rate of a reaction involving two ions
depends on the charges of the ions. When the ions
are of the same charge, an increase in the ionic
strength increases the reaction rate because the
solvated ions change the dielectric behavior of the
solution so that ions of like charge do not repel each
other as greatly. If the reacting ions are oppositely
charged, raising ionic strength reduces the effective
rate constant because the ions are shielded from each
other to a greater extent. For the reactions that
involve uncharged (neutral) reactants, the rate
constant is expected to be independent of the ionic
strength of the solution. In the present case, a neutral
molecule and a positive ion are involved in the rate-
determining step (step (iii) of Scheme 1). Hence, the
variation of the ionic strength of the medium does
not alter the rate, which clearly confirms the above
theory [28].

Several approaches [29-32] have been made to
gualitatively explain the effect of dielectric constant
of the medium on the reaction rates in solutions. A
change in the solvent composition by varying the
methanol content in methanol-water affects the
reaction rate. For the limiting case of zero angle of
approach between two dipoles or an ion-dipole
system, Amis [32] has shown that a plot of log k’ vs.
1/D gives a straight line, with a negative slope for a
reaction between a negative ion and a dipole or
between the dipoles, while a positive slope indicates
a reaction between a positive ion and a dipole. The
positive dielectric effect on the rate of the reaction
observed in the present case is in agreement with the
positive ion — dipole nature of the rate determining
step in the proposed reaction scheme (step (iii) of
Scheme 1) and a reaction pathway was suggested to
the kinetic results.

The proposed reaction mechanism and the
derived rate law are also supported by the moderate
value of the energy of activation and other
thermodynamic parameters (Table 3). The positive
values of free energy and enthalpy of activation
indicate that the transition state is highly solvated
and enthalpy controlled. The observed large negative
entropy of activation may be interpreted in a way
that some collisions become more stringent and form
a rigid associative activated complex with less
degrees of freedom. Hence, decomposition of the
activated complex is quite a slow process. The
values of the frequency factor (A) specify the
frequency of collisions and the orientation of
reacting molecules. The negligible effects of PTS
and NaCl on the reaction rate also confirm the
proposed reaction mechanism and kinetic rate law.
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CONCLUSIONS

From the present research, the following
conclusions are drawn. The kinetics of oxidation of
ASM with CAT in HCIO4 medium obeys the rate
law: Rate = k [CAT][ASM]®2[HCIO4]%*. The
stoichiometry of the reaction was found to be 1:1 and
atropine N-oxide was characterized as the oxidation
product of ASM by GC-MS analysis. Activation
parameters were determined. The protonated
conjugated acid (CHsCsH4SO2N*H,Cl) is postulated
as the reactive oxidizing species in the acid-
accelerated step. The observed experimental results
were explained by an elegant mechanism and the
relevant rate law was formulated.
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MEXAHUCTUYEH IOIJIEA BbPXY OKHUCIIEHUETO HA ATPOIIMH CYJIOAT
MOHOXUIPAT C XJIOPAMUH-T B KUCEJIA BOAHA CPEJIA: IU3AMH U KUHETUYHO
MOJEJIMPAHE

Hupmana Bas'* A.C. Manmxynarxa?, Ilyrracamu?

! Henapmamenm no xumus, Aeémonomen xonexc ,,Jlocomu Hueac “, Banzanop-560 095, Hnous
2 lenapmamenm no xumust, Llenmpanen xoneoc, Yuueepcumem ¢ baneanop, Baneanop-560001, Huous

ITocTpnuna va 7 anpun, 2015 r.; kopurupana Ha 14 suyapu, 2016 .
(Pestome)

Xumunueckoro cwemunenne (RS)-(1R,3r,5S)-3-tponoun-okcurponanuym cyndaT MOHOXHAPAT C ThPrOBCKO
HanMEHOBaHHWE aTPONHH cyiadar MoHoxuapat (ASM) e pa3npocTpaHEeHO aHTU-XOIMHEPTUIHO JIEKapcTBO. M3cnenBaneTo
Ha KHHETHKATa Ha OKUCIICHUETO MY € OT rOJIIMO 3HaYEHHE 32 MEXaHHUCTHYHOTO Pa3OHpaHe Ha PeOKC-PEAKIIMHUTE B KOUTO
TO yuyacTBa. M3ciieiBaHu ca KHHETHKATa U MexaHu3Mma Ha peaknusita Ha ASM c xmopamus -T (CAT) B cpeaa na HCIO,
npu 303 K. Peakuusita e oT wbpBY nopsaabk no otHoureHune Ha [CAT]o ¥ 4aCTHYHO OT MBPBH MOPSIIBK 110 OTHOLICHHE a
[ASM], u nepxnopHara kucenuna. M3yuen e u edexra Ha 106aBEHUs P-TOMYCHCYIDOHAMU] U XJIOPHHUTE HOHH, OHHATA
CHJIa ¥ IMeNleKTpUYHaTa KOHCTaHTa Ha cpefaTta. Peakuusta e mpoBexiaHa py pa3jiiuHu TEMIIepaTypy U aKTUBHpAIaTa
€Heprus € OompelesieHa M0 ypaBHeHHeTo Ha ApeHuyc. OTChCTBHETO Ha MNOJIMMEpH3alMUs TPH J00aBSIHETO Ha
AKPUIOHHUTPUII CBHJIETEJICTBA 33 He-PaJMKajIoB MexaHU3bM. CTeXHOMeTpHsITa Ha PeaKIHsTa JIaBa MOJIAPHO OTHOIICHHUE
1:1, a mpoAyKTHT OKHCIEeHHE e uAeHTuuIupan kato arponuH N-oxcun. IlpoToHmpaHata chperHara KHceIMHA
(CH3CH4SO2N*H2Cl) e mocrynupana Karo peakTUBHO OKHUCJISBAIl KOMIIOHEHT B €Talla Ha KMCEIWHH YCKOpsSBaHE Ha
peaknusita. HanpaBeHu ce N34MICHUS U MOJICIIUPaHE HA Ta3H PETOKC-CUCTEMA.
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The aim of this study was to evaluate the chemical composition and antimicrobial activity of essential oils of thyme
and oregano. Gas chromatography with mass spectrometry (GC-MS) was used to determine the chemical structure of
essential oils and their dominant components. Antimicrobial activity of essential oils was tested against standardized
bacterial and fungal cultures: Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Candida albicans
ATCC 24433, Enterococcus faecalis ATCC 25929, using the agar diffusion method with wells. Minimum inhibitory
concentration (MIC) for essential oils determined by the broth dilution method and valued in the range of 3 - 5 pl/ml,
depends on the essential oil and bacteria and C.albicans tested. Both essential oils provided strong antibacterial activity
for the tested microorganisms. The essential oil of thyme was especially recognized. These experiments aimed at
showing the in vitro antimicrobial activity of the selected essential oils in order to find out the most potential essential
oil that would be an objective in further investigation on chitosan drug delivery system with controlled release of

antimicrobial essential oil.

Key words: essential oils, antimicrobial activity, oregano, thyme

INTRODUCTION

There is an increasing interest in the
examination of the antimicrobial activity of phyto-
therapeutics in the past few years, especially
considering the increased bacteria resistance to
implemented antibiotics, which becomes a global
problem.

Among all alternative natural antimicrobial
agents, essential oils display significant
antimicrobial activity. It is important to note that
no resistance or tolerance to essential oils has been
discovered yet. This can be explained by the great
complexity of their structure which allows the
essential oils to act on several target places at the
same time, rather than convential antibiotics, which
act on one specific target place. Essential oils are
secondary metabolites of plants. They are defined
as complex mixtures of lipophilic liquid, fragrant
and volatile components included in the secretory
structures of aromatic plants. Main active
components of essential oils are terpenoids
(dominant and economically most significant
components), aliphatic volatile components and
substances which include nitrogen and sulfur [1].
Numerous studies of the antimicrobial activity and
the mechanisms of essential oils action argued that
resistance does occur due to the large number of

* To whom all correspondence should be sent:
E-mail: ketin.sonja@gmail.com

different compounds with ultimate strong
antimicrobial action. However, specifity of their
synergistic effects is very important. These effects
actually prevent emergence of resistance [2].

As hydrophobic substances, essential oils have
high affinity for the lipids of bacterial cell
membranes and their antibacterial effect is mostly
related to their lypophilic property [3]. Such strong
antimicrobial activity of essential oils against
pathogenic bacteria is based on the high level of
phenol components such as carvacrol, eugenol (2-
methoxy-4-(2-propenyl) phenol) and thymol (4-6).

However, despite numerous studies of the
antimicrobial activity of the natural products, the
number of tested microorganisms is relatively small
and it does not include newer multiple resistant
species. Nowadays, aromatic plants from the
Lamiaceae family present very important sources
of biologically and pharmacologically active
substances which are widely used and whose
effects are very well documented. Antioxidant and
antimicrobial activity of 100 volatile components of
essential oils from Lamiaceae species, especially
thyme and oregano, showed that these essential oils
are very important for regulation of oxido-reduction
potential and normal bacterial flora [7].There is a
great number of studies which confirmed the strong
antibacterial effect of essential oils of thyme and
oregano [8-12].

The objective of this study was to prove the
antimicrobial effect of thyme and oregano essential
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oils in order to select the essential oil with the
strongest antibacterial effect. The selected essential
oil would be the subject of subsequent
investigations on designing an adequate drug
delivery system based on chitosan particles with
encapsulated essential oil in them. The chitosan
particles with essential oil would be an optimal
solution for therapeutic purposes of these phyto-
antibiotics by keeping the pharmacological
properties of the wvolatile and photosensitive
essential oils and enhancing their therapeutic effect.

MATERIAL AND METHODS
Plant material

Leaves of thyme and oregano were obtained
from the Institute for the Study of Medicinal Herbs
"Dr. Josif Panci¢" in Belgrade in 2010. The plant
material was kept in double paper bags in a dark
and dry place until hydrodistillation. Immediately
prior to hydrodistillation, the fruits of thyme
(Thimis vulgaris) and oregano (Origanum vulgare)
were chopped to the size of 0.75[13].

Hydrodistillation (HD)

The essential oils were isolated through
hydrodistillation as per Ph. Eur. IV, with n-hexane
as the collective solvent. An amount of 500 ml of
distilled water was poured over the plant material
(100 g). The obtained essential oils (EO) were
initially dried over anhydrous Na,SQO, for 24 h, and
then the drying process continued in a desiccator
for another hour. The n-hexane was removed in a
rotational vacuum-boiler, the obtained EO was
measured three times and its quantity was
expressed as per mass of dry plant material (g/100
g). Dried oils were preserved in cuvettes with
Teflon stoppers at +4°C until use.

Gas chromatography with mass spectrometry
(GC-MS)

Gas-chromatographic analysis of essential oils
was conducted in a Hewlett Packard 5973-689 GC-
MS system in EI mode on 70 eV with spectrometric
mass detection (GC-MS). Initial temperature of the
capillary column HP 5MS (30 m x 0.25 mm; film
thickness 0.25 pm) was 60°C. Using a heating
speed of 3°C/min, it was heated to 280°C. Helium
was the gas carrier at a flow of 1 ml/min. An
amount of 1 pl of each investigated sample was
injected in the GC column in proportion of 1:10.

Identification of components was based on
calculated retention indexes (RI) [14] and mass
spectra compared with standard substances and/or
with NIS/NBS Wiley library of mass spectra,
including literature data or data from the free

database (http//www. flavornet.org/iowtv.
pherobase.com) [15]. Experimental values of
retention indexes were defined using "calibrated
Automated Mass Spectral Deconvolution and
Identification System software” (AMDIS ver.2.1.,
DTRAJ/NIST, 2002). Results were compared with
retention indexes from literature data and internet
available database.

The microorganism cultures

For the purpose of in vitro testing of the
antimicrobial activity of the thyme and oregano
essential oils, the following standardized bacterial
cultures were used (ATCC — American Type
Culture Collection): Staphylococcus aureus ATCC
25923, Escherichia coli ATCC 25922, Candida
albicans ATCC 24433, Enterococcus faecalis
ATCC 29212. These microorganism cultures were
supplied from the Collection of bacteria cultures of
the Department for Microbiology at the Faculty of
Technology, Belgrade, and the bacteria cultures —
from the Institute of Virology and Immunology,
Torlak.

Determination of antimicrobial activity

Antibacterial activity was determined by the
agar well diffusion method and the agar dilution
method.

Agar well diffusion method was employed for
the determination of the antimicrobial activity of
the essential oils. Tubules with diameter of 6 mm
were placed on Petri plates with prepared sterile
Miller-Hinton ~ TSA  (tryptonesoyagar-Torlak)
surface, impregnated with soft agar (0.60 % of
agar) with the same surface, inoculated with
indicator pathogenic strain (0.2 ml of 24-h broth
culture for 6 ml of soft agar). After firming of the
agar, the tubules were removed and each of the
formed wells was filled with 20 pl of the
investigated essential oil. Plates were incubated at
37°C for 24 h. In the study of the antimicrobial
activity of essential oils, the antimicrobial activity
of lactic acid (20 pl) and that of the individual
essential oil and lactic acid was investigated in
order to determine their synergistic effect (the
compound included 50 ppm of lactic acid for 20 pl
of essential oil). As a positive control of
antibacterial activity the standard antibiotic —
clyndamicin (10 pg/ml) and the antimycotic
nystatine (30 ug/ml) were taken.

Antimicrobial activity of essential oils was
present all over the inhibition zone, measured and
expressed in mm.
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Minimum inhibitory concentration (MIC)
evaluation using the agar dilution method

For determining the minimal inhibitory
concentration (MIC) of the tested bacterial strains,
the agar dilution method was performed in a
Mueller Hinton broth. Each test tube with 2.997 ml
of base was filled with 3 ul of essential oil. Due to
the difference in antimicrobial activity by applying
the agar dilution method, concentrations of 10, 30,
50 and 100 pl/ml were used for essential oils of
thyme and oregano. Indicator breeds of
microorganism (1% of inoculum) were inoculated
in the prepared test tubes with diluted essential oils
and in the control test tube. The tubes were
incubated at 37 °C.

At certain time intervals, after 1, 3, 8, 16 and 24
h, the change in optic density (OD) was followed
on a colorimeter (MA 9504. Metrix), using a
yellow filter (575 nm). Increasing of optic density
or blurring was observed on increasing the
microorganism biomass in the liquid base. MIC is
defined as the first concentration of essential oil
with no visible growth of bacteria registered.

RESULTS

Results on the qualitative and quantitative
analysis of the chemical composition of essential
oils of thyme and oregano are presented in Table 1.
Chemical profile of essential oils is presented by
names of the components while amounts of these
components are presented in percentages (%).

GC-MS analysis conducted for essential oils of
thyme and oregano provided definition of 25
compounds or 94.53% for thyme oil and 41
compounds or 97.98% of oregano oil (Table 1,
Figure 1). Essential oil of thyme mostly includes
monoterpenes  (94.08%), especially oxidized
monoterpenes (55.86%). There are hydrocarbon
monoterpenes (38.67%) as well. The amount of
sesquiterpenes is much lower.

Table 1. Chemical composition of essential oils of
thyme and oregano.

Component Oregano Thyme
Monoterpenic hydrocarbons 9.40 15.38
Pinene 0.31 1.2
Phellandrene 0.27 0.08
Terpinene 0.88 1.75
Pinene 1.54 0.39
Camphene 0.2 2.09
Carene - -
Terpinene 4.64 6.98
Limonene 0.69 0.7
Myrcene 0.53 1.64
Sabinene - -
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Table 1. continuation

Component Oregano  Thyme
Terpinolene 0.12 0.46
L-Fenchone - -
Elemene 0.22 -
Pseudolimonene - 0.09
Aromatic monoterpene 9.66 2115
hydrocarbons

p-Cymene 5.02 21.15
p-Anisaldehyde - -
-Caryophyllene 4.38 -
0-Cymene - -
Cuminaldehyde 0.26 -
Oxidized monoterpenes 75.76 53.51
Terpineol 1.04 0.95
Camphor 0.39 -
Eucalyptol 1.59 4.74
Isopropenyltoluene - -
Linalol 2.69 5.9
3-Octanol 0.1 -
3-Octanone 0.2 -
4-Carvomenthenol 1.47 0.61
4-Thujanol, stereoisomer 0.07 -
Copaene 0.17 -
-ELEMENE 0.03 -
Fenchyl alcohol 0.38 -
Carvacrol 59.03 2.34
CARVACROL METHYL 063 )
ETHER '

Carvone 0.11 -
Eugenol 0.42 -
Isoborneol (Isomer 2) 1.67 0.96
p-Isopropenyl toluene 0.08 -
Thymol 5.69 36.12
Isoborneol (isomer 1) - 0.58
Menthone - -
Geraniol - 0.32
Geranyl acetate - 0.69
Nerol - 0.3
Monocyclic sesquiterpenes 2.72 4.41
Amorphene 0.22 -
Humulene 1.34 0.44
Bisabolene 0.29 -
Cadinene 0.5 -
Humulene Oxide 0.07 -
Isoledene 0.08 -
Naphthalene, 1,2,3,4,6,8a--
hexahydro-1-isopropyl-4,7- 0.09 i
dimethyl-CADINA-1,4- '

DIENE

Caryophyllene - 3.38
Caryophyllene oxide - 0.59
Bornyl acetate

Valencene 0.13 -
Bicyclic sesquiterpenes 0.44 0.00
Caryophyllene oxide 0.38 -
-Cadinene 0.06 -
Tricyclic sesquiterpene 0.00 0.08
-Copaene - 0.08
TOTAL: 97.98 94.53
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More than half of the amount of thyme essential
oil consists of 6 dominant compounds. Oxidized
monoterpene thymol (36.12%) and monoterpene
hydrocarbon p-cymene (21.15%) are mostly
included. Other dominant components of this
essential oil are -terpinene (6.98%), linalool
(5.90%), carvacrol (4.54 %) and eucalyptol
(4.74%). (Figure 1).

W Monaterpene hydrocarbons

0,08%

15,38%

M Aromatic monoterpene
hydrocarbons

B Monocyclic sesquiterpene

21,15%
B Other

0,
4415 B Oxidized monoterpenes

547%

B Tricyclic sesquiterpene
1 Oxidized monoterpenes

454 4,78% thymol

B \-Terpinene

B p-Lymen

linalol

B Carvacrol

B Eucalyptol

Fig. 1. Main classes of compounds (%) in the
essential oil of thyme.

More than half of the total amount of essential
oil of oregano consists of oxidized monoterpene
carvacrol (59.03%); significantly lower amount of
thymol (5.69%) and monoterpene hydrocarbons p-
cymene (5.02%) and-terpinene (4.64 %). There is a
large number of sesquiterpenes but their quantity is
significantly lower (Figure 2).

Antimicrobial activity of essential oils

Results of the study of essential oil activity

using the disk diffusion method are presented in
Table 2 as inhibition zone diameter (mm) and
decrease in bacterial growth (Figure 3).
According to the results of the bacteriological
analysis S.aureus (11-12 mm) showed higher
sensitivity towards Gram-positive bacteria than E.
faecalis (0.5-0.8° mm). Slightly lower sensitivity
was noted in Gram-negative bacteria E. coli ATCC
25922 (8 mm).

0,44% u Monoterpene

hydrocarbons

2,02% 9,66% | 9,40%

2,72% B Monocyclic sesquiterpene
M Oxidized monoterpene
H Other

B Aromatic monoterpene
hydrocarbons

H Bicyclic sesquiterpene
5 02% 4,64%

" B Oxidized monoterpens
5,69% carvacrol
B Oxidized monoterpenes
thymol
mp-Cymen
B Y-Terpinene

Fig. 2. Main classes of compounds (%) in the essential
oil of oregano

Fig. 3. Antibacterial effect of thyme (T), oregano (O)
to S. aureus and E. faecalis
Table 2. Antimicrobial activity of thyme and

oregano, combination of essential oils and lactic acid,
clindamycin and nystatin towards investigated bacteria

Inhibition zone diameter, mm

Essential Oil S.aureus E. coli C. albicans E. faecalis
Oregano 11 8 1 0.5
Thyme 12 8 1 0.8
Oregano+acid 11 10 1.25 0.7
Thyme+acid 13 10 13 0.9
Acid - - - -
Nystatin i i 4 )
(30pl/ml)

Clindamycin

(30pl/ml)* 2 2 ) 2:5
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Results obtained by the dilution method for
determination of MIC values showed that essential
oils of oregano and thyme in concentrations of 1 to
5 ul/ml act bacteriostatic and bactericidal.

DISCUSSION

The main components of thyme and oregano
essential oils detected by GC-MS analyses are
phenolic compounds, thymol and carvacrol, which
define the biological and pharmacologic properties
of these oils. Therefore, the ratio between chemical
composition and antimicrobial activity will be
crucial for the antibacterial effect of the essential
oil. Regarding the strength of antibacterial effect of
phenolic compounds, hydroxyl groups have no
important role, as expected. This was proven by the
similar antibacterial effect of carvacrol and thymol
to S.aureus and P.aeruginosa [5]. The importance
of phenolic ring (system of destabilized electrons)
can be observed in the significantly lower activity
of menthol relating to carvacrol [1]. There are many
earlier studies that confirmed the antibacterial
activity of the main constituents of thyme and
oregano essential oils [4, 6-8].

Low sensitivity of Gram-negative bacteria in the
antimicrobial analyses of the tested essential oils
can be a consequence of the construction of their
cell wall which includes an additional outer
membrane around the peptidoglycan layer [16]. It
decreases the diffusion of hydrophobic components
through their lipopolysaccharide cover [17].

Although both essential oils include the
strongest antimicrobial components thymol and
carvacrol, thyme oil contains 36.12% of thymolol
and 2.34% of carvacrol while oregano oil — 59.63%
of carvacrol and 5,69% of thymolol. The
antibacterial effect of thyme oil is stronger than the
effect of oregano oil. This is aligned with data on
the higher activity of thymol relating to carvacrol
[4] and the fact that antimicrobial activity is
affected by the amount of certain components in the
oil and their synergistic action. Both oils showed
antimycotic activity to C.albicans. The strong
antimicrobial effect of the tested essential oils is
also explained by the fact that the zones of
inhibition for the tested antibiotics are significantly
smaller relating to the essential oils of thyme and
oregano.

Also, significant synergism between the
essential oil of thyme and lactic acid can be noted.
This is aligned with literature data on the
antimicrobial effect of lactic acid [18]. It is very
significant from the aspect of formulation of
mycoadhesive products of essential oils in chitosan
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particles whose optimal effect necessarily includes
acid medium.

Significant inhibition of the growth of bacteria
E. coli was shown in concentrations of 5 pl/ml for
oregano, which can be taken as its MIC value.
There is no significant difference in the
antimicrobial action of the two oils to E. coli. The
antimicrobial effect of the essential oils of oregano
and thyme at the investigated concentrations of 1,
3, 5 and 10 pl/ml is sufficient for efficient
inhibition of the growth of E. faecalis. MIC value
for thyme is 1 pl/ml. Thyme acts bactericidal
relating to oregano which acts bacteriostatic with a
MIC value of 3 pl/ml.

Significant antimicrobial action of the essential
oils of oregano and thyme can be observed for the
species of S. aureus where the MIC values for
oregano and thyme are 3 pl/ml.

The essential oils of thyme and oregano display
a lower antimicrobial effect to the pathogenic fungi
C.albicans in the applied concentrations. However,
thyme oil showed a slightly better effect,
decreasing the development of cells of C.albicans
to 50% at a concentration of 10 pl/ml (MICs
value).

Summarizing, one can imply that the results of
these investigations are aligned with those of
preliminary investigations on the antimicrobial
effect of essential oils using the disk diffusion
method in wells [9-11]. These results are partially
expected having in mind the preliminary results of
inhibition zones of the tested microorganisms.

CONCLUSIONS

According to the obtained results of chemical
and microbiological analysis, aligned with literature
data, the essential oil of thyme showed a stronger
antibacterial effect to the tested bacteria and
C.albicans. Regarding the natural origin, numerous
biochemical and pharmacologic investigations and
wide antibacterial spectrum of thyme, the
possibility of production and use of antimicrobial
phyto-products for therapeutic and prophylactic
purposes is taken into account. This biologically
active natural product would be an ideal
replacement  for  conventional  antimicrobial
products, especially if we consider the increasing
resistance to implemented antibiotics.
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XUMHUYECKU ChCTAB U AHTUMUKPOEHU JIEMHOCTHU HA PUTAH Y MAILIEPKA
ETEPUYHU MACIJIA

J1. HCKapCKI/Il, C. KCTI/IH*Z, n. OMepOBHqS, M. MHpKOBI/Iq4, 3. IOFOBMql, P. Buouanun®

"Meouyuncru eumnasus, Berepad, Copbus
2E/Hueepcumema na Hosu Cao, Hoeu Cao, Cvpbus
3Y}Lntse])C'Ltmemcz na Hosu Ilaszap, Cvopous
4Cpb6c1<a azenyus ,, Cueyprocm u ungpopmayus “, Hosu Ilazap, Copous

IMonyuena Ha 16 cenremBpu 2015 r.; mpuera Ha 1 anpun 2016 T.
(Pesrome)

Llenra Ha TOBa MpOyYBaHE € Ja Ce OLICHW XHUMHYCH CHCTaB M antimicrobal akTUBHOCT Ha eTepUYHH Macia OT
Mamiepka W purad. ['azopa xpomatorpadusi ¢ mac cnekrpomerpus (GC-MS) ce umsmonsBa 3a onpeensHe Ha
XUMHYECKaTa CTPYKTypa Ha €TepUYHU Macjia ¥ TeXHUTE JOMHHHUpAIIH enemeHTd. Antimicrobal akTueHOCT Ha eTepuyHH
Maciia € TeCTBaHa Cpelly CTaHaaptusupanu u Fungy Gakrepuannu kynrypu: Staphylococcus aureus ATCC 25923, E
Esherichia coli ATCC 25922, Candida Albicans ATCC 24433, Enterococcus faecalis Bumose ATCC 25929,
M3MON3BAWKN MeTo/Ia Ha Audy3ust B arap ¢ KiajeHny. MunnManiata naxubupama koumnertpamnust (MIC) 3a erepuunu
Maciia ¢ Ouia onpejeicHa Mo MEeTo/1a Ha pa3pexaaHe Ha OyJIbOH U IIeHeH B Auana3o oT 3 uL/ml -. 5 ul/ml, 3aBucu ot
eTepuyHO Macio u Oakrepun u TtectBamd 3a C.albicans. U gaBere erepwuHM Macnia, TPEABUACHH CHIIHA
aHTHOaKTepHajHa aKTUBHOCT 3a M3CJIEABAHUTE MHUKPOOPTaHM3MHM, a €TePUYHOTO MAacio OT Maliepka € 0coOeHO
npu3Hat. Te3n eKCcriepuMEeHTH 3aluIIaT roj Ha KOUTO € MOKa3aHO MH BUTPO aHTMMHUKPOOHA aKTHMBHOCT Ha IOAOpaHU
eTepUYHU Maclia HalpaBH NOoA00p Ha Hail-TOJsIM IOTEHIMAJ €TePUYHO MAclio, Ye 1ie ObJe 0OCKTHBEH U MO-HATATHILIHO
pascieiBaHe M XUTO3aH CHCTEMa 3a JIOCTAaBKa Ha HAPKOTHIM C KOHTPOJUPAHO OCBOOOXJAaBaHE Ha aHTHMMHKPOOHATa
€TEepPUYHO. MACIIO.
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Ten brands of Bulgarian bottled mineral, spring and table waters were subjected to chemometric expertise using
cluster analysis and principal components analysis. The waters were classified into several patterns depending on their
microelement composition. Groups of similarity between the chemical components of the potable waters were found
and the specific indicators for the separate groups of waters were determined. The separation is obviously related to the
specificity of the local origin of the waters, e.g. crustal and soil properties and composition. It is of interest to note that
the chemical composition of spring waters strongly differs from that of the mineral waters from the same locations. The
obtained results point to the stability of the chemical composition and lack of contamination of the bottled mineral
waters in examination over a prolonged period of storage (up to 2.5 years after bottling).

Keywords: Bulgarian bottled potable waters; chemometric expertise; cluster analysis; principal components analysis

INTRODUCTION

Bulgaria is one of the countries in the world
richest in mineral waters (more than 850 springs
and boreholes), as well against its surface area, as
per capita [1]. This natural richness has been
known and exploited since antiquity. Nowadays,
more than 50 brands of bottled mineral and spring
waters are offered on the Bulgarian market. The
major components of bottled Bulgarian drinking
waters, such as K, Na, Ca, Mg, and Fe are
monitored in accordance with European legislation
[2,3], whereas only limited data are available about
their trace element content. Information on the
location, physico-chemical characteristics, element
content, and medical applications of Bulgarian
mineral and spring waters are reported by
Pentcheva et al. [1], Vladeva and Kostadinov [4,5]
and Vladeva et al. [6]. The quality of the waters,
including their macro- and microelement content,
as well as their stability during storage, is of
paramount importance for the consumers.

The great variety of mineral water springs with
respect to their location and chemical composition
often requires a specific approach for expert
assessment of mineral water origin and quality.
Since careful monitoring of the chemical content of
different mineral, spring and table waters creates
large data sets, chemometric data classification,
modelling and interpretation seems to be the most
reliable assessment procedure [7-10].

Subject of the present work was the

chemometric assessment of Bulgarian potable
waters of the following ten brands: ,,Gorna Banya“
mineral, ,Bankya“ mineral, ,Kom“ mineral,
»Thorn Springs“ mineral, ,Hissar* mineral,
,»Devin®“ mineral and spring, ,,Mihalkovo* mineral
and spring and ,,Savina“ table using cluster analysis
and principal components analysis. The ,,Savina“
table water was added to the sample list in order to
assess the efficiency of the demineralization
processing of this water prior to bottling. It was
also of substantial interest to assess the water
quality during a prolonged period after bottling.

Typical representatives of mineral waters of
Southern and Western Bulgaria were selected for
analysis among Bulgarian natural mineral waters
recognised by the EC [11]. Commercial drinking
waters in standard PET bottles of 0.5 L were
subjected to chemical analysis. The microelement
composition of the waters was determined in
former works of the authors [12,13] using total
reflection X-ray fluorescence spectrometry (Tables
1 and 2). The data for the microelement
composition of the waters were treated in the
present chemometric study in order to:

o find out groups of similarity between
the chemical components of the waters, to which
the local specificity of the potable waters may be
related;

. find out groups of similarity between
the different types of potable waters;
o find out the specific indicators for the

separate groups of waters.
Two chemometric methods were employed in

* To whom all correspondence should be sent:
E-mail: albena@svr.igic.bas.bg
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Table 1. Microelement content in bottled mineral waters analyzed in the year of bottling (samples C_1 - C_5) and
about 2.5 years after bottling (samples C_6 — C_10), reported by Georgieva et al. (2013, 2014).

Element “Gorna Banya” “Kom” “Thorn Spring” “Devin” “Mihalkovo”
(C_1 (C6 (2 (C_.7) (C.3) (C_8) (C_4 (C9 (C_5) (C_10)
S,mgL! 79+04 64+05 89+02 88+0328+04 22+0351+08 45+04 123+13 96+6
ClmgL?! 24+02 18+02 12+0.109+0129+04 22+03 3402 31+02 47+7 45+ 7
K,mgL! 03+01 03+01 1.3+02 1.0+0112+02 15+02 06+01 06+0.1 48%7 46 + 6
Ca,mgL!13+02 15+02 14+02 1.7+0278+8 806 1501 13x01215+x25 21729
Mn,pg Lt <2 <2 <2 <2 <2 <2 <2 <2 48 £ 7 385
Fe,ugL! 25+4 24+3 10+1 7.9+106.8+08 80+10 15%2 13£2 15%2 152
Ni, gLt 3.0+0.5 <1 12=z1 10+1 5008 4005 40+x05 3.0x05 14%2 132
Cu,pugL! 6.0£05 48+05 6.0+05 48+01 <2 <2 30x05 3.0zx05 <10 <10
Zn,ugL? 6.0£05 49+05 47+ 4 50+ 4 10+1 13+2 <2 3.0%05 <9 <9
As,ugL? 3.0+05 3.0+£05 12 +2 9.0+1.025%0.2 <1 <1 <1 <7 <7
Br,ugL! 80+10 65+1.0 37+5 32+3 5%2 13+2 6.0+x05 6.0+x05 400+50 35050
Rb,ugL? 50+05 40+05 40+05 40+05 <1 <1 <1 <1 163+25 160+ 25
Ba,ugL? 45+7 36+1 305 26+4 8zx4 23+2 38+5 35+%2 <100 <100

Table 2. Microelement content in bottled table, mineral and spring waters analyzed in the year of bottling, reported

by Georgieva et al. (2014).

Element “Savina” “Hissar” “Bankya” “Devin” “Mihalkovo”
table mineral mineral spring spring
(C_11) (C_12) (C_13) (C_14) (C_15)
S, mgL? 0.20+0.01 6.3+£1.1 14+1 0.80 £ 0.05 2604
Cl,mg L? 22+0.2 6.2+0.8 98+£1.2 1.2+£0.2 14+0.2
K, mgL* 11+0.1 1.7+£0.1 0.7+£0.1 15+£0.2 10.6 0.3
Ca, mg L 6.1+£0.5 3.6+£0.2 6.1+£0.7 79+£13 57+0.8
Mn, pg L* <2 <2 <2 <2 <2
Fe, ug L? 18+3 19+1 20+3 15+2 162
Ni, pg L? <1 <1 <1 <1 <1
Cu, pug L 12+2 19+2 9+1 8+1 7+1
Zn, pg Lt 15+2 29+2 9+1 9+1 12+2
As, ug L? <1 <1 <1 <1 <1
Br, ug L* 61 303 766 9+1 9+1
Rb, ug L* <1 19+1 <1 <1 <1
Ba, ug L <14 <14 <14 <14 <14

components analysis [14,15]. Both methods are
well documented and find wide application.

Cluster analysis is a well-known and widely
used classification approach for environmetric
purposes with its hierarchical and non-hierarchical
algorithms. In order to cluster objects characterized
by a set of variables, one has to determine their
similarity. The representation of the results of the
cluster analysis is performed either by a tree-like
scheme called dendrogram comprising a hierarchic
structure (large groups are divided into small ones)
or by tables containing different possible
clusterings. Principal components analysis (PCA)
is a typical display method which allows estimating
the internal relations in the data set. There are
different variants of PCA but basically, their
common feature is that they produce linear
combinations of the original columns in the data
matrix (data set) responsible for the description of
the variables characterizing the objects of
observation. These linear combinations represent a

type of abstract measurements (factors, principal
components) being better descriptors of the data
structure (data pattern) than the original (chemical
or physical) measurements.

RESULTS AND DISCUSSION

Two data sets were treated: [10%12] including
the mineral waters ,,Gorna Banya*“ (samples C_1,
C_6), ,,Kom* (samples C_2, C_7), ,,Thorn Springs*
(samples C_3, C_8), ,,Devin“ (samples C_4, C_9),
and ,,Mihalkovo* (samples C_5, C_10), analyzed in
the year of bottling and 2.5 years after bottling for
12 chemical parameters (As, Zn, Cu, Ba, Fe, Ni,
Ca, Br, Mn, Rb, K, CI), and [5%x12] including the
waters ,,Savina“ table (sample C_11), ,,Bankya‘“
mineral (sample C_12), ,Hissar" mineral (sample
C_13), ,Devin“ spring (sample C_14), and
»Mihalkovo* spring (sample C_15), analyzed in the
year of bottling for the same chemical parameters.
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Data set [10x12]

Figure 1 presents the hierarchic dendrogram for
clustering of the 12 variables from the data set
[10x12]. As can be seen, three clusters are formed
at the significance level of 33.3 % Dpax:

K1 (As, Zn)

K2 (Cu, Ba, Fe)

K3 (Ni, Ca, Br, Mn, Rb, K, CI)

e ————

80

60  _ _ | | _____

(O nk/ Dmax) *100

0

L | [

0
(Ao ejfe NG & Mn B K 0 )

Fig. 1. Hierarchic diagram for clustering of 12 variables.

It follows from the results shown on Figure 1
that three main sources form the composition of all
examined waters of the first data set, two of them
being related to the microcomponents in the
mineral waters (K1 and K2), and the third one (K3)
— mainly to the major components and the
microcomponents Mn, Rb, Br, and Ni. This data
structure is confirmed by the principal components
(PC) analysis, where three latent factors appear to
be responsible for the structure (Table 3). The first
latent factor (PC1) is connected with all major
components, while the other two (PC2 and PC3) —
with characteristic combinations of
microcomponents. Conditionally, one could define
three latent factors responsible for the data
structure: “‘soil mineral” factor, “strong As-Zn
specific” factor and “rock mineral” factor.

Table 3. Factor loads for the data matrix [10x12].

Variables PC1 PC2 PC3
Cl 0.99 0.06 0.14
K 0.99 0.02 0.13
Ca 0.96 0.15 -0.13
Mn 0.98 0.02 0.14
Fe -0.06 0.29 0.94
Ni 0.76 -0.62 -0.12
Cu 0.20 -0.58 0.78
Zn -0.23 -0.93 -0.26
As -0.02 -0.99 0.04
Br 0.99 -0.04 0.12
Rb 0.98 0.01 0.16
Ba 0.67 0.21 0.68
Explained 58 23 18

variance (%)
686

Figure 2 presents the hierarchic dendrogram for
clustering of the mineral waters (firstly in the year
of bottling and secondly — about 2.5 years later).
Three clusters can be distinguished; there is a good
correlation (grouping) between the results in the
year of bottling and those about 2.5 years after
bottling (samples 1 and 6, 2 and 7, 3 and 8, 4 and 9
and 5 and 10, respectively). This is an indication of
the stability of the chemical composition and lack
of contamination of all examined mineral waters
even 2.5 years after bottling.

L S ———EEEEEE
80 L _ _ _ | ___ _ _ ______L_____________
§
'g 60 . _ _ _ | | __________
&
2
= 40 - - | __ | ____________
1S)
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Fig. 2. Hierarchic dendrogram for clustering of the
types of mineral waters analyzed in the year of bottling
(samples C_1 - C_5) and about 2.5 years after bottling
(samples C_6 — C_10).

On Figure 3 the diagram for the factor score is
presented. The five brands of mineral waters
included in the data set [10x12] (“Gorna Banya”,
“Kom”,  “Thorn  Spring”,  “Devin”  and
“Mihalkovo”) form three groups of similarity and
the pairs (at the year of bottling and ~2.5 years after
bottling) are very well distinguished. The three
groups of similarity are described as follows:

¢ o
IS @50
.
501 ®* o
——6:60 : : :
-10 -0.50 0.00 0.50 1.00 1.50 2.00 2.50
0.50
~
(6]
4
-1.00
o 150
* -2.00
c

PC1

Fig. 3. Diagram for the factor scores (PC1 vs. PC2)
for the data matrix [10x12].

e ,Mihalkovo*“: highest values of all major
components (strong mineralization) and of the
microcomponents manganese, hickel, copper,
bromine and rubidium.
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o ,Kom*: highest values of zinc and arsenic
(specific As-Zn mineralization) and lowest values
of chlorides and calcium.

¢ ,,Gorna Banya*, ,,Thorn Spring®, ,,Devin*:
mineral waters with similar chemical composition —
lowest potassium content, significant content of
calcium and iron.

Data set [5x12]

In this case four chemical variables were
eliminated from the set, because they provided no
chemical information — equal values were displayed
for all examined samples. So the data set was
reduced to [5%8], the eliminated variables being the
concentrations of manganese, nickel, arsenic and
barium. The grouping of the chemical components
yields three clusters at the significance level of
66.7% Dmax, While at 33.3% Dmax 0ne of the clusters
could be separated in two components (Figure 4).

K1 (Rb, Zn, Cu)

K2 (Ca, K) or (Ca) (K)

K3 (Fe, Br, Cl)
100 |
80
Di/Dm

60

40

20

. e [ 1

Rb Zn Cu Ca K Fe Br Cl

Fig. 4. Hierarchic dendrogram for clustering of 8
variables.

This clustering reveals that the
microcomponents form similarity groups, while the
major components (except for chloride) are of
individual significance. The principal components
analysis (Table 4) indicates the same grouping of
the variables.

Table 4. Factor loads for the matrix [5x8].

Variables PC1 PC2
Cl 0.15 0.98
K -0.24 -0.51
Ca 0.01 -0.26
Fe 0.36 0.84
Cu 0.97 0.17
Zn 0.99 -0.003
Br -0.10 0.98
Rb 0.94 0.14

Explained 38 37

variance (%)

Two latent factors explain 75% of the total
variance. Conditionally, they could be named “soil
mineral” factor (strong correlations between Zn,
Cu, Rb in PC1) and “rock mineral” factor (strong
correlation for Cl, Fe, Br in PC2). Owing to their
relatively low contents in the second set of water
samples, Ca and K play a negligible role for the
data structure (non-significant factor loadings).

The clustering of the water types (Figure 5)
reveals a strong similarity only between the
samples C_14 and C_15 (“Devin” spring and
“Mihalkovo” spring), which are typical spring
waters and display low concentrations of chlorides,
bromides and iron.

Savina table

Devin spring

Mihalkov
o

Hisar mineral

Bankya minera]

0 1 2 3 4 5 6 7 8 9 10 11
(Dlink/Dmax)*100

Fig. 5. Clustering of the investigated potable waters
(samples C_11 - C_15).

The other three brands of waters differentiate
(particularly at the first significance level and to a
certain degree — at the second significance level).
“Hissar” and “Bankya” form a group of mineralized
waters with a high content of chlorides, iron, zinc
and copper. The “Savina” table water forms a
separate pattern owing to the demineralization
processing of this water prior to bottling. However,
calcium, iron, copper, and zinc are not removed -
their contents are similar to those in the untreated
mineral and spring water samples. These
conclusions are confirmed by the principal
component analysis (factor score diagram presented
on Figure 6) where the separation of the five brands
of waters can be observed.

*
1.50

pPC2
o
@
3

PC1

Fig. 6. Diagram for the factor scores (PC1 vs. PC2)
for the data matrix [5x8].
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CONCLUSIONS

The present study has indicated that the brands
of mineral, spring and table waters in consideration
could be classified into several patterns depending
on their microelement composition. The separation
is obviously related to the specificity of the local
origin of the waters, e.g. crustal and soil properties
and composition. In this relation it is of interest to
note that the chemical composition of the spring
waters ,,.Devin® and ,,Mihalkovo* strongly differs
from that of the mineral waters from the same
locations. The separate pattern formed by the
»Savina” table water may be related to the
additional demineralization processing of this water
prior to bottling. The results of the cluster analysis
point to the stability of the chemical composition
and lack of contamination of the bottled mineral
waters even for a prolonged period of storage (2.5
years after bottling).
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XEMOMETPHUYHA EKCIIEPTU3A HA BbJI'APCKU MUHEPAJIHU, U3BOPHU U
TPAIIE3HU BO/IU

A. K. JleueBa’*, B. . Cumeonos?, E. X. MBanona!

YUnemumym no obwa u neopaanuuna xumus, Bvneapcka axademus: na naykume, yi. Axao. I. Bonues, 61.11, 1113
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2Daxyrmem no xumus u papmayus, Couiicku ynusepcumem “Ce. Knumenm Oxpuocku”, 6yn. JJoc. Bayuep Ne 1, 1164
Cogus, Pvaeapus

[ony4ena Ha 7 stHyapu 2016 r.; kopurupasa Ha 9 mapt 2016 .
(Pe3rome)

Hecer Buaa OyTwiupaHu OBJTApPCKA MUHEPAIHM, W3BOPHU M TPANE3HH BOAU Ca W3CICABaHH
XEeMOMETPUYHO C TIOMOINTAa Ha KJIACTEPeH aHAIW3 W aHAIW3 Ha TJIABHM KOMIIOHEHTH. Bomute ca
KJIACU(UIMPAHU B HSAKOJIKO KaTerOpUH B 3aBHCHMOCT OT €JIEMEHTHHUS UM ChcTaB. HamepeHu ca rpymnu Ha
HO}IO6I/IC MEXAY XUMUYHUTC KOMIIOHCHTH Ha MMUTEHHUTE BOAHX M Ca OIIPCACIICHU CHCHI/I(i)I/I‘IHI/ITe WHIUKATOpH
3a OT/eTTHUTE Tpynu Boau. ToBa pa3jieieHne 09eBUIHO Ce JBJDKH Ha CHEIU(PUIHOCTTA HA JIOKATHUTE BOJIHU
M3TOYHUIM, KaTO HAapuUMeEp CBOMCTBaTa W ChCTaBa Ha 3eMHara Kopa W mouBaTta. MHTepecHO € ma ce
0T66HC)KI/I, Y€ XUMUYHUAT CbCTAaB HAa U3BOPHUTE BOJAU CC€ pasdjindyaBa CHIICCTBEHO OT TO3W Ha MHUHCPAIIHUTC
BOJM OT CHIMUS paiioH. llomydeHuTe pe3yiTaTH CBUIACTEICTBAT 3a CTAOMIIHOCTTa HAa XUMHUYHHUS CHCTaB,
KaKTO U 3a JIUTICaTa Ha 3aMbpCsABaHE HAa WU3CJIEIBAHUTE BOJMU 32 MPOIBIDKUTEIICH TIEPUO/T HA ChXpaHeHue (10
2.5 ronuHuU ciiesl OyTUIINPAHETO).
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The aim of this work is to describe our first results obtained by a quartz crystal microbalance (QCM)-based
unlabeled immunosensor for quantification of afllatoxins. Aflatoxins are natural mycotoxins that enter the food chain by
contamination of crops and nuts, potentially posing carcinogenic risks to animal and human health. On choosing
aflatoxin B1, immuno-QCM approaches were examined including sandwich assays with monoclonal antibodies. The
immuno-QCM assay leads to the sensitive detection and quantification of aflatoxin B1 down to 0.01 ng/ml. The
approach discussed here is used as a model system that could easily be adapted for aflatoxin detection in a variety of

food or animal feed samples using a simple methanol/water solution as an extraction solvent.

Keywords: immune-quartz crystal microbalance, immunosensor, aflatoxin B1.

INTRODUCTION

Aflatoxins are natural mycotoxins that enter the
food chain by contamination of crops and nuts,
potentially posing carcinogenic risks to animal and
human health. In fact, the European Committee
Regulation (ECR) has established the maximum
acceptable level of AFBL in cereals, peanuts and
dried fruits for direct human consumption: 4 ng/g
for total aflatoxins (AFB1, AFG1l, AFB2, AFG2)
and 2 ng/g for AFB1 alone [1]. Aflatoxin B1
(AFB1) is the most common mycotoxin produced
by strains of Aspergillus flavus and Aspergillus
parasiticus that grow on food crops during their
production and storage. It exhibits carcinogenic,
teratogenic, mutagenic and immunosuppressive
properties and has been regarded as a human

carcinogen by the International Agency for
Research on Cancer [2].
Analytical methodology must allow the

determination of aflatoxins at least below the
specific regulatory levels [3]. The measurement of
antibody or antigen concentrations based on
biospecific recognition interactions such as
immunoassay and biosensors, has been considered
a major analytical method wused in clinical
diagnosis, environment, and biochemical studies
and has generated much interest due to its cost-
effectiveness, sensitivity and specificity [4].

* To whom all correspondence should be sent:
E-mail: mslavova@bas.bg

Immunosensing is a very active research field.
The inherent combination of the exquisite
molecular recognition ability of antibodies and the
philosophy of rapid, continuous, reversible and
automatic analysis of chemical sensors utilized in
immunosensors is very useful in many fields [5]. In
this sense, batch immunoassays can solve analytical
problems that require a high number of
determinations, while immunosensing is the better
choice when automation and rapid results are
needed [6].

The general strategy for immunosensor
construction is to place the biological material in
close contact with the transducer in order to obtain
high sensitivity and to minimise the time of
measurement. In a sandwich assay, after interaction
between immobilised antibodies (Ab) and free
antigens (Ag), second antibodies (Ab*), directed
toward a second binding site of the Ag are added,; at
this point, Ag is “sandwiched” between two
antibodies (Ab and Ab*). Transducers, such as
piezoelectric sensors (quartz crystal microbalance,
QCM) allow label-free detection with a direct
quantification of the immunocomplex (Ab-Ag).
For QCM, only a few examples are based on the
use of a direct assay (not to be confused with the
direct competitive assay) where the simple binding
between an antigen and an antibody is detected. In
fact, for low-molecular weight analytes such as
aflatoxins the sensitivity of QCM is usually not
sufficient when a direct antibody/antigen

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 689
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interaction is adopted. For this reason competitive
and sandwich formats (without any labeled
molecules) are highly preferred [7]. Quartz crystal
microbalance (QCM) has been extensively
investigated as a transducer in chemical and
biological sensing [8, 9]. A unique feature of QCM
is that it can be designed as an immunosensor for
directly detecting biomolecules [10, 11]. The QCM
immunosensors measure the resonant frequency
(Fo) using the standard oscillator technique, and the
frequency change (AF) is usually explained by
Sauerbrey equation, which states that the decrease
in Fo (—AF) is linearly proportional to the increase
in surface mass loading of QCM [12]. One of the
biggest challenges for the development of QCM
immunosensor devices for the antigen—antibody
interaction is to understand the interaction process
on the probe surface [13-15]. Thus, the surface
properties of the immobilized antibody should be
reproducible, stable, and selective to a
corresponding antigen [16, 17].

The aim of this work is to describe the
observation of a quartz crystal microbalance
(QCM)-based  unlabeled  immunosensor  for
guantification =~ of  toxins  suspended in
methanol/water solution that can also serve as an
extraction solvent (Figure 1). These are the first
results of this kind of observation.

PC Frequency
counter
| e——
I Peristaltic
e Flow cell pump Flow
=5 5
" Sample loop
Mobile phase Waste

Fig. 1. Quartz crystal microbalance technology

MATERIALS AND METHODS

Aflatoxin B;, the monoclonal antibodies against
AFB; from rabbit (r-anti-AFB1) and the
monoclonal antibodies against AFB; from mouse
(m-anti-AFB1) were purchased from Sigma (St
Louis, MO, USA). All chemicals and solvents used
were of analytical grade and were used without
further proceeding.

Aflatoxin B1 standards

Aflatoxin B1 analytical standard containing 5 ug
AFB1 was solved in 1 ml of 100% methanol. A
main stock of 100 ppb was prepared in 60:40
methanol/water solvent and used to prepare several
standards by diluting the main stock in the same
690

solvent. Considering our objective of quantifying
low aflatoxin concentrations (less than 100 ppb), a
narrow 2-fold dilution range of aflatoxin standards
was prepared [18].

Obtaining of polymer layer of polyacrylonitrile-
polyacrylamide over QCM-resonator

The particles of the polyacrylonitrile-
polyacrylamide copolymer were obtained according
to the method used in [19]. Then 0.100 g of the
obtained copolymer was diluted in 1 mL
dimethylformamide (DMF) and the solution was
stirred for 15 min on a magnetic stirrer. After 1:1
dilution with anizol the prepared polymer solution
was cast as a thin layer over the QCM- resonator
using spin coating (Figure 2).

AT-cu quartz crysltal plata

gold slectrodas

Fig. 2. Quartz crystal resonator with thin polymer
layer

Method of oxidation of anti-aflatoxin B1 antibody

The working concentration of monoclonal m-
anti-AFB1 was 0.67 mg/mL Oxidation of the
carbohydrate moieties of the antibody with periodic
acid (0.04 mmol/L in 0.05 mmol/L acetate buffer,
pH 5.0) was performed according to Zabrosky and
Ogletree. The unreacted periodic acid was removed
with 0.025 mmol/l ethylene glycol. The oxidized
antibody was dialyzed against 50 mmol/l phosphate
buffer with pH 6.0 for 18-24 h [19].

Covalent immobilization of oxidized m-anti-AFB1
on polymer film over QCM-resonator

The immobilization of m-anti-AFB1 was
performed in the following manner: 5 mL of
oxidized dialytic solution of antibody was added to
a resonator. The process was implemented for 24
hours at t = 4°C in dark.

QCM-based immunosensor for aflatoxin B1 using
sandwich immunoassay

Saline was used as a basic solution for QCM
(0.9% sodium chloride solution). Different dilutions
of aflatoxin Bl prepared using 60:40
methanol/water  solvent in separate 1 ml
microcentrifuge tubes (100 pl of each standard)
were added with 1 pg (5 pl) of r-anti-AFB1. Toxin
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capture was performed by gently shaking the tubes
at room temperature.

All solutions of AFB1 were previously
incubated with r-anti-AFB1 to avoid unspecific
adsorption onto the polymer layer. Including one of
the AFB1 solutions in the system causes a decrease
in the frequency of oscillation of the resonator due
to the formation of a sandwich between the
antibodies and AFB1 (Figure 3).

A

A (aflatoxin

Ak
palymer
gartz crystal

Fig. 3. QSM-immunosensor
Recovery of immunosensor

After 20 min treating with citrate-phosphate
buffer (containing 4.7 g/l citric acid and 9.2 g/l
dibasic sodium phosphate (Na,HPO,) anhydrous) at
pH 5.0 the sandwich is destroyed and the sensor is
regenerated.

Modified Lowry method

The protein content was measured using a
modified Lowry method [20]. The principle behind
the Lowry method for determining protein
concentrations lies in the reactivity of the peptide
nitrogens with the copper [l1] ions under alkaline
conditions, and the subsequent reduction of the
Folin-Ciocalteu phosphomolybdic phosphotungstic
acid to heteropolymolybdenum blue by the copper-
catalyzed oxidation of aromatic acids.

First, reagent A: 2% Na,CO; in 0,IN NaOH,
reagent B: 1% CuS0,.5H,0 and reagent C: 2%
sodium tartrate, were prepared. Reagent D was
prepared by mixing reagents B and C at a ratio of
1:1. Reagent D was prepared just prior to use of
reagents A and D at a ratio of 1:50.

After immobilization, the QCM-resonator was
put into 1 ml of distilled water. Thereafter 5 ml of
reagent D were added, and the solution was left for
160 min with occasional stirring. Then, 0.5 ml of
1IN Folin-Ciocalteu reagent
(phosphomolybdotungstate) were added. After 45
min, the absorbance was measured at 750 nm
against a control that contained the same
components, but without the immobilized QCM-
resonator. The amount of protein was determined
by the standard. As a reference a solution of m-anti-
AFB1 was used.

RESULTS AND DISCUSSION

100 pl solution of 0,01 ng/ml AFB1 decreased
the signal by 175Hz due to the accumulation of
mass on the resonator. The increased amount of
mass can be attributed to the formation of the
sandwich assay or a non-specific binding of the
components of the solution with the resonator
(Figure 4a).

9,9884 —
9,9882 4
9,9880 —
9,9878 4 175 Hz
9,9876

9,9874

f/ MHz

9,9872
9,9870

9,9868

9,9866 -

T T T T
500 1000 1500 2000 2500 3000

time/ sec
a
0,01 ng/ml
9,9866 -
0 ng/ml
T
4 -
3 9.986
9,9862 -
9,9860 : :
2000 4000 6000
time/ sec

Fig. 4. Frequency dependence of the QCM-resonator:
a) 100 ul 0,01 ng/ml AFBI1; b) 100 pl r-anti-AFB1
without AFB1 after regeneration

The vibration frequency of the QCM-resonator
is inversely proportional to the mass that has been
deposited on it. Since the mass of AFB1 is very
small, we increased it multifold by adding in
advance r-anti-AFB1 to the primary solution
containing the toxin. This method makes possible
the determination of very small concentrations of
AFBL.

After the regeneration of the sensor, the acid
buffer was replaced with saline. The solution flow
containing 100 pl of r-anti-AFB1 without AFB1 did
not change the frequency of the resonator, which
indicated that there was no non-specific binding
(Figure 4b).
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Table 1. Standard solutions for determination of protein according to the Lowry method

Solution Control 1 2 3 4 5 6 7 8 9
1 mg/ml - oam OB gom 92 gzm 93 gam 9% g5
mouse 1gG ml ml ml ml
Dist. H,O 1ml 0.9mi 0.85 0.8 ml 0.75 0.7 mi 0.65 0.6 mi 0.55 0.5ml
ml ml ml ml
The calibration curve was prepared by the REFERENCES

Lowry method, using an m-anti-AFB1 solution at 1
mg/ml concentration as a standard protein solution.
Out of the solution, the following solutions were
prepared (Table 1):

To each tube 5 ml of reagent D were added and
after stirring for 10 min at room temperature, to
each tube 0,5 ml 1IN solution of Folin-Ciocalteu
were added. After 45 min, the solutions were tested
by photometry at 750 nm against a control (Figure
5).

Lawry MOUSE 1gG

y = 1,3384x + 0,0278

A 750nm

0 0,1 0,2 0,3 0,4 0,5 0,6
C [mg/ml]

Fig. 5. Calibration Lawry curve

The quantity of immobilized antibodies on the
QCM-resonator was 0.094 mg, entirely consisting
of covalent immobilized immunoglobulin.

CONCLUSIONS

This  method combined the sandwich
competitive immunoassay with the amplification
method of covalent immobilization onto the QCM-
surface for AFB1 detection. The immuno-QCM
assay leads to a sensitive detection and
guantification of aflatoxin B1 from 100 down to
0.01 ng/ml. The approach discussed here is used as
a model system that could easily be adapted for
aflatoxin detection in a variety of food or animal
feed samples using a simple methanol/water
solution as an extraction solvent.
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IMoctrenmna Ha 19 anpun 2016 r.; kopurupana Ha 22 mait 2016 T.
(Pesrome)

Hacrosimoro npoydBaHe NpencTaBs HAIINTE ITBPBHU PE3YNTATH, MONYyYEHH ¢ MMYHOCEH30p 6asMpaH Ha KBaploBa
kpuctanHa MukposesHa (QCM) 3a KOMMYECTBEHO OmpeneissHe Ha apiaTOKCHHH. AQIATOKCHHHUTE ca TPHUPOIHU
MHUKOTOKCHHHU, KOWTO IIOCTBIIBAT B XpaHaTa OT 3aMbpPCEHH 3bpHAa M SAKH. Te ca NpUYMHA 33 KaHIEPOTeHHU
3a0oJIsIBaHMsl TIPU YOBEKa M JKUBOTHHTE. AduaTokcuH Bl e n3bpan 3a mscnenpane ¢ umyHo-QCM canaBud MeTon c
MOHOKJIOHAJIHA aHTHUTENa. AHAIU3bBT II0Ka3Ba J0Opa YyBCTBUTEIHOCT HA OTKPHBAaHE M KOJMYECTBEHO OINpEJeIsiHE Ha
admarokcun B1 1o 0.01 ur/mi. [loxxoasT, 00CHACH TYK, CE M3MOJI3Ba KATO MOJCIHA CUCTEMa, KOSTO JICCHO MOXKE J1a Ce
ajlanTypa 3a OTKpUBaHE Ha adIaTOKCHH B Pa3IM4YHU NPOOH OT XpaHH U (ypakH, N3IMOJI3Ballku pa3TBOP METaHOJ/ BOAA
KaTO eKCTPAKIIMOHEH Pa3TBOPUTEIL.
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A simple and efficient preparative approach for the synthesis of different a-benzylamino coumarins catalyzed by
oxalic acid is developed which involves three-component reaction of 4-hydroxycoumarin, aromatic aldehydes and
secondary amines under ambient conditions in aqueous media. The salient features of this protocol are aerobic
conditions, short reaction time, and mild reaction conditions without additives.

Keywords: Oxalic acid, 3-substituted coumarin, Mannich type reaction, a-benzylamino coumarin

INTRODUCTION

There is a great deal of interest in finding
environmentally friendly solvents for synthesis.
The use of water as a solvent in organic synthesis
leads to a clean and economical technology. With
water as a solvent the safety is largely increased,
work-up is considerably simplified and cost is
reduced [1,2]. The use of water as a solvent coupled
with high yields and short reaction times makes
synthetic procedures very attractive. The rates of
the multicomponent reactions (MCRS) can increase
when carried out in water [3]. MCRs have the
advantages of high atom economy, structural
diversity, operational simplicity, and lack of waste
products in multistep reactions. The use of efficient
and eco-friendly MCRs for construction of carbon-
carbon and carbon-nitrogen bonds is a continued
issue in organic synthesis [4-10].

3-Benzylcoumarin and its derivatives are an
important class of heterocyclic compounds that
have attracted much attention because of their
diverse therapeutic and pharmacological activities
such as anti-HIV, anti-malarial, anticoagulant,
antibacterial, insecticide, antioxidant and antiviral
[14-16]. The existence of coumarin derivatives in
natural products is also of interest. Some analogues
of coumarin have been isolated from sweet clover,
bison grass and woodruff and are used to prevent
clotting of blood in the veins, lungs or heart [17-
20].

Mannich reaction is one of the most important
C-C bond formation methods in organic synthesis,
and its products (Mannich bases) are of

* To whom all correspondence should be sent:
E-mail: ghashangmajid@gmail.com

considerable importance in industry, natural
products chemistry, and pharmacy [21]. The
classical Mannich reaction has limited applications,
and many attempts have been made to extend this
reaction [22]. The first report of Mannich type
reaction was done by Robertson and Link [23] to
prepare a range of benzyl amino coumarins at the
mid of the 20th century. Thereafter, numerous
modifications of this reaction surfaced and several
methods have been developed for the preparation of
3-(benzyl)-substituted coumarins by using various
catalysts, including triton X-100 as a non-ionic
surfactant [24], nano crystalline ZnO [25] and InCl;
[26].

Based on the above informations and due to our
interest in developiing synthetic strategies for the
construction of heterocyclic compounds, herein we
report a facile methodology for the multicomponent
condensation reaction of 4-hydroxycoumarin,
aromatic aldehydes and secondary amines (Scheme
1).

OH Ar

X ,\O
OH (0] [e)
N NH Oxalic acid or
HArCHO + or Water, r.t. OH Ar
e e CUL
1O
Scheme 1. of 3-(benzyl) amino
coumarins.

Preparation

EXPERIMENTAL

All reagents were purchased from Merck and
Aldrich and used without further purification. All
yields refer to isolated products after purification.
The NMR spectra were recorded on a Bruker
Avance DPX 400 MHz instrument. The spectra
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were measured in DMSO-d; relative to TMS (0.00
ppm). Elemental analysis was performed on a
Heraeus CHN-O-Rapid analyzer. Melting points
were determined in open capillaries with a BUCHI
510 melting point apparatus. TLC was performed
on silica gel polygram SIL G/UV 254 plates.

General procedure

To a mixture of 4-hydroxycoumarin (1.0 mmol),
aromatic aldehyde (1.2 mmol) and secondary amine
(2.2 mmol) in water (3 mL), oxalic acid (0.28
mmol) was added as the catalyst, and the mixture
was stirred for an appropriate time at room
temperature. After the reaction was completed, the
solid compound obtained was filtered off and the
crude products were purified by recrystallization
from EtOH.

Selected data

3-((4-tert-Butylphenyl)(piperidin-1-
yl)methyl)-4-hydroxy-2H-chromen-2-one (g): ‘H-
NMR (400 MHz, DMSO-ds): 1.28 (s, 9H), 1.73-
1.94 (m, 6H), 2.22-2.26 (m, 2H), 3.09-3.12 (m,
2H), 5.29 (s, 1H), 7.11-7.27 (m, 4H), 7.43 (t, J =
7.7 Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 7.82(d, J =
7.7Hz, 1H), 7.89 (d, J = 7.7 Hz, 1H), ppm; B3¢c-
NMR (100 MHz, DMSO-de): 19.9, 20.3, 22.8, 34.5,
35.7, 52.7, 67.9, 103.4, 115.9, 122.6, 123.9, 124.5,
128.7, 131.4, 135.9, 152.7, 153.6, 163.3, 164.7,
172.7 ppm; Found: C, 76.77; H, 7.56; N, 3.66;
CasH,9NOg3; requires: C, 76.70; H, 7.47; N, 3.58%.

4-Hydroxy-3-((3-nitrophenyl)(piperidin-1-
yl)methyl)-2H-chromen-2-one (h): *H-NMR (400
MHz, DMSO-ds): 1.70-1.93 (m, 6H), 2.21-2.25 (m,
2H), 3.12-3.14 (m, 2H), 5.59 (s, 1H), 7.10-7.16 (m,
2H), 7.43-7.48 (m, 2H), 7.49-7.53 (m, 2H), 7.82(d,
J =7.7Hz, 1H), 7.90 (d, J = 7.7 Hz, 1H), 8.08 (s,
1H) ppm; “®C-NMR (100 MHz, DMSO-dg): 20.3,
22.8, 345, 52.7, 103.6, 116.3, 121.6, 122.9, 123.7,
124.5, 128.9, 130.3, 133.9, 144.7, 148.3, 153.6,
166.3, 165.7, 172.3 ppm; Found: C, 66.39; H, 5.38;
N, 7.44; CyHy,N,Os; requires: C, 66.31; H, 5.30;
N, 7.36%.

4-Hydroxy-3-((9-methyl-9H-carbazol-2-
yl)(piperidin-1-yl)methyl)-2H-chromen-2-one
(q): "H-NMR (400 MHz, DMSO-dg): 1.66-1.91 (m,
6H), 2.35-3.71 (m, 4H), 3.79 (s, 3H, CH3), 5.23 (s,
1H), 7.19-7.72 (m, 9H), 7.84 (s, 1H), 7.95 (d, J =
8.0 Hz, 1H) ppm; *C-NMR (100 MHz, DMSO-ds):
23.7, 26.3, 29.7, 50.9, 54.3, 107.8, 116.4, 116.6,
116.9, 120.7, 120.9, 121.6, 122.2, 123.7, 1245,
126.4, 127.7, 128.0, 129.5, 131.6, 139.7, 140.3,
142.6, 153.7, 165.3, 173.1 ppm; Found: C, 76.86;
H, 6.21; N, 6.54; CyHysN,Os; requires: C, 76.69;
H, 5.98; N, 6.39%.

4-Hydroxy-3-((9-methyl-9H-carbazol-2-

yl)(pyrrolidin-1-yl)methyl)-2H-chromen-2-one
(r): 'H-NMR (400 MHz, DMSO-dg): 1.89-1.96 (m,
4H), 3.02-3.11 (m, 4H), 3.79 (s, 3H, CHz), 5.25 (s,
1H), 7.20-7.71 (m, 9H), 7.84 (s, 1H), 7.96 (d, J =
8.1 Hz, 1H) ppm; *C-NMR (100 MHz, DMSO-ds):
24.2, 29.9, 50.3, 54.2, 107.6, 116.3, 116.7, 116.9,
120.6, 120.9, 121.7, 122.3, 123.7, 124.4, 126.5,
127.6, 127.8, 129.5, 131.6, 139.5, 142.7, 140.4,
153.6, 165.1, 173.3 ppm; Found: C, 76.56; H, 5.84;
N, 6.78; CyxH24N2Os; requires: C, 76.39; H, 5.70;
N, 6.60%.

RESULTS AND DISCUSSION

Initial investigations were carried out using
benzaldehyde (1.2 mmol), 4-hydroxycoumarin (1
mmol) and piperidine (1.2 mmol) as reactants in
order to assess the suitability of oxalic acid as a
catalyst (Scheme 2) and to optimize the reaction
conditions. The results are presented in Table 1.

Scheme 2. synthesis of  4-hydroxy-3-
(phenyl(piperidin-1-yl)methyl)-2H-chromen-2-one

As shown in Table 1, a variety of polar and non-
polar solvents like CH,CI,, ethanol, methanol, n-
hexane, ethyl acetate, diethyl ether and water were
examined. Under solvent-free conditions the
product was obtained in a low yield. It was noticed
that the polar protic solvents afforded better yields
than other solvents and the best catalytic activity of
oxalic acid (0.56 mmol) was observed in aqueous
medium (Table 1).

To find out the optimial amount of barium
chloride, the reaction was carried out by varying the
guantity of catalyst (Table 1, entries 7, 9-11). The
maximum yield was obtained using 0.28 mmol of
catalyst (Table 1, entry 10). Further increase in the
amount of oxalic acid in the mentioned reaction had
no significant effect on the product yield.

With the successful optimization of the
synthesis  of  4-hydroxy-3-(phenyl(piperidin-1-
yl)methyl)-2H-chromen-2-one we further studied
the reactions of various aromatic aldehydes,
piperidine/pyrrolidine and 4-hydroxy coumarin
under similar conditions (Table 2, products a-p). A
wide range of aromatic aldehydes was investigated
under the optimal conditions.

The electron-donating groups attached to the
phenyl rings of aldehydes decreased the reactivity
(Table 2, entries 5-7,). However, the electron
withdrawing groups (Table 2, entry 8) exhibited
good reactivity.
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Table 1. Optimization of the reaction conditions in the synthesis of 4-hydroxy-3-(phenyl(piperidin-1-yl)methyl)-2H-

chromen-2-one (Scheme 2)

Entry Catalyst (mmol) Temperature Solvent (5 mL) Yield (%)?
1 0.56 r.t. n-Hexane -
2 0.56 r.t. CH,Cl, -
3 0.56 r.t. Et,O 5
4 0.56 r.t. EtOAc 20
5 0.56 r.t. EtOH 40
6 0.56 rt. MeOH 40
7 0.56 r.t. H,O 80
8 0.56 r.t. - 10
9 1 rt. H,O 85

10 0.28 r.t. H,O 89
11 0.14 r.t. H,0 50

? Isolated yields, reaction time: 2 h

Table 2. Synthesis of a-benzylamino coumarin derivatives

Entry Aldehyde Amine Product Time  Yield (%)
(h)
1 Benzaldehyde piperidine a 2 89
2 2-Chlorobenzaldehyde piperidine b 3 87
3 4-Chlorobenzaldehyde piperidine c 2 74
4 2-Methylbenzaldehyde piperidine d 4 80
5 4-Methylbenzaldehyde piperidine e 3 86
6 4-Methoxybenzaldehyde piperidine f 3 77
7 4-tert-Butylbenzaldehyde piperidine g 3 85
8 3-Nitrobenzaldehyde piperidine h 2 95
9 2,4-Dichlorobenzaldehyde piperidine i 3 60
10 4-Bromobenzaldehyde piperidine j 2 93
11 Benzaldehyde pyrrolidine k 2 90
12 2-Chlorobenzaldehyde pyrrolidine I 2 94
13 4-Chlorobenzaldehyde pyrrolidine m 3 95
14 2-Methylbenzaldehyde pyrrolidine n 2 80
15 4-Methylbenzaldehyde pyrrolidine 0 2 90
16 3-Nitrobenzaldehyde pyrrolidine p 2 92
17 9-Methyl-9H-carbazole-2- piperidine q 5 85
carbaldehyde
18 9-Methyl-9H-carbazole-2- pyrrolidine r 5 87
carbaldehyde

dIsolated yields. All products have been reported previously in the literature and were characterized by comparison

of NMR spectra with authentic samples [20-22].

CONCLUSION

In conclusion, a one-pot three-component
reaction of aromatic aldehydes, piperidine/
pyrrolidine and 4-hydroxycoumarin was described
and an efficient procedure for the synthesis of a
variety of a-benzylamino coumarins was found.
Prominent among the advantages of this method
are: easy workup procedure, operational simplicity
and excellent yields of products in short reaction
times.

Acknowledgements: The authors are indebted
to the Islamic Azad University, Najafabad Branch
for financial support of this research.
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[NPUT'OTBAHE HA ITPON3BOAHU HA o-BEH3UJIAMWHOKYMAPHH C U3IIOJI3BBAHETO
HA OKCAJIOBA KUCEJIMHA BBB BO/ITHA CPEJIA

M. Tauranr’*, M.P.M. H_[aq)nel, C. I[en:seHz[el, A. dDaanHaz, X. EC(baHzmapHZ, M.H. BnperaHl,
H. Xefmapnl

1 .
Jlenapmamenm no xumus, Ucasimcexu ynueepcumem ,,A3ao “, Knon Haoxcapabao, Haoocaghabao, Ecpaxan, HUpan
2 ) . .
Jlenapmamenm no xumus, Hcaamcku ynueepcumem ,,A3ao “,, Knon Hetipus, Hetipus, Upan

[ocrenuna Ha 4 mait, 2015 r.; kopurupana 28 nexemspu, 2015 r.

(Pesrome)

Pazpaboten e mpoct u edukaceH NpemapaTHBEH IOJAXOJ 3a CHUHTe3aTa Ha pa3JIMuHM IIPOM3BOJHU Ha 0O-
OCH3WIAMUHOKYMapuH IPH KaTaJW3aTOp OKCajoBa KHCENHWHA, KOWTO BKJIIOYBA TPU-KOMIIOHEHTHA peakius Ha 4-
XUJIPOKCUKYMapHH, apOMaTHU alJeXUAM M BTOPUYHM aMUHH BBHB BOJHA cpefa. XapakTepHH OCOOCHOCTH Ha TO3HU
MIPOTOKOJI Ca aepOOHH YCIIOBUS, KPATKO PEAKIIMOHHO BPEMe U MEKH yCIIOBUsl, 0e3 100aBKH.
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In the present study, a tin deposit was elaborated electrolytically at different temperatures on an ordinary steel
substrate in an H,SO, based electrolyte for different linseed essential oil (LSEO) concentrations. The effect of this
additive on the electrochemical properties of the coating was investigated using both the stationary and
chronopotentiometry method. Thermodynamic parameters such as Ea, A*G, A*H and A*S have been evaluated in
accordance with the Arrhenius theory and it has been found that the sorption process is non-spontaneous and
endothermic in nature. The surface state of the deposit obtained was characterized by electron microscopy (SEM). The
results have shown an approving surface quality of the deposit involved with the addition of an optimum concentration

of LSEO in the electrolyte.

Keywords: Electrodeposition,
chronopotentiometry.

INTRODUCTION

Tin and its alloys are utilized in a large range of
industrial ~ applications  pertaining to light
engineering and electronics. An increasing interest
of their investigation has been manifest in recent
years because of the health and environmental
concerns, particularly in the electronics industry,
likewise in the automotive industry and in
decorative plating,where the coatings types are
mentioned as ecological alternatives to replace lead
based soldering or nickel-chromium decorative
coatings [1-3].

In tin plating baths including no organic
additives, the tin is massively deposited under a low
polarization. The deposit obtained is then porous,
less adherent and dendritic with the formation of tin
whiskers that spontaneously extend on the tin
surface, which may cause a short circuit between
the anode and the cathode [4-6].

To remedy or minimize this problem, it is
essential to modify the Kkinetics of deposition.
Several authors have proposed the addition of an
organic compound into the bath, which can slow
the deposition rate. First of all, marked efforts have
been made in order to promote adequate additives
and then to determine their intervention modes in
both the mechanism and the kinetics of the deposit
and hence their effect on the coating structure [7,
8]. The advantage in using natural organic
compounds is due to theiraccessibility, cost and
effect on the environment [9-12]. They pose no

* To whom all correspondence should be sent:
E-mail: benabida2000@hotmail.com

Thermodynamic parameters,

additive, Kinetic, linseed essential oil, Tin,

detrimental effects on the environment or risk to
human health. A number of natural organic
compounds have been recognized as good
brightening actors in tin electroplating. A sample of
these substances is linseed essential oil (LSEO).
These classes of organic compounds are
biodegradable and non-toxic.

Linseed oil is yellowish oil,also known as flax
seed oil,extracted from the dried ripe seeds of the
flax plant (Linumusitatissimum, Linaceae). As a
renewable resource for agriculture, the application
knowledge of the linseed essential oil as an
industrial product has acquired much consideration.
In 1965, the triglyceride composition of linseed
essential oil was assured by a combination of
several chromatographic techniques [13]. After
that, the oxidation of linseed essential oil was
reported by different groups [14,15]. Then, the
drying operation was investigated with different
methods and influencing factors [16-19]. More
complex systems of linseed essential oil were also
applied in concrete penetration [20], characterized
by spectroscopy [21]. The recent interest in
materials  science, focusing on producing
environmentally friendly products that substitute
the oleo-chemical derived ones, point out a new
way to the area of technical significance for linseed
essential oil [22].

EXPERIMENTAL METHODS

Linseed oil is pressed from the seeds of the flax
plant, Linumusitatissum, grown in temperate and
cold climates such as Morocco. The essential oil
was acquired by hydrodistillation and analyzed by
Gas chromatography (GC) and Gas
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chromatography mass spectrometry (GC-MS)
techniques as described in our earlier work [23, 24].
The chemical structure of the linseed essential oil is
presented in Fig. 1. The major constituents of
linseed essential oil are o-linolenic acid (60%),
linoleic acid (29%), and oleic acid (27%). Linseed
oil, which contains 60% a-linolenic acid, is an
example of non-conjugated oil and it is rich in
polyunsaturated fatty acids [23]. Oxygen atoms are
present in their molecular structures and in
addition, linolenic and linoleic acids include double
bonds, which form potential adsorption sites on the
mild steel surface by the donation of electrons to
the empty d-orbital of Iron.

Fig. 1. The chemical structure of linseed essential oil
additive.

The solution of tin sulfate and sulfuric acid were
prepared using analytical grade chemicals. The pH
is around 1 as in industrial applications and the
temperature was varied as (25, 35, 45, and 55)°C
using a hotplate stirrer. Table 1 contains the
electrolytes used.

Table 1. Compositionofthestudiedbaths.

Electrolyte H,SO, LSEO
SnSO, (M)
s (M) (ppm)
a 0 0.56 0
b 0 0 20
c 0 0.56 20
d 0.14 0.56 0
e 0.14 0.56 10
f 0.14 0.56 20
g 0.14 0.56 30

A 200ml cell was used. The gravimetric method
is used to evaluate the electrodeposition efficiency,
in the basic solutions without and with an LSEO
additive, using rectangular mild steel coupons
having the same purity as for mild steel rods. The
substrates were iron plates (1cm?®), mechanically
polished down to 1200by SiC paper, degreased in
ethanol, etched in dilute sulfuric acid and rinsed
with distilled water prior experiment initiation. The
electrochemical measurements were executed with

a potentiostat (VoltaLab model PGZ100). A
platinum electrode was used as the counter
electrode and a silver/silver chloride (Ag/AgCl) as
the reference electrode with all potentials referred.
The surface of the deposits was examined by
scanning electron microscopy (SEM) to confirm the
results obtained.

RESULTS AND DISCUSSIONS
Cathodic Polarization curves

This study was carried out for the first time to
explore the effect of LSEO on the cathodic
polarization without tin in a cathodic polarization
sweepin the potential range from -0.35V to -1.2V.
The results foundfrom the three basic solutions
(table 1) are shown in Fig.2.

0,05

0004 b

-0,05

-0,10 4

Current density(mA/cm?)

-0,15

—0O— 20ppm LSEO
-0,20 —O— 20ppm LSEO+0.56M H,SO,
—#—0.56M H,SO,

-0,25 T T T T T T T T T
-3 -12 -11 -10 -09 -08 -07 -06 -05 -04 -03

Potential (V/Ag/AgCl)

Fig. 2. Linear sweep polarizations in the tin-free
electrolyte. (a) 0.56M H2SO4. (b) 10 ppm LSEO. (c)
0.56M H2S04 + 10 ppm LSEO. at 25°C andscanrateof
10 mv.s™

When the cathodic sweep takes place in the
sulfuric acid electrolyte alone, there is a high
hydrogen evolution reaction (HER) that appears
rapidly when LSEO is added to the electrolyte. The
process reduction changes concretely, such that the
HER reaction is delayed until a higher potential is
reached. Increasing the LSEO concentration in the
electrolyte inhibits the HER more. On the other
hand it can be inferred that this electrolyte is not
electroactivein the zone of the potential studied:

2H" +2¢=H,, Q)

The cathode polarizations were measured in the
basic solution (Table 1) in the presence of the tin
electrolyte, at different LSEO concentrationsand
under the scan rate of 5mV/s presented in Fig. 3.
The results show that this additive significantly
decreases simultaneously with the current densities
and the peak of tin reduction (2) at a disposed
potential. This can be explained by the adsorption
of the additive on the surface of the electrode [25,
26]. On the other hand, the hydrogen gas evolution
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(1) is more impeded whenever the LSEO
concentrations increase[27].
Sn** +2e —Sn. 2)

004 (f): 30 ppm LSEO

02 peak

044 (e) : 20 ppm LSEO

P
{

-0,6

-0,8 4

Current density ( A/cmz)

(d) : 0 ppm LSEO

-1‘,2 -1‘,0 -0‘,8 -OI,S -0‘,4
Potential ( V/Ag/AgCI)

Fig. 3. Linear sweep polarizations in the presence of
tin in the electrolyte. (d) 0.14M SnSO, + 0.56M H,SO,.
(e) 0.14M SnSO, + 0.56M H,SO, + 10 ppm LSEO. (f)
00.14M SnSO,4 + 0.56M H,SO, + 20 ppm LSEO. at
25°C and a scan rate of 10 mv.s™

Chronopotentiometry

The transitory curves E=f(t) plot, for different
current densities in baths from (d) to (g) (Fig. 4)
show that the potential of stabilization is affected

o
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=
El)
L7 -
E om-
] o— -
LI~ S
=10 T T T T T T T :
o 1m n v ] am ] E00
Time/s=
-u.*_ -----------------
-5
= ] a3:30mm
& -0E-]
=
E-]
I -1
£ i —O— 10m A
-0H —O— 15m &
—fe— 20 A
-ns
-10 T T T T T T r
o m ] m o =0 m

by the presence of linseed essential oil for different
chosen current densities, as well as there is an
overvoltage occurs when increasing the current
density due 10 mA/cm? to 20 mA/cm?, for all baths
studied. These results show that the additive studied
has a considerable effect on tin electrodeposition on
the substrate. This potential drop after the addition
of LSEO may be attributed to a partial blockage of
the surface by adsorption of the additive [28].
Furthermore, the cathodic overvoltage increases as
the concentration of the additive rises, as may be
expected if the inert film behaves as a physical
barrier [29].

In view of the galvanostatic curves shown above
(Fig.4), the lowest overpotential is obtained in the
absence of an LSEO additive,when the voltage
increases gradually as a function of the LSEO
concentration.Therefore, it is obvious that the
increase in the concentration of LSEO would
significantly affect the electrochemical properties
of Sn. The highest overpotential is obtained as the

structure becomes more compact and uniform
(Fig.10).
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Fig. 4. Potentiostatic current-time transients during tin deposition in the absence and in the presence of different
LSEO concentrations (d):0ppm; (e): 10ppm; (f): 20ppm; (g): 30ppm.
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Electrodeposition efficiency

The amount of tin deposited at the working
electrode surface can be expressed using the
electrodeposition efficiency (CE) that may be
calculated from the Faraday’s law (3) :

CE= m“pxum, ?3)
mtheor

Where mq,, is the weight of the deposit obtained
experimentally and My, the theoretical mass Mypeor
of the deposit calculated theoretically according to
Faraday's law[30].

Fig. 5 presents the electrodeposition efficiency
with different LSEO concentrations as a function of
various current densities. It is noticeable that the
CE increases in general with an elevation of the
current density.

e

Caihede currant sfMelancy %

B —=— 30 ppm LSO
—— 20 ppm L3O
—m— i ppm LZ0

T T T T T T T T T
q ] ] m [ ] [ L] [1.] [1.] ] -]
Currmntinnaly (mARmY

Fig. 5. Effect of the current density on the cathodic
electrodeposition efficiency for various LSEO
concentrations at 25°C.
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Fig. 6. Effect of the LSEO concentration on the
cathodic electrodeposition efficiency at 25°C and
15mA/cm?,

Furthermore, the presence of the LSEO
significantly  improves the electrodeposition
efficiency, which may be explained by the fact that

the stannous ions when they arrived on the
substrate they attach themselves better than in the
case of the absence of an additive, which results in
the absence of whiskers during electrodeposition
[27]. On the other hand, it is noticeable that the
obtained results (Fig. 6) show that the CE varies in
accordance with the different concentrations and
the highest value is obtained when we choose a
concentration of 20ppm. This result is confirmed in
the curve of Fig.4f by the drop of the voltage for
this value of the concentration. The decrease in the
CE at a high concentration may lead to a decrease
in the number of catalytic sites on the metal surface
because of the formation of a thin film of adsorbed
LSEO on top of the active surface [31].

Thermodynamic parameters

A thermochemical study of the temperature
effects on the tin electrodeposition system by
means of potential-current density is presented in
Fig.7 to understand the effect of temperature on the
deposition mechanism. These studies have been
completed by activation parameters calculation at
different temperatures between room temperature
and 55°C.

The Arrhenius equation provides a mathematical
dependency between the reaction rates (the time
limiting current density) and temperature as
follows:

logl, =log A-E_,/23RT (4)

Where | is the limiting current density. A is the
Arrhenius pre-exponential constant. R is the molar
gas constant and T is the absolute temperature.
A plot of log | versus 1/T produces straight lines
(fig. 8) with a slope as (—Ea/2.3R) and an intercept
at log A. The activation parameters calculated from
the plot are displayed in table 2. The transition state
equation (18) afforded thermodynamic parameters
(table 2) such as the enthalpy change A*H and
entropy change A*S from a plot of log I,/T versus
1/T as shown in Fig. 9.

RT [A*Sj (A*Hj
I, =—exp exp—

Nh R RT

where N is Avogadro’s number and h is Plank’s
constant. The enthalpy was calculated from the
slope (-A*H/2.3R) while the entropy was calculated
from the intercept { In( R/Nh )+ (A*S/2.3R) of the
plot. Therefore A*Gis calculated from equation (4):

A*G = A*H - TA*S , 4)

The activation energies of the tin deposition
with and without LSEO are calculated in
accordance with the Arrhenius equation (4). The
results obtained (Table 2) reveal that the higher

701


http://click.thesaurus.com/click/nn1ov4?clkord=11&clkpage=the&clksite=thes&clkld=0&clkdest=http%3A%2F%2Fwww.thesaurus.com%2Fbrowse%2Fadditionally&clkmseg=40

A. Benabida , M. Cherkaoui: Tin electrodeposition in the presence of linseed essential oil

values of Ea obtained for the deposition of tin
containing LSEO may be attributed to the blockage
of the surface of the working electrode by
molecules of the additive [32].
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Fig. 7. Linear sweep polarizations recorded at
various temperatures and a scan rate of 10 mV.s*for the
electrolyte ; (a) without an additive, (b) with 20 ppm of
LSEO.

Like Ea, the A*H increases in the presence of
the additive. The positive values of A*G are a sign
of the non-spontaneous process as expected. The
process was endothermic due to the positive values
of A*H. Therefore, the entropy A*S was negative
and decreased gradually with the presence of the
LSEO compared to that of the LSEO - free
solution, meaning that the formation of the new tin
layer with LSEO is less disordered[33].
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takenfromFig. 7.
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Fig. 9. Transition state plots for tin reduction on mild
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Surface morphology of deposits

The surface morphology of tin deposits was
studied in the absence and in the presence of LSEO
using scanning electron microscopy (SEM) and is
given in Fig.10a and Fig.10b. It is remarked that the
tin deposit in the absence of LSEO was rough and
porous.

Table 2. The thermodynamic parameters for tin electrodeposition in 0.56 M H,SOy, in the absence and presence of

20 ppm LSEO.
Surfactant re;rlgsjign E. A™H A”S A*G
coefficient (1) (kJ/mol) (kJ/mol) (J/mol) (kJ/mol)
Without additive 0.99964 14.54 11.957 -122.29 48.399
In the presence of LSEO 0.99877 30.92 28.315 -185.34 86.153

702



A. Benabida , M. Cherkaoui: Tin electrodeposition in the presence of linseed essential oil

Fig. 10. (a and b) SEM images of tin deposits
obtained at 25°C from the additive-free bath under the
current density of 15 mA/cm?. (o and B) SEM images of

tin deposits obtained at 25°C at 20 ppm of LSEO under
the current density of 15 mA/cm?.

However, the tin deposit became compact and
the roughness was decreased in the presence of
LSEO as shown in Fig.10a and Fig.10p. It is noted
that the grain size was clearly decreased with LSEO
addition. Thus, it is found that the deposits with
fine grains have a relatively large resistivity [34].
Also, the color of the deposits is modified from
dark brown to bright with the presence of LSEO.
This bright appearance of the deposits generally
manifests  better mechanical and electrical
properties.

CONCLUSION

The electrochemical behavior of Sn (II) was
studied in the sulphuric acid bath where linseed
essential oil is an additive at different temperatures
between room temperature and 55°C, using a mild
steel working electrode. The insertion of LSEO into
the base electrolyte of a tin deposit containing
SnSO, and sulfuric acid leads to an improvement of
the coating quality. Thus, the coating is more
homogeneous more regular and less burnt than the
one obtained from the base bath. This improvement
may be attributed to a slowdown in the process of
tin reduction by adsorption of this additive on the
surface blocking a part of the actives sites. The
thermodynamic parameters (Ea. A*G. A*H and
A*S) showed that the adsorption process is non-
spontaneous and endothermic in nature. In
addition,linseed essential oil can be efficiently used
as a low-cost and eco-friendly alternative as an
organic compound in the bath.
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EJIEKTPOOTI'AJIAHE HA KAJIAM B IIPUCHCTBUE HA ECEHIIMAJTHO MACJIO OT
JIJEHEHO CEME

A. benabuna*, M. Uepkayn

Jlabopamopus no mamepuanosHanue, erekmpoxuMus u okona cpeoa, Hayuen gpaxyamem, Ynusepcumem Hon
Togatin, Kenumpa, Mapoko

Ilocrprmna wa 30 mapt, 2016 r.; kopurupana Ha 12 ampui, 2016 T.
(Pestome)

B HacrosimaTa pa0oTa eNeKTPOJMTHOE OTJaraH Kajaid NMpH pa3iMyHH TeMIepaTypuh Ha OOWKHOBEH CTOMaHEH
cyoctpate H,SO, 6asupanu eIeKTPOIUT 3a pa3InuHK KOHIICHTpaIluiHa JeHeHo eTepuano macio (LSEO). Usciensan e
edekra Ha Ta3u JOOaBKa BBPXY €JIEKTPOXHMMHYHHUTE CBOWCTBAa Ha MOKPHUTHETO,KaKTO MPU CTALUOHAPHHU, TaKa M MPH
XPOHO-TIOTEHITHOMETPUYHN Metoan. OmpeneneHn ce TepMOAMHAMHUYHHU mapamerpd, kato Ea, A*G, A*H u A*S B
ChIVIaCHE Ha TeOopusATa Ha ApEHHYC M € YCTaHOBEHO, 4Ye aJcopOImsATa € €HIOTEPMHYCH M HECIOHTAHEH IIPOIEC.
[ToBBPXHOCTHOTO CHCTOSIHME HA OTJIATAHETO € 0XapAKTEPU3UPAHO C €IEKTPOHHA MUKpOCKOMHA. Pe3ynTaTure mokassar,
Ye MoAoOpeHHTe MOBBPXHOCTHH KadecTBa HA IOKPUTHETO CE ABIDKAT HAa ONTHManHata KoHueHTpamus Ha LSEO B
€JIEKTPOJINTA.
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Three component condensation of a Betti-type — efficient tool for synthesis of chiral
naphthoxazines and aminobenzylnaphthols for enantioselective diethylzinc addition
to aldehydes
M. Tavlinova-Kirilova, M. Marinova, P. Angelova, M. Kamenova-Nacheva, K. Kostova®, V.
Dimitrov”

Institute of Organic Chemistry with Center of Phytochemistry, Bulgarian Academy of Sciences, Acad. G. Bonchev 9,
Sofia 1113, Bulgaria
Received March 28, 2016; Revised April 14, 2016

2-Naphthol, formaldehyde and chiral amines have been applied in three component Betti-type condensation to
provide chiral 1,3-naphthoxazines in excellent yields. The latter have been easily transformed to chiral N-methyl
aminobenzylnaphthols through reaction with lithium aluminum hydride. The chiral aminobenzylnaphthols are active
catalyst (ligands) for enantioselective diethylzinc addition to aldehydes providing secondary alcohols in good yields

only up to a moderate degree of enantioselectivity.

Keywords: oxazines, aminobenzylnaphthols, diethylzinc, enantioselectivity

INTRODUCTION

The three component condensation of 2-
naphthol (1), benzaldehyde (2) and ammonia (3)
was first realized by Mario Betti [1] and has been
forgotten for a long time until the finding in recent
years that the replacement of the ammonia used
with chiral amines leads to a very potent approach
for the synthesis of chiral aminobenzylnaphthols
(Scheme 1). This relatively simple reaction, often
referred to as modified Mannich condensation,
forms in a first step equilibrating mixture of an
imine A and 1,3-naphthoxazine B. Upon treatment
with hydrochloric acid the aminonaphthol salt 4 is
formed which treatment with sodium hydroxide
then leads to aminonaphthol 5 (the so called “Betti
base”). In recent years there is a growing interest in
the synthesis of “Betti bases” due to the application
of chiral analogues in asymmetric synthesis [2, 3].
The scope of the current knowledge about the
synthesis and application of aminobenzylnaphthols
of type “Betti base” has recently been demonstrated
in review articles [4-6]. The most important
achievement in the recent history of the “Betti
bases” is the condensation of enantiopure amines
with  2-naphthol and aldehydes leading to
aminobenzylnaphthols of type 5 (Scheme 1) formed
in high to excellent diastereoselectivity [7-10]. The
aminonaphthols of type 5 form readily 1,3-oxazines
with aldehydes, including formaldehyde [11-13].

Surprisingly, little attention has been directed to
the condensation of 2-naphthol, formaldehyde and
amines for the synthesis of 1,3-naphthoxazines [14-

* To whom all correspondence should be sent:
E-mail: kalina@orgchm.bas.bg, vdim@orgchm.bas.bg

16]. There is only one report describing the
synthesis of enantiopure 1,3-naphthoxazine by
using formaldehyde and chiral amine [17].

The aim of the current work is the realization of
three component condensation of 2-naphthol,
formaldehyde and chiral amines with the purpose of
using the targeted 1,3-naphthoxazines for further
transformations to chiral aminobenzylnaphthols.
The latter compounds can be applied as precatalysts
in the enantioselective addition of diethylzinc to

aldehydes.
OH
1
EtOH rt.

e @
SO

HCI/HZO
NH, - HCI NaOH/H20 NH;
OH
Scheme 1.  Condensation of  2-naphthol,

benzaldehyde and ammonia (Betti condensation).
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EXPERIMENTAL
General

The reagents were commercial grade and used
without ~ further  purification.  Thin  layer
chromatography (TLC) was performed on
aluminum sheets pre-coated with silica gel 60 Fass
(Merck). Flash column chromatography was carried
out using silica gel 60 (230-400 mesh, Merck).

Optical rotations ([a]%’) were measured on a

Perkin Elmer 241 polarimeter. The NMR spectra
were recorded on a Bruker Avance I+ 600
spectrometer (600.13 MHz for *H, 150.92 MHz for
¥C NMR) in CDCl; with TMS as the internal
standard for chemical shifts (5, ppm). *H and C
NMR data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g =
quartet, br = broad, m = multiplet), coupling
constants (Hz), integration and identification. The
assignment of the 'H and *C NMR spectra was
made on the basis of DEPT, COSY, HSQC, HMBC
and NOESY experiments. All assignments marked
with an asterisk are tentative. Mass spectra (MS)
were recorded on a Thermo Scientific High
Resolution Magnetic Sector MS DFS by
electrospray ionization (ESI) and are reported as
fragmentation in m/z with relative intensities (%) in
parentheses. Gas chromatography (GC) was
performed with a Shimadzu GC-17A. Elemental
analyses were performed at the Microanalytical
Service Laboratory of the Institute of Organic
Chemistry, Bulgarian Academy of Sciences.

(S)-2-(1-phenylethyl)-2,3-dihydro-1H-naphtho[1,2-
e][1,3]oxazine 11

To a mixture of 2-naphthol (1) (0.100 g, 0.694
mmol) and S-(-)-1-phenylethylamine (6) (0.088 g,
0.728 mmol) in EtOH (3 ml) 37% aq solution of
formaldehyde (calculated to provide 3 equiv of
formaldehyde) was added. The mixture was stirred
at 50°C for 2h. After evaporation of the solvent, the
crude product was chromatographed (petroleum
ether/MTBE = 20:1) to give 0.192 g (96%) of 11.

[] 2= +66 (c 1.04, CHCI3). 'H NMR: § 1.50 (d,

JH,H = 6.6 HZ, 3H, H-l4), 4.04 (q, JH,H = 6.6 HZ,
1H, H-13), 4.17 (d, Jun = 16.7 Hz, 1H, H-11), 4.41
(d, Jun = 16.8 Hz, 1H, H-11), 4.92 (d, Jup = 10.1
Hz, 1H, H-21), 5.17 (dd, Jun = 10.1, 1.0 Hz, 1H,
H-21), 7.05 (d, Jun = 8.9 Hz, 1H, H-3), 7.25-7.29
(m, 1H, H-18), 7.30-7.37 (m, 5H, H-16, H-17, H-7,
H-19, H-20), 7.38-7.42 (m, 1H, H-8), 7.46 (d, Jun
= 8.4 Hz, 1H, H-9), 7.64 (d, Jun = 8.9 Hz, 1H, H-
4), 7.76 (d, Jun = 8.1 Hz, 1H, H-6) ppm. °C NMR:
5 21.62 (q, C-14), 46.12 (t, C-11), 58.21 (d, C-13),
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79.91 (t, C-21), 112.14 (s, C-1), 118.48 (d, C-3),
121.03 (d, C-9), 123.34 (d, C-7), 126.39 (d, C-8),
127.23 (d, C-18), 127.30 (2d, C-16, C-20), 127.85
(d, C-4), 128.53 (2d, C-17, C-19), 128.57 (d, C-6),
128.90 (s, C-5), 131.82 (s, C-10), 144.70 (s, C-15),
152.55 (s, C-2) ppm. MS (ESI) m/z (rel int.) = 290
(100, [M+H]"), 157 (17), 152 (10), 128 (30), 104
(40). Anal. Calcd for CH1sNO (289.37): C 83.01,
H 6.62, N 4.84; Found: C 83.24, H 6.54, N, 4.71.

(S)-2-(1,2,3,4-tetrahydronaphthalen-1-yl)-2,3-
dihydro-1H-
naphtho[1,2-e][1,3]oxazine 12

To a mixture of 2-naphthol (1) (0.100 g, 0.694
mmol) and S-(+)-1,2,3,4-tetrahydro-1-
naphthylamine (7) (0.107 g, 0.728 mmol) in EtOH
(3 ml) 37% aq solution of formaldehyde (calculated
to provide 3 equiv of formaldehyde) was added.
The mixture was stirred at 50°C for 2h. After
evaporation of the solvent, the crude product was
chromatographed (petroleum ether/MTBE = 10:1)

to give 0.209 g (95%) of 12. [o] 3’ = +34.4 (c 0.975,

CHCIs). 'H NMR: § 1.63-1.73 (m, 2H, H-14, H-
15), 1.87 (m, 1H, H-15), 2.07 (dt, Jun = 11.4, 5.6,
1H, H-14), 2.65-2.78 (m, 2H, H-16), 4.12 (d, Iy =
17.0 Hz, 1H, H-11), 4.28 (dd, Jun = 8.8, 4.90, Hz,
1H, H-13), 4.38 (d, Jun = 17.0 Hz, 1H, H-11), 5.05
(dd, Jun = 10.0, 1.35, Hz, 1H, H-23), 5.14 (d, Jun =
10.0 Hz, 1H, H-23), 7.04 (d, Jun = 8.88 Hz, 1H, H-
3), 7.07-7.11 (m, 1H, H-18), 7.16-7.22 (m, 2H, H-
19, H-20), 7.30-7.35 (m, 1H, H-7), 7.39-7.43 (m,
1H, H-8), 7.53 (d, Jun = 8.40 Hz, 1H, H-9), 7.63
(d, Iun = 8.89 Hz, 1H, H-4), 7.66-7.69 (m, 1H, H-
21), 7.75 (d, Jun = 8.04 Hz, 1H, H-6) ppm. 3C
NMR: 6 21.25 (t, C-15), 27.91 (t, C-14), 29.19 (t,
C-16), 43.58 (t, C-11), 62.64 (d, C-13), 82.35 (t, C-
23), 114.38 (s, C-1), 118.99 (d, C-3), 121.14 (d, C-
9), 123.32 (d, C-7), 125.81 (d, C-20), 126.33 (d, C-
8), 126.80 (d, C-19), 127.66 (d, C-4), 128.39 (d, C-
21), 128.54 (d, C-6), 128.74 (s, C-5), 129.10 (d, C-
18), 131.16 (s, C-10), 137.48 (s, C-22), 138.44 (s,
C-17), 152.96 (s, C-2) ppm. MS (ESI) m/z (rel int.)
= 316 (100, [M+H]"), 186.4(15), 157.4 (17), 131.1
(33). Anal. Calcd for C22H21NO (315.41): C 83.78,
H6.71, N, 4.44; Found: C 83.82, H 6.82, N, 4.52.

(S)-2-(1-(naphthalen-1-yl)ethyl)-2,3-dihydro-1H-
naphtho[1,2-e][1,3]oxazine 13

To a mixture of 2-naphthol (1) (0.200 g, 1.387
mmol) and S-(-)-1-(1-naphthyl)-ethylamine (8)
(0.249 g, 1456 mmol) in EtOH (3 ml)
paraformaldehyde (0.104 g) was added. The
mixture was stirred at 50°C for 4h. After
evaporation of the solvent, the crude product was
chromatographed (petroleum ether/MTBE = 10:1)



M. Tavlinova-Kirilova et al.: Three component condensation of Betti-type — efficient tool for synthesis of chiral naphthoxazines ...

to give 0.461 g (98%) of 13. [0] 2’ = + 104 (c 1.00,

CHCIs). '"H NMR: 8 1.64 (d, Jun = 6.7 Hz, 3H, H-
14), 4.18 (d, Jun = 16.9 Hz, 1H, H-11), 4.52 (d,
Jun = 16.9 Hz, 1H, H-11), 4.86 (9, Jun = 6.6, Hz,
1H, H-13), 5.02 (d, Jun = 10.2 Hz, 1H, H-25), 5.26
(dd, Jun = 10.2, 1.4 Hz, 1H, H-25), 7.08 (d, Jun =
8.9 Hz, 1H, H-3), 7.28-7.31 (m, 1H, H-7), 7.32-
7.35 (m, 1H, H-8), 7.37-7.41 (m, 2H, H-9, H-19),
7.42-7.45 (m, 1H, H-18), 7.46-7.50 (m, 1H, H-23),
7.66 (d, Jun=8.9 Hz, 1H, H-4), 7.72-7.76 (m, 2H,
H-6, H-24), 7.78 (d, Ju,+=8.17 Hz, 1H, H-22), 7.86
(d, Jun = 8.04 Hz, 1H, H-17), 8.17 (d, Jun = 7.58
Hz, 1H, H-20) ppm. *C NMR: & 20.69 (q, C-14,
CHs), 46.42 (t, C-11), 55.18 (d, C-13), 80.03 (t, C-
25), 112.46 (s, C-1), 118.57 (d, C-3), 121.09 (d, C-
9), 123.33 (d, C-7), 123.69 (d, C-20), 124.62 (d, C-
24), 125.39 (d, C-18), 125.63 (d, C-23), 125.72 (d,
C-19), 126.33 (d, C-8), 127.69 (d, C-22), 127.83 (d,
C-4), 128.53 (d, C-6), 128.81 (d, C-17), 128.91 (s,
C-5), 131.33 (s, C-16), 131.82 (s, C-10), 134.08 (s,
C-21), 140.14 (s, C-15), 152.70 (s, C-2) ppm. MS
(ESI) m/z (rel int.) = 340 (100, [M+H]"), 155 (73).
Anal. Calcd for CxHoiNO (339.43): C 84.92, H
6.24, N, 4.13; Found: C 85.19, H 6.17, N, 4.09.

(S)-2-(1-(naphthalen-2-yl)ethyl)-2,3-dihydro-1H-
naphtho[1,2-e][1,3]oxazine 14

To a mixture of 2-naphthol (1) (0.200 g, 1.387
mmol) and S-(-)-1-(2-naphthyl)-ethylamine (9)
(0249 g, 1456 mmol) in EtOH (3 ml)
paraformaldehyde (0.104 g) was added. The
mixture was stirred at 50°C for 3h. After
evaporation of the solvent, the crude product was
chromatographed (petroleum ether/MTBE = 10:1)

to give 0.466 g (99%) of 14. [a] 5 = +25.6 (c 1.02,

CHCls). 'H NMR: § 1.57 (d, Jun = 6.6 Hz, 3H, H-
14), 4.16-4.23 (m, 2H, H-11, H-13), 4.44 (d, Jup =
16.9 Hz, 1H, H-11), 4.98 (d, Jun = 10.1 Hz, 1H, H-
25), 5.23 (dd, Jun = 10.1, 1.30, Hz, 1H, H-25), 7.07
(d, Jup = 8.9 Hz, 1H, H-3), 7.31 (ddd, Jun = 10.2,
5.7, 2.4, Hz, 1H, H-7), 7.35 (ddd, Jun = 8.3, 6.8,
1.4, Hz, 1H, H-8), 7.42 (d, Jun = 8.3 Hz, 1H, H-9),
7.44-7.48 (m, 2H, H-19, H-20), 7.56 (dd, Jun = 8.5,
1.64, Hz, 1H, H-24), 7.66 (d, Jun = 8.9 Hz, 1H, H-
4), 7.73-7.79 (m, 3H, H-6, H-16, H-18), 7.82-7.86
(m, 2H, H-23, H-21) ppm. *C NMR: § 21.62 (q, C-
14), 46.21 (t, C-11), 58.33 (d, C-13), 79.89 (t, C-
25), 112.18 (s, C-1), 118.51 (d, C-3), 121.09 (d, C-
9), 123.36 (d, C-7), 125.44 (d, C-24), 125.64* (d,
C-19), 125.94* (d, C-20), 125.99* (d, C-16),
126.41 (d, C-8), 127.63* (d, C-18), 127.83 (d, C-4),
127.86* (d, C-21), 128.36* (d, C-23), 128.55 (d, C-
6), 128.91 (s, C-5), 131.84 (s, C-10), 132.91 (s, C-
22), 133.41 (s, C-17), 142.28 (s, C-15) 152.61 (s,

C-2) ppm. MS (ESI) m/z (rel int.) = 340 (100,
[M+H]"), 155 (40). Anal. Calcd for CxHx1NO
(339.43): C 84.92, H 6.24, N 4.13; Found: C 85.19,
H 6.18, N, 4.05.

(S)-2-(3,3-dimethylbutan-2-yl)-2,3-dihydro-1H-
naphtho[1,2-e][1,3]oxazine 15

To a mixture of 2-naphthol (1) (0.200 g, 1.387
mmol) and S-(+)-3,3-dimethyl-2-butylamine (10)
(0.147 g, 1456 mmol) in EtOH (3 ml)
paraformaldehyde (0.104 ¢) was added. The
mixture was stirred at 50°C for 4h. After
evaporation of the solvent, the crude product was
chromatographed (petroleum ether/MTBE = 10:1)

to give 0.329 g (88%) of 15. [o] 5 = —109.1 (c 1.00,

CHCIs). 'H NMR: § 0.95 (s, 9H, H-16, H-17, H-
18), 1.00 (d, Jnn = 7.1 Hz, 3H, H-14), 2.81 (q, JuH
= 7.1 Hz, 1H, H-13), 4.29 (d, Jun = 17.0 Hz, 1H,
H-11), 4.40 (d, Jun = 17.0 Hz, 1H, H-11), 4.91 (dd,
Jun =10.0, 1.52 Hz, 1H, H-19), 5.02 (d, Ju+x = 10.0
Hz, 1H, H-19), 7.00 (d, Jun = 8.9 Hz, 1H, H-3),
7.31-7.36 (m, 1H, H-7), 7.46 (ddd, Jun = 8.3, 6.9,
1.3 Hz, 1H, H-8), 7.62 (d, Jun = 7.9 Hz, 1H, H-6),
7.61 (d, Jun = 8.6 Hz, 1H, H-4), 7.75 (d, Jun = 8.2
Hz 1H, H-9) ppm. C NMR: § 12.78 (g, C-14),
26.69 (3qg, C-16, C-17, C-18), 36.59 (s, C-15),
4561 (t, C-11), 67.25 (d, C-13), 84.83 (t, C-19),
114.96 (s, C-1), 119.07 (d, C-3), 120.88 (d, C-6),
123.22 (d, C-7), 126.33 (d, C-8), 127.56 (d, C-4),
128.59 (d, C-9), 128.67 (s, C-5), 131.11 (s, C-10),
153.20 (5, C-2) ppm. Anal. Calcd for CigHzNO
(269.38): C 80.26, H 8.61, N, 5.20; Found: C 80.18,
H 8.75, N, 4.95.

General procedure for the reduction of the
naphthoxazines with LiAIH,4

To a solution of the corresponding
naphthoxazine (1 equiv) in dry THF (4 ml), LiAlH,4
(2.5 equiv) was added portion wise at 0°C and the
mixture was stirred at rt for 3 h. The reaction
mixture was quenched with water and the
suspension was filtered through celite. The water
phase was extracted with EtOAc and the organic
phase was dried over Na,SO,. After evaporation of
the solvent, the crude product was purified by
column chromatography (petroleum ether/MTBE =
5:1).

(S)-1-((methyl(1-phenylethyl)amino)methyl)-
naphthalene-2-ol 16

According to the GP the reduction of 11 (0.160
g, 0.553 mmol) with LiAIH4 (0.031 g, 0.830 mmol)
afforded after column chromatography 0.126 ¢

(78%) of 16. [a] 5 =-11 (c 1.00, CHCIl5). *H NMR:
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0 1.55 (d, Jnn = 6.9 Hz, 3H, H-14), 2.28 (s, 3H, H-
21), 3.86 (g, Jun = 6.9 Hz, 1H, H-13), 4.14 (br s,
2H, H-11), 7.10 (d, Jun = 8.8 Hz, 1H, H-3), 7.26
(ddd, Jun = 7.9, 6.8, 0.9 Hz, 1H, H-7), 7.28-7.31
(m, 1H, H-18), 7.33 (d, Jun = 7.2 Hz, 2H, H-16, H-
20), 7.35-7.38 (m, 2H, H-17, H-19), 7.38-7.42 (m,
1H, H-8), 7.67 (d, Jun = 8.8, Hz, 1H, H-4), 7.71-
7.76 (m, 2H, H-9, H-6) ppm. 3C NMR: § 17.68 (q,
C-14), 37.61 (q, C-21), 53.29 (t, C-11), 62.79 (d, C-
13), 111.26 (s, C-1), 119.14, (d, C-3), 120.87 (d, C-
9), 122.29 (d, C-7), 126.19 (d, C-8), 127.69 (d, C-
18), 128.06 (2d, C-16, C-20), 128.42 (s, C-5),
128.55 (2d, C-17, C-19), 128.85 (d, C-6), 129.01
(d, C-4), 132.49 (s, C-10), 140.42 (s, C-15) 156.72
(s, C-2) ppm. MS (ESI) m/z (rel int.) = 292 (70
[M+H]"), 157 (73), 136 (32), 129 (93), 105 (100),
102 (18). Anal. Calcd for CH»NO (291.39): C
82.44, H 7.26, N 4.81; Found: C 82.23, H 7.35, N
4.58.

1-((methyl(1,2,3,4-tetrahydronaphthalen-1-
yl)amino)methyl)naphthalene-2-ol 17

According to the GP the reduction of 12 (0.185
g, 0.587 mmol) with LiAIH, (0.056 g, 1.466 mmol)
afforded after column chromatography 0.130 g
(70%) of 17. [0] 2’ = -23 (c 1.00, CHCl3). *H NMR:
8 1.66-1.75 (m, 1H, H-15), 1.92-1.99 (m, 1H, H-
14), 2.05 (m, 1H, H-15), 2.14 (m, 1H, H-14), 2.24
(s, 3H, H-23), 2.74 (dt, Jun = 16.4, 4.5 Hz, 1H, H-
16), 2.82 (m, 1H, H-16), 4.21 (dd, Jun = 8.7, 6.5
Hz, 1H, H-13), 4.32-4.40 (m, 2H, H-11), 7.10 (d,
Jun = 7.5 Hz, 1H, H-18), 7.13 (d, Jun = 8.8 Hz, 1H,
H-3), 7.17 (t, Jun =7.38, 1H, H-19), 7.23-7.26 (m,
1H, H-20), 7.28 (dd, Jun = 7.9, 7.0 Hz, 1H, H-7),
7.43-7.46 (m, 1H, H-8), 7.53 (d, Jun = 7.8 Hz, 1H,
H-21), 7.69 (d, Jun = 8.8 Hz, 1H, H-4), 7.76 (d, J1n
= 8.1 Hz, 1H, H-6), 7.86 (d, Jun = 8.6 Hz, 1H, H-9)
ppm. BC NMR: & 21.07 (t, C-14), 21.51 (t, C-15),
29.82 (t, C-16), 35.86 (g, C-23), 52.84 (t, C-11),
61.04 (d, C-13), 111.18 (s, C-1), 119.00 (d, C-3),
120.81 (d, C-9), 122.31 (d, C-7), 126.28 (d, C-8),
126.48 (d, C-20), 126.90 (d, C-19), 128.12 (d, C-
21), 128.46 (s, C-5), 128.93 (d, C-6), 129.19 (2d,
C-4, C-18), 132.63 (s, C-10), 135.97 (s, C-22),
138.75(s, C-17), 156.76 (s, C-2). MS (ESI) m/z (rel
int.) = 318 (43 [M+H]"), 157 (70), 131 (100), 129
(55). Anal. Calcd for Cx»H23NO (317.43): C 83.24,
H 7.30, N 4.41; Found: C 83.10, H 7.21, N 4.33.

(S)-1-((methyl(1-(naphthalen-1-
ylhethyl)amino)methyl)naphtalen-2-ol 18
According to the GP the reduction of 13 (0.140

g, 0.410 mmol) with LiAlH4 (0.040 g, 1.031 mmol)
afforded after column chromatography 0.106 ¢
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(75%) of 18. [0]2’= +187 (c 1.00, CHCIls). 'H

NMR: & 1.71 (d, Jun = 6.7 Hz, 3H, H-14), 2.38 (s,
3H, H-25), 4.22 (d, Jun =14.4, 1H, H-11), 4.29 (d,
Jun =14.5, 1H, H-11), 4.70-4.78 (m, 1H, H-13),
7.04 (d, JH,H = 8.8 Hz, 1H, H-3), 7.25 (dd, JH,H =
9.2, 5.6 Hz, 1H, H-7), 7.36-7.41 (m, 1H, H-8), 7.50
(d, Jun = 8.6, Hz, 1H, H-19), 7.53 (d, Jun = 8.5,
Hz, 1H, H-23), 7.59 (t, Jun = 7.6 Hz, 1H, H-18),
7.63 (d, Jun = 8.8, 1H, H-4), 7.66 (d, Jun = 7.2 Hz,
1H, H-24), 7.72 (d, Jun = 8.1 Hz, 1H, H-6), 7.74
(d, Iun = 8.5 Hz, 1H, H-9), 7.81 (d, Jun = 8.1 Hz,
1H, H-22), 7.89 (d, Jun = 8.1 Hz, 1H, H-20), 8.20
(d, Jun = 853 Hz, 1H, H-17) ppm. C NMR §
16.51 (g, C-14), 38.71 (g, C-25), 53.42 (d, C-13),
59.14 (t, C-11), 111.24 (s, C-1), 119.11 (d, C-3),
120.89 (d, C-9), 122.30 (d, C-7), 122.81 (d, C-17),
124.69 (d, C-24), 125.33 (d, C-23), 125.75 (d, C-
19), 126.15 (d, C-8), 126.46 (d, C-18), 128.26 (d,
C-22), 128.41 (s, C-5), 128.82 (d, C-6), 128.96 (d,
C-4), 129.14 (d, C-20), 131.51 (s, C-16), 132.54 (s,
C-10), 134.07 (s, C-21), 137.73 (s, C-15), 156.24
(s, C-2) ppm. MS (ESI) m/z (rel int) = 342 (10,
[M+H]*), 186 (40), 155 (100). Anal. Calcd for
CasH2sNO (341.45): C 84.42, H 6.79, N 4.10;
Found: C 84.24, H 6.52, N 4.29.

(S)-1-((methyl(1-naphthalen-2-
yl)ethyl)amino)methyl)naphtalen-2-ol 19

According to the GP the reduction of 14 (0.190
g, 0.560 mmol) with LiAIH4 (0.053 g, 1.40 mmol)
afforded after column chromatography 0.150 g

(79%) of 19. [a]Z’= -49.3 (¢ 1.00, CHCIs) 'H

NMR: § 1.65 (d, Jun = 6.8 Hz, 3H, H-14), 2.33 (s,
3H, H-25), 4.03 (9, Jun = 6.8 Hz, 1H, H-13), 4.11-
4.30 (m, 2H, H-11), 7.12 (d, Jun = 8.8 Hz, 1H, H-
3), 7.27 (t, Jun = 7.4 Hz, 1H, H-7), 7.38-7.43 (m,
1H, H-8), 7.45-7.54 (m, 3H, H-19, H-20, H-24),
7.68 (d, Jun = 8.8 Hz, 1H, H-4), 7.71 (s, 1H, H-16),
7.72-7.76 (m, 2H, H-6, H-9), 7.80-7.85 (m, 2H, H-
21, H-18), 7.87 (d, Jun = 8.5 Hz, 1H, H-23) ppm.
BC NMR: § 17.7 (g, C-14), 37.71 (g, C-25), 53.31
(t, C-11), 62.73 (d, C-13), 111.31 (s, C-1), 119.14
(d, C-3), 120.95 (d, C-9), 122.34 (d, C-7), 125.84
(d, C-20)*, 126.04 (d, C-19)", 126.21 (d, C-24)",
126.25 (d, C-8), 127.16 (d, C-16), 127.63 (d, C-
18)", 127.89 (d, C-21)*, 128.41 (d, C-23), 128.46
(s, C-5), 128.87 (d, C-6), 129.08 (d, C-4), 132.49 (s,
C-10), 132.90 (s, C-22), 133.13 (s, C-17), 137.8 (s,
C-15) 156.74 (s, C-2) ppm. MS (ESI) m/z (rel int.)
= 342 (43, [M+H]"), 155 (100), 153 (43), 129 (40).
Anal. Calcd for CyH23NO (341.45): C 84.42, H
6.79, N 4.10; Found: C 84.56, H 6.85, N 3.98.
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(S)-1-(((3,3-dimethylbutan-2-
yl)(methyl)amino)methyl)naphthalene-2-ol 20

According to the GP the reduction of 15 (0.306
g, 1.136 mmol) with LiAIH4 (0.108 g, 2.840 mmol)
afforded after column chromatography 0.170 g
(55%) of 20. *H NMR: & 1.04 (s, 9H, H-16, H-17,
H-18), 1.17 (d, Jun = 7.0 Hz, 3H, H-14), 2.30 (s,
3H, H-19), 2.69 (q, Jux = 7.0 Hz, 1H, H-13), 4.06
(d, Jnn = 14.6 Hz, 1H, H-11), 4.35 (d, Jun = 14.6
Hz, 1H, H-11), 7.09 (d, Jun = 8.8, 1H, H-3), 7.21-
7.32 (m, 1H, H-7), 7.42 (ddd, Jun = 8.5, 6.8, 1.5
Hz, 1H, H-8), 7.67(d, Jun= 8.8 Hz, 1H, H-4), 7.71-
7.81 (m, 2H, H-6, H-9) ppm. ¥C NMR: § 6.83 (q,
C-14), 27.84 (3q, C-16, C-17, C-18), 35.50 (d, C-
13), 55.22 (t, C-11), 68.29 (g, C-19), 110.91 (s, C-
1), 119.16 (d, C-3), 120.71 (d, C-9), 122.21 (d, C-
7), 126.19 (d, C-8), 128.38 (s, C-15), 128.57 (s, C-

? NH2
©/(STNH2
6 7

’/,,' NH2
(S) 5
D Qo™
8 9

Method A
HCHO (aq.)
EtOH/50°C

—_—

Method B
(HCHO),
EtOH/50°C

Method A - 96%
Method B - 93%

Method A - 91%
Method B - 98%

16
140 15717
13[(S) 18

5), 128.90 (d, C-4), 129.04 (d, C-6), 132.70 (s, C-
10), 156.73 (s, C-2) ppm.

General procedure for enantioselective addition of
diethylzinc to aldehydes

To a solution of the corresponding ligand 16-20
(3 mol %) in hexane or toluene (4 ml) Et.Zn (1.7
mmol, 1M solution in hexane) was added dropwise
at 0°C in an Ar atmosphere. The mixture was
stirred for 30 min at 0°C and then the
corresponding aldehyde (1.0 mmol) was added at -
20°C. The reaction mixture was stirred at 20°C and
monitored by TLC (petroleum ether/MTBE = 5:1)
until the aldehyde was consumed. The mixture was
guenched (aq. NH4CI), extracted with Et,O, and
dried (Na.SO.). After evaporation of the solvent,
the crude product was purified by column
chromatography (petroleum ether/MTBE = 5:1).

Method A - 95%
Method B - 68%

Method A - 87%
Method B - 99%

Method A - 82%
Method B - 88%

Scheme 2. Three component condensation of 2-naphthol, formaldehyde and chiral amines (the numbering of the C-
atoms is presented to support the assignment of the NMR spectra.
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* R*

O‘ O LiAIH4/THF O‘ OH

1 -15 16 - 20

\°H Sop

(78% (70%) (75%

.
o

9% 5%

/zg |

Scheme 3. Reduction of the 1,3-oxazines 11-15 to the N-methyl derivatives 16-20.

Table 1. Enantioselective addition of Et,Zn to o-methoxybenzaldehyde (21) and 1-naphthaldehyde (22) catalyzed
by chiral ligands 16-20.

OH
~o
Ligand
? 3 mol % (|)
21 +  EtyZn ——> 23
OH
e
22 24
Ligand Product 23 Product 24
g Yield® % ee %, (config.)? Yield® % ee %, (config.)®
16 68 0 54 3R
17 69 14R 34 0
18 86 47 R 57 2R
19 64 24 R 36 14R
20 56 8R 56 3R

3Isolated pure products after column chromatography; "Enantiomeric excess (ee) determined by GC analysis
(FS-Cyclodex beta-1/P, 150 °C isothermal, 1 ml/min He, split 21:1, Tqe = 230 °C, Tinj = 220 °C; retention time
tminor = 9.6 Min, tmajor = 10.1 min.); °(FS-Cyclodex beta-1/P, 160 °C isothermal, 1 ml/min He, split 21:1, Tger =
230 °C, Tinj = 220 °C; retention time tminor = 29.2 Min, tmajor = 30.0 min.).

710



M. Tavlinova-Kirilova et al.: Three component condensation of Betti-type — efficient tool for synthesis of chiral naphthoxazines ...

RESULTS AND DISCUSSION

The condensation of  2-naphthol (1),
formaldehyde and chiral amines was performed in
ethanol at 50°C whereupon the formaldehyde was
applied as formalin (37% ag. solution) or as
paraformaldehyde, methods A or B, respectively
(Scheme 2). Compounds 6-10, were used as chiral
amines that are readily available and relatively
inexpensive. The yields of 1,3-naphthoxazines 11-
15 were slightly better due to the use of Method B
with the exception of product 12 (Method A
provided better results). With respect to all the
other reaction conditions results obtained, both
methods are equally efficient. Naphthoxazines 11-
15 are colorless amorphous solids, which are not
stable when standing for long periods at room
temperature. It seems that the compounds 11, 13
and 14 bearing the aromatic amino moiety are
somewhat more stable. For longer periods of time
oxazines can be stored in flasks in an inert
atmosphere in the refrigerator.

The naphthoxazines synthesized were reduced
with lithium aluminum hydride in tetrahydrofuran
as a solvent providing the  N-methyl
aminobenzylnaphthols 16-20 in good yields
(Scheme 3). Aminobenzylnapthols 16-19 were
stable while standing at room temperature for a
couple of days in contrast to compound 20 which
decomposes fast within hours after purification by
column chromatography. This might be the reason
for the lower yield of 20.

With the aminobenzylnaphthols in hand we
performed additional reactions of diethylzinc to the
aromatic aldehydes 21 and 22 to test the activity of
compounds 16-20 (3 mol %) as precatalysts
(ligands). In all the cases the ligands studied were
active catalysts that provide the additional reaction
in relatively good vyields. However, the
enantioselectivity observed was very low. In some
cases there was no selectivity or selectivity in error
in the range (0 to 2 or 3% ee). Only in the case of
ligand 18 a moderate enantioselectivity of product
23 formation could be realized. Comparing these
result with our previous studies [11] and literature
data [3, 7, 18] it is clear that an efficient ligand of
the presented structural type would need
substitution at the CHj-carbon atom next to the
nitrogen.

CONCLUSIONS

Efficient synthesis of 1,3-naphthoxazines
applying three component Betti-type condensation
of 2-naphthol, formaldehyde and chiral amines was
demonstrated. The lithium aluminum hydride

reduction of the naphthoxazines obtained provides
chiral aminobenzylnaphthols, which were tested as
precatalysts (ligands) for enantioselective addition
of diethylzinc to aldehydes realizing good yields of
secondary alcohols with low to moderate
enantioselectivity. The synthesis of the chiral
naphthoxazines and aminobenzylnaphthols could
be extended to the synthesis of a structurally
diverse series of analogues, which is important as
these compounds are expected to possess biological
activity.
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TP KOMIIOHEHTHA KOHAEH3ALIMA OT BETU TUII - EGEKTUBEH MHCTPYMEHT 3A
CHUHTE3 HA XUPAJIHU HA®TOKCA3MHU 1 AMUHOBEH3WJIHADTOJIU 3A
EHAHTHUOCEJIEKTUBHO JUETUJI HUHK ITPUCBEANMHABAHE KbM AJIIEXWIN

M. TasauHoBa-Kupunora, M. Mapunosa, I1. Aurenosa, M. Kamenosa-Hadesa, K. Koctoga,
B. lumutposn

Huemumym no Opeanuuna xumus ¢ L{enmvp no @umoxumus, yn. Axao. I'. bonues, 61.9, Cogpus 1113, bvreapus
Ioctenuna Ha 28 mapt 2016 r.; kopurupana ua 14 ampun 2016 .
(Pestome)

2-Ha(1JTOJl, (l)OpMaJ'I,HeXI/I,H U XUpaJlHU aMUHU Ca MPUJIIOKCHHU B TPUKOMIIOHCHTHA KOHJICH3alUsA OT berun Tun 3a
MoJIy4yaBaHC Ha 1,3'Ha(1)TOKCEl3I/IHI/I C OTJIMYHH Z[OGI/IBI/I. Ilocnennure ca TpaHC(I)OpMI/IpaHI/I JIECHO 10 XHUpAJIHU N-meTun
aMI/IH066H3I/IHHanTOJ'II/I MOCPEACTBOM pEaKUusd C JIMTUCBOATYMUHHUCB XUIAPHUA. XI/IpaHHI/ITe aMI/IHO6eH31/IJ'IHa(1)TOIII/I ca
AKTUBHU KaTaJIn3aTopu (HI/IFaHI[I/I) 34 CHAHTUOCCICKTUBHO JUETHUII UHK NMPUCHEANHABAHE KbM AJIACXUIN U ITOJTyIaBaHE
Ha BTOPUYHU aJIKOXOJIHU C I[O6pI/I ,I[O6I/IBI/I C JOCTUT'aHC HAa YMCpPCHA CHAHTUOCCIICKTUBHOCT.
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In this investigation two new modifications of the standard multi-population genetic algorithm have been developed.
Modifications differ from each other in the sequence of implementation of main genetic operators selection, crossover
and mutation. The main idea of newly developed modifications is the operator selection to be executed between the
operators crossover and mutation, no matter their order. Both modifications, together with the standard one multi-
population genetic algorithm, have been investigated for parameter identification of yeast fed-batch cultivation. The
obtained results have been compared and the newly proposed modifications have been shown to be as accurate as the
standard multi-population genetic algorithms and proven to be even faster.

Keywords: Multi-population genetic algorithms, Genetic operators, Fermentation process, Parameter identification.

INTRODUCTION

Fermentation processes (FP) as representatives
of biotechnological processes attract sustained
interest due to the fact that they are an indigenous
part of many industries such as industrial
biotechnology, microbiology and the
pharmaceutical industry. FP combine the dynamics
of both biological and non-biological processes but
their specific peculiarities are predominantly
determined by the characteristics of live
microorganisms. Since FP are complex dynamic
systems with interdependent and time-varying
process variables, their modeling, optimization and
future high quality control is a real challenge.
Adequate modeling of the non-linear FP
significantly depends on the choice of a certain
optimization procedure for model parameter
identification. Conventional optimization methods
usually fail in leading to a satisfactory solution [1].
This fact provokes the idea to apply stochastic
algorithms, i.e. genetic algorithms (GA). GA are
known as a quite promising stochastic global
optimization method and have been widely applied
to solve different complicated engineering problems
[2-5]. Among a number of searching techniques,
GA are representatives of the methods inspired by
biological evolution and the principle of Darwin’s
theory of “survival of the fittest”. GA are a feature
of hard problem solving, tolerant to noise, easy to
interface and hybridize. All these properties make
GA convenient and more workable for different
optimization problems, among them parameter
identification and optimization of fermentation

* To whom all correspondence should be sent:

E-mail: tania.pencheva@biomed.bas.bg

processes [6-9].

The standard simple genetic algorithm (SGA)
[10] imitates the processes that occur in nature and
searches for a global optimum solution using three
main genetic operators implementing them in a
sequence selection, crossover and mutation. SGA
works with “chromosomes” (coded parameters) and
starts with a selection of such chromosomes that
represent better possible solutions according to
their objective function values. Then a new
offspring is formed applying the crossover operator.
Finally, mutation is applied with deterministic
probability, aiming to prevent the failing of all the
solutions into a local optimum of the solved
problem.

If there are many populations (called
subpopulations), that evolve independently from
each other, the single-population GA is converted
to a multi-population GA (MpGA) [10]. This
feature presents MpGA as more similar to nature
than SGA. After the isolation time (a certain
number of generations), part of the individuals
“migrate” — they are distributed between the
subpopulations. Similar to SGA, the standard
MpGA as originally presented in [10], implements
the three main genetic operators in a sequence
selection, crossover and mutation. In this
investigation this algorithm will be denoted as
MpGA_SCM, coming from selection, crossover
and mutation. According to [10, 11] the working
principle of MpGA_SCM can be shortly presented
as shown in Fig. 1.

To imitate the mechanics of natural selection
and genetics is enshrined in the “philosophy” of
GA. Thus one can make an analogy with the
processes occurring in nature and to speculate that

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 713
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for the probability mutation to come first and then
crossover it is comparable that both processes occur
in reverse order; or perform selection after
crossover and mutation, no matter their order.
Following this idea altogether five modifications of
MpGA _SCM, differing in the sequence of
implementation of the main genetic operators, have
been developed [12, 13]. They all aim to improve
the model accuracy and the algorithm convergence
time for the purposes of parameter identification of
fed-batch cultivation of S. cerevisiae. Table 1 lists
the order of the steps to create a new population for
five of the developed up to the moment
modifications of MpGA_SCM.

As seen from Table 1, there are two
modifications of MpGA_SCM that have not yet
been considered, namely MpGA_CSM (crossover,
selection, mutation) and MpGA_MSC (mutation,
selection, crossover).

The aim of the present investigation is two
modifications of MpGA, namely MpGA_CSM and

MpGA_MSC, to be developed and to be applied for
parameter identification of S. cerevisiae fed-batch
cultivation. Moreover, the influence of the most
important GA parameters, namely the generation
gap and rates of crossover, mutation, insertion and
migration are going to be investigated towards
model accuracy, presented by the optimization
criterion, and algorithms convergence time.

MATHEMATICAL MODEL OF S. CEREVISIAE
FED-BATCH CULTIVATION

The cultivation of the yeast S. cerevisiae is
performed in the Institute of Technical Chemistry —
University of Hannover, Germany. The cultivation
conditions and full process description details can
be found in [1]. The fed-batch cultivation of S.
cerevisiae considered here corresponds to the so
called mixed oxidative state according to the
functional state modeling approach [1].

1. [Start]
2. [Object function]

subpopulations
3. [Fitness function]

subpopulations
4. [New population]

4.1. [Selection]

their fitness function
4.2. [Crossover]

probability
4.3. [Mutation]

5. [Accepting]
6. [Replace]
7. [Migration]
following isolation time

8. [Test]

9. [Loop]
Go to Fitness step.

Generate k random subpopulations each of them with n chromosomes

Evaluate the object function of each chromosome n in the

Evaluate the fitness function of each chromosome n in the

Create a new population by repeating following steps:

Select parent chromosomes from the subpopulation according to

Cross over the parents to form new offspring with a crossover

Mutate new offspring at each locus with a mutation probability
Place new offspring in a new population
Use new generated population for a further run of the algorithm
Migration of individuals between the subpopulations after

If the end condition is satisfied, stop and return the best
solution in current population, else move to Loop step

Fig. 1. Structure of the standard MpGA

Table 1. Sequence of algorithm steps implemented in MpGA

MpGA

Algorithm steps

MpGA_CMS (crossover, mutation, selection) [12]
MpGA_SMC (selection, mutation, crossover) [12]
MpGA_MCS (mutation, crossover, selection) [12]
MpGA_SC (selection, crossover) [13]
MpGA_CS (crossover, selection) [13]
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Particularly for this specific functional state,
mathematical model of S. cerevisiae fed-batch
cultivation is described as follows [1]:

ax_ S E Ix_Fx. 1)
dt _[”255+k5+“255+kEJX v
d_S=_@LX +E(Sin_5), (2)
dt You S+K V

d_E: luZELX_EE, )

dt Y, E+k. V

dozz[“ZE E v, #s S Yoij+kf’2a(02*—02)’

dt (Yo E+ke & Yo Sk

(4)
dv
_:F, 5
ot ()

where X, S, E, O, are respectively the
concentrations of biomass, [g/1], substrate (glucose),
[o/1], ethanol, [g/l], and dissolved oxygen, [%];
O, — dissolved oxygen saturation concentration,

[%]; F — feeding rate, [I/h]; V — volume of the
bioreactor, [l]; ka — volumetric oxygen transfer

coefficient, [1/h]; Si, — initial glucose concentration
in the feeding solution, [g/l]; t&s, tLe — Maximum
growth rates of the substrate and ethanol, [1/h]; ks,
ke — saturation constants of the substrate and
ethanol, [g/1]; Y; — yield coefficients, [g/g]. All the
functions are continuous and differentiable and all
the model parameters fulfill the non-zero division
requirement.

The mean square deviation between the model
output and the experimental data obtained during
cultivation has been chosen as an optimization
criterion:

3=>"(Y —Y*)’ = min, . (6

where Y is the experimental data, Y* — the model
predicted data, Y = [X, S, E, O5].

MODIFIED MPGA FOR PARAMETER
IDENTIFICATION OF S. CEREVISIAE FED-
BATCH CULTIVATION

This investigation aims to present the
development of two modifications of MpGA in
which the selection operator is performed between
crossover and mutation, namely MpGA_CSM and
MpGA_MSC. They are both going to be compared
to the standard MpGA_SCM. Table 2 lists the order
of the steps to create a new population only for the
three kinds of MpGA considered here.

Many operators, functions, parameters and
settings in GA can be improved or implemented
specifically solving various problems [10]. In this
study five of the main GA parameters, namely
generation gap (GGAP), and rates of crossover

(XOVR), mutation (MUTR), insertion (INSR) and
migration (MIGR) have been investigated.

Table 2. Sequence of algorithm steps implemented in
MpGA modifications considered here

MpGA Algorithm steps
MpGA-SCM 1,2,3,41,42,43,5/6,7,8,9
MpGA-CSM 1,2,3,42,41,43,5,6,7,8,9
MpGA-MSC 1,2,3,43,41,42,5/6,7,8,9

Higher values of GGAP do not improve the GA
performance, especially when aiming to find a
faster solution. Usually mutation is applied
randomly, with a low probability — typically
varying between 0.01 and 0.1. Higher XOVR leads
to quicker introduction of new strings into the
population, while a low XOVR may cause
stagnation due to the lower exploration rate. INSR
determines how many of the produced population
individuals are inserted into the new generation.
Each MIGR characterized the number of exchanged
individuals. According to some statements [14], the
range of the main GA parameters investigated here
are as follows: GGAP = {0.5, 0.67, 0.8, 0.9},
XOVR = {0.65, 0.75, 0.85, 0.95}, MUTR = {0.02,
0.04, 0.06, 0.08, 0.1}, INSR = {0.5, 0.6, 0.8, 0.9, 1}
and MIGR = {0.1, 0.2, 0.4, 0.6, 0.8}. When one of
the parameters considered here GGAP, XOVR,
MUTR, INSR or MIGR is investigated according to
the values mentioned above, the basic values for the
other four parameters are chosen as follows: GGAP
= 0.8, XOVR = 0.95, MUTR = 0.05, INSR = 0.95
and MIGR = 0.2, hereafter termed as referent
points.

The values of the rest GA parameters, type of
genetic operators in considered here and MpGA
modifications are tuned according to [12]. The
values of the GA parameters except the ones
investigated here have been accepted as follows:
number of variables (NVAR) = 9; precision of
binary representation (PRECI) = 20; number of
individuals (NIND) = 20; maximum number of
generations (MAXGEN) = 100; number of
subpopulations (SUBPOP) = 5; number of
generation, after which migration takes place
between subpopulations (MIGGEN) = 20. The
following types of genetic operators are chosen:
encoding — binary; reinsertion — fitness-based;
crossover — double point; mutation — bit inversion;
selection — roulette wheel selection; and, fitness
function — linear ranking.

Following model (1)-(5) of S. cerevisiae fed-
batch cultivation, nine model parameters have to be
estimated altogether. All three kinds of MpGA have
been consequently applied for the purposes of
parameter identification of S. cerevisiae fed-batch
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cultivation. All the computations are performed in a
Matlab 7 environment using the Genetic Algorithm
Toolbox [15] on a PC Intel Pentium 4 (2.4 GHz)
platform running Windows XP. All three kinds of
GA are terminated when a certain number of
generations (in this case 100) are fulfilled. The
scalar relative error tolerance RelTol is set to le™,
while the vector of absolute error tolerances (all
components) AbsTol is set to 1e™°.

The influence of the main GA parameters,
namely GGAP, XOVR, MUTR, INSR and MIGR
has been investigated for all three kinds of MpGA —
two newly developed modifications MpGA_CSM
and MpGA _MSC, as well as for the standard
MpGA_SCM as a referent point. The investigation
is performed in relation to model accuracy and
convergence time. Tables 3 and 4 demonstrate the
results obtained with respect to GGAP, XOVR,
MUTR, INSR and MIGR. Because of the stochastic
nature of GA, thirty runs have been performed for
each GA parameter value and each algorithm in
order for representative results to be achieved.
Presented here are the average values obtained.

None of the three MpGA algorithms considered
here are preferred towards time convergence. When
investigating different GA operators, different
MpGA modifications perform the best: i.e.
MpGA_CSM is the fastest one at GGAP, XOVR
and INSR, while MpGA MSC is the “winner” at
MUTR, and MpGA_SCM - at MIGR.

RESULTS AND DISCUSSION

As seen from Tables 3 and 4, the optimization
criterion values obtained with three kinds of MpGA
are very similar, varying between 0.0220 and
0.0222 which means less then 1% divergence. This
result is very promising due to the fact that newly
developed modifications do not cause a loss in
accuracy. It is worth to note that with very few
exceptions MpGA_CSM and MpGA_MSC lead to
a decrease of the convergence time compared to the
standard MpGA_SCM. As such, it can be
speculated that processing the selection operator
between crossover and mutation (no matter their
order) needs much less computational time.

Table 3. Influence of GGAP, XOVR and MUTR on the model accuracy and convergence time

MpGA_SCM MpGA_CSM MpGA_MSC

J t, [s] J t, [s] J t, [s]
0.5 0.0220 100.8910 0.0221 97.6870 0.0220 98.2970
% 0.67 0.0221 112.1720 0.0221 128.8750 0.0221  121.8600
8 0.8 0.0221 155.4680 0.0221 163.8590 0.0220  145.6710
0.9 0.0220 170.2660 0.0221 165.6720 0.0220  166.0150
0.65 0.0221 166.2500 0.0221 143.4060 0.0221  144.6570
% 0.75 0.0221 151.1100 0.0222 149.6720 0.0220 153.6870
Q 0.85 0.0221 154.7660 0.0220 144.8750 0.0220  144.7340
095 0.0221 166.7970 0.0221 149.7810 0.0221  149.7810
0.02  0.0221 144.1880 0.0221 140.0000 0.0221  122.0660
o 0.04 0.0221 140.4690 0.0220 145.8910 0.0220  150.4680
'5 0.06 0.0221 162.0940 0.0221 160.6870 0.0221  159.7660
= 0.08 0.0221 156.0940 0.0221 155.9370 0.0221  142.4530
0.1 0.0221 162.2970 0.0221 147.9060 0.0220 156.3280

Table 4. Influence of INSR and MIGR on the model accuracy and convergence time

MpGA_SCM MpGA_CSM MpGA_MSC

J t, [s] J t, [s] J t, [s]
0.5 0.0221 177.0310 0.0222 159.2970 0.0220  144.9530
@ 0.6 0.0221 174.2030 0.0221 146.2810 0.0220  149.7650
2 0.8 0.0221 185.9530 0.0220 145.5160 0.0220  151.2810
- 0.9 0.0221 157.1250 0.0221 142.0310 0.0220  150.4060
1 0.0220 169.1410 0.0221 146.7820 0.0221  151.4060
0.1 0.0221 143.7190 0.0221 146.4690 0.0220  147.2500
x 0.2 0.0221 163.6880 0.0221 154.4530 0.0221  146.0320
2 0.4 0.0221 174.0310 0.0222 149.6250 0.0221  146.6410
= 0.6 0.0221 175.6250 0.0222 143.7960 0.0221  155.5310
0.8 0.0221 181.2970 0.0221 157.4060 0.0220  147.7340
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It should be noted that in this investigation the
GGAP is the most sensitive of the five investigated
parameters toward a convergence time. Considering
three kinds of MpGA at GGAP = 0.8 (used as a
referent value), there is no significant decrease of
the convergence time. But, using GGAP = 0.5
instead of GGAP = 0.8 leads to the fastest
performance of all the considered here three kinds
of MpGA for all the values of the investigated
parameters. The fastest algorithm is MpGA_CSM,
while the other two are a bit more accurate.
Comparing both MpGA modifications implemented
at GGAP = 0.5 towards the standard one
MpGA _SCM at GGAP = 0.8 (used as a referent
value), MpGA_CSM appears as 1.59, while
MpGA_MCS - as 158 times faster than
MpGA_SCM. Thus, GGAP = 0.5 is chosen as the
most appropriate one.

Considering XOVR, the biggest decrease in the
convergence time is observed when using XOVR =
0.65 instead of XOVR = 0.95 (used as a referent
value) in both MpGA modifications, respectively
14% when applying MpGA_CSM, and 13% for
MpGA_MCS in a comparison to the standard
MpGA_SCM at XOVR = 0.95. For these two out of
three algorithms, XOVR = 0.65 leads to the fastest
performances and as such this value is chosen as
the most appropriate one.

Considering MUTR, using MUTR = 0.02
instead of MUTR = 0.04 or MUTR = 0.06 (closest
to the used as a referent value MUTR = 0.05) leads
to decrease of convergence time, respectively, of
about 13% towards MUTR = 0.04 and about 25%
towards MUTR = 0.06, both achieved when newly
presented modification MpGA_MSC is applied and
compared to the standard MpGA_SCM. In this case,
two out of three algorithms lead to the fastest
performances, and as such MUTR = 0.02 is chosen
as the most appropriate value.

Respectively almost 16 and 11% of the
convergence time can be saved using INSR = 0.9
instead of INSR = 1 (the closest to the used as a
referent value INSR = 0.95) when applying
MpGA_CSM and MpGA_MSC. In this case again
two out of three algorithms, INSR = 0.9 leads to the
fastest performances — the standard MpGA_SCM
and MpGA_CSM, and as such this value is chosen
as the most appropriate one.

Some very promising results are obtained when
MIGR is investigated. Again about 10-11%
decrease of convergence time is observed when
using MIGR = 0.1 instead of MIGR = 0.2 (used as
a referent value) in the case of presented MpGA
modifications towards the standard MpGA_SCM at
MIGR = 0.2. As it can be seen from Table 4, in this
case the standard MpGA_SCM s the fastest one.
For MIGR the value of 0.1 is chosen, although not
all of the algorithms perform the best at this value,
but the obtained results are very close to the best
results achieved.

As a summary of the detailed analysis presented
above, the following values of the GA parameters
have been chosen as the most promising ones:
GGAP = 0.5, XOVR = 0.65, MUTR = 0.02, INSR
= 0.9 and MIGR = 0.1. Developed here are two
MpGA modifications that lead to a decrease of the
convergence time: MpGA_CSM is the fastest one
for three of the GA parameters — GGAP, XOVR
and INSR, while another modification of
MpGA_MSC is the fastest one for MUTR. Only
considering MIGR, the fastest algorithm is the
standard one — MpGA_SCM, but two modifications
are with very close results with about a 2% bigger
convergence time. Finally, if one compares the
fastest algorithm, which in this investigation is
MpGA_CSM at GGAP = 0.5, to the slowest one,
which in this investigation is MpGA_SCM at
MIGR = 0.8, it is 1.90 times faster, yielding almost
the highest model accuracy.

Distinguished as the fastest, the newly
developed and presented algorithm, MpGA_CSM
is applied for parameter identification of
S.  cerevisiae  fed-batch  cultivation.  The
identification procedure is performed with the
values chosen due to five GA parameters
investigated here and Table 5 lists the evaluated
model parameters.

Fig. 2 shows the results from the experimental
data and the model prediction, respectively, for
biomass, ethanol, substrate and dissolved oxygen
when MpGA_CSM is applied.

The results presented in Fig. 2 demonstrate the
workability and efficacy of MpGA_CSM as one of
the two newly elaborated modifications of MpGA
presented here.

Table 5. Results from parameter identification when MpGA_CSM is applied.

Parameter J t Lbs LbE

Ks

ke Ysx Yex k.a Yos Yo

Value 0.0221 97.5940 0.90

012 0.15 0.80 041

1.64 65.20 509.82 360.17
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Fig. 2. Model prediction compared to experimental data when MpGA_CSM is applied.

CONCLUSIONS

In this investigation two newly developed
modifications of the standard MpGA are presented.
In  both  modifications, MpGA_CSM and
MpGA_MSC, the operator selection is executed
between crossover and mutation, no matter their
order. The workability and efficacy of the newly
elaborated modifications have been demonstrated,
together with the standard MpGA _SCM, for the
purposes of parameter identification of fed-batch
cultivation of S. cerevisiae. The investigation of the
influence of the most important GA parameters with
respect to the convergence time and generation gap
have been recognized as the most sensitive among
the five parameters examined. About 45% of the
convergence time can be saved using GGAP = 0.5
instead of the referent value of GGAP = 0.8 in both
MpGA _CSM and MpGA_MSC without a loss in
accuracy.

As a whole, newly proposed modifications of
MpGA have been shown to be as accurate and
effective as the standard one even proved to be
faster.

It is noteworthy that the proposed two
modifications of MpGA, as representatives of the
global search optimization technique, might be
considered convenient for model parameter
identification in different branches of GA
implementations.
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MOANPULNPAHU TEHETUYHUN AJI'OPUTMU 3A TTAPAMETPUYHA
NAEHTUOUKALIA HA TTIOJIVIIEPUOAMYHA KYJITUBALIAA HA IPOX/IN

T. K. IlenueBa, M. K. Aurenosa

Hnucmumym no buogusuxa u 6uomeduyuHcko uHxcenepcmeo, bvneapcka akaoemus na naykume
yi. Akao. I'eopeu Bonues, 61. 105, Cogus 1113, bvreapus

Ilonmy4ena Ha 8 dpeBpyapu 2016, Penensupana va 12 Mapt 2016
(Pesrome)

B HacTosmoTO M3CiieABaHE ca pa3paOOTEeHH IBE HOBH MOJU(PHUKANNN HAa CTAaHTAPTHUTE MYJITHIIONYJIATHOHHHU
TCHETUYHHU alNroOpuTMH. MoaudukanuuTe ce paszamyaBaT €JHa OT Apyra IO peAa Ha W3IIBJIHCHHE Ha OCHOBHHTE
TCHETHUYHHU OINEPATOPU CEJICKIUs, KPhCTOCBaHE M MyTanus. OCHOBHATa HJesl HA HOBOPa3pabOTECHUTE MOIU(UKAIUN €
OMepaTophbT CENCKIHs Ja Obliec U3MBIHIBAH MEKAY OIEPATOPUTE KPHCTOCBAHE M MyTalus, 0€3 3HAUYCHUE OT TEXHUS
pen. [sete MoauduKaIiy, 3a¢IHO ChC CTAHIAPTHHS MYJITUIONYJIAIIMOHCH TEHETUYCH aJTOPUTHM, Ca U3CIICABAHU MPH
napaMeTpUyYHa WACHTU(HUKAIMS Ha MOJIYICPUOIUYHA KYJITUBAIMS Ha IpOoKau. [lodydeHuTe pe3ynraTi ca CpaBHEHH U
HOBOMPEJIOKCHUTE MOJU(PHUKAIIMKA Cca JEMOHCTPUPAHU KAaTO ChHINO TOJKOBA TOYHH, KOJKOTO M CTaHAAPTHUS
MYJTHIIONYJIAIHOHEH TeHETHICH AITOPUTHM, HO C TOKa3aHa Mo-100pa CXOIMMOCT.
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In Vitro effects of pesticide exposure on Bovine liver catalase activity

H. Paluzar*!, A. Sagiroglu?

Trakya University, Arda Vocational High School, Edirne, Turkey
2Department of Chemistry, Faculty of Science, Trakya University, Edirne, Turkey

Received April 1, 201, Revised October 26, 2016

In this work we investigated the inhibitory effect of Deltamethrin, Dichlorvos, Malathion and Lambda-
cyhalothrin on bovine liver catalase (CAT) activity. We observed that the inhibition of enzyme increased with
increasing concentrations of the pesticides from 0 to 250 ppm. The Kinetics conformed to the Michaelis-
Menten model and a Lineweaver-Burk graph of CAT was drawn. To identify the inhibition type, Vmax and
Km were calculated at different concentrations of Deltamethrin, Dichlorvos, Malathion and Lambda-
cyhalothrin. It was documented that dichlorvos and malathion inhibited CAT competitively, whereas
deltamethrin and Lambda-cyhalothrin inhibition over CAT were non-competitive.

Keywords: deltamethrin; dichlorvos; lambda-cyhalothrin; malathion; catalase; inhibition; pesticide

INTRODUCTION

Catalase (CAT, EC 1.11.1.6) is an important
antioxidant enzyme in organisms which can catalyze
H,0O, to H,0 and O, to maintain the redox balance.

Catalase has one of the highest turnover rates of all
enzymes; one molecule of catalase can convert
millions of molecules of hydrogen peroxide to water
and oxygen [1]. The intake of pollutants might
change the activity of CAT due to the co-effects of
oxidative stress or damages on enzyme structure and
function caused by direct binding [2].

Dichlorvos is a highly volatile organophosphate
that is extensively used as an insecticide to control
household pests, in public health and to protect
stored products from insects. Additionally,
dichlorvos damages the DNA of insects [3].

Deltamethrin is a pyrethroid and a broad-
spectrum insecticide. Deltamethrin is registered for
use on various crops including cotton, corn, cereals,
soybeans and vegetables for pests such as mites,
ants, weevils and beetles [4].

Malathion is an organophosphate
parasympathomimetic which binds irreversibly to
cholinesterase. Malathion is an insecticide of
relatively low human toxicity. Malathion is widely
used in agriculture, residential landscaping, public
recreation areas and in public health pest control
programs such as mosquito eradication [5].

Lambda-cyhalothrin is an insecticide that
belongs to the pyrethroid chemical class of
pesticides. It is a mixture of highly active isomers of
cyhalothrine and is used to control a wide range of

* To whom all correspondence should be sent:
E-mail: hatice_paluzar@hotmail.com

pests in a variety of applications [6].

In this study the inhibition of CAT by
deltamethrin, dichlorvos, malathion and Lambda-
cyhalothrin was observed.

EXPERIMENTAL

Catalase from bovine liver (lyophilized powder,
>10,000 units/mg protein), deltamethrin, dichlorvos,
malathion, lambda-cyhalothrin and all reagents and
chemicals were purchased from Sigma-Aldrich and
were prepared analytically.

CAT activity measurement

CAT activity was measured in accordance with
the method of Aebi [7]. The principle of the assay is

based on the determination of the rate constant (s'l,
K) of hydrogen peroxide decomposition by the CAT
enzyme at 240nm.

Protein measurement

The protein concentration was determined using
the method of Lowry et al. [8].

Effects of pesticides on enzyme activity

All pesticides were dissolved in ethyl alcohol.
Stock pesticide solutions were arranged to match 0,
50, 100 and 250 ppm and then each of these was
mixed with a 750 pl enzyme solution. The final
volume of the mixture was 1 ml. The mixture was
incubated at room temperature for 30 min and then
the activities of CAT were measured.

720 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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RESULTS AND DISCUSSION
Inhibition type of deltamethrin to CAT

The activities of CAT were measured in the
presence of different concentrations of deltamethrin
(0, 50, 100 and 250 ppm) for different substrate
concentrations of H,O, (5, 10, 15, 20, 25 and 30
mM)(n=3). The activity of CAT decreased with
increasing concentrations of deltamethrin. The
Kinetics conformed to the Michaelis-Menten model
and a Lineweaver-Burk graph of CAT was drawn by
using the obtained results (Figure 1).

To identify the inhibition type, according to
Figure 1, Vmax and Km were calculated at different
concentrations of deltamethrin and are shown in

0,16 4

0,14

012 - B50 ppm Deltamethrin
A 100 ppm Deltamethrin
@ 250 ppm Deltamethrin

01 A

0,08 4

1V

0,06 4

0,04 A

[

@0 ppm Deltamethrin

Table 1. From the Lineweaver-Burk graph, we
determined that the Km values were close to each
other but we found that the Vmax values decreased.
Thus, we suggest that deltamethrin inhibited CAT
non - competitively.

Inhibition type of lambda-cyhalothrin to CAT

The activities of CAT were measured in the
presence of different concentrations of Lambda-
cyhalothrin (0, 50, 100 and 250 ppm) for different
substrate concentrations of H,O, (5, 10, 15, 20, 25
and 30 mM)(n=3). The activity of CAT decreased
with the increasing concentrations of lambda-
cyhalothrin.

J= o35

R? =08862

=200 [ 200 400

al0 200 1000 1200

1/1s] ()

Fig 1. Lineweaver-Burk graph of CAT treated with deltamethrin.

Table 1. Effects of deltamethrin, lambda-cyhalothrin, dichlorvos and malathion on the kinetic parameters of CAT.

. - Km
Concentrations of Pesticides Vmax (U/mg) (M H,0,)

Oppm Deltametrin 222.22 0.0181
50ppm Deltametrin 178.57 0.0161
100ppm Deltametrin 227.27 0.0227
250ppm Deltametrin 169.49 0.0169
Oppm Lambda-cyhalothrin 222.22 0.0181
50ppm Lambda-cyhalothrin 256.41 0.026
100ppm Lambda-cyhalothrin 238.09 0.0238
250ppm Lambda-cyhalothrin 181.81 0.036
Oppm Dichlorvos 222.22 0.0181
50ppm Dichlorvos 238.09 0.0238
100ppm Dichlorvos 250.00 0.05
250ppm Dichlorvos 285.71 0.0571
Oppm Malathion 222.22 0.0181
50ppm Malathion 250.00 0.025
100ppm Malathion 208.33 0.021
250ppm Malathion 227.27 0.045
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The Kinetics conformed to the Michaelis-Menten
model and a Lineweaver-Burk graph of CAT was
drawn by using the obtained results (Figure 2).

To identify the inhibition type, according to
Figure 2, Vmax and Km were calculated at different
concentrations of lambda-cyhalothrin and are shown
in Table 1. From the Lineweaver-Burk graph, we
determined that the Km values are close to each
other but we found decreased Vmax values. Thus,
we suggest that lambda-cyhalothrin inhibited CAT
non-competitively.

Inhibition type of dichlorvos to CAT

The activities of CAT were measured in the
presence of different concentrations of dichlorvos (0,

0,2 7
@ 0 ppm Lambda cyhalothrin
E50 ppm Lambdacyhalothrin
0.15 1 & 100 ppm Lambdacyhalothrin
@ 250 ppm Lambdacyhalothrin
01 -

50, 100 and 250 ppm) for different substrate
concentrations of H,O, (5, 10, 15, 20, 25 and
30mM)(n=3). The activity of CAT decreased with
the increasing concentrations of dichlorvos. The
Kinetics conformed to the Michaelis-Menten model
and a Lineweaver-Burk graph of CAT was drawn by
using the obtained results (Figure 3).

To identify the inhibition type, according to
Figure 3, Vmax and Km were calculated at different
concentrations of dichlorvos and are shown in Table
1. From the Lineweaver-Burk graph, we determined
that the Vmax values are close to each other but we
found increased Km values. Thus, we suggest that
dichlorvos inhibits CAT competitively.

y= 00002+ 0,0055
R =0,9974

BE-05x+ 0,0043
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==
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Fig 2. Lineweaver-Burk graph of CAT treated with lambda-cyhalothrin
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Fig 3. Lineweaver-Burk graph of CAT treated with dichlorvos

722



H. Paluzar, A.Sagiroglu: In Vitro effects of pesticide exposure on Bovine liver catalase activity

®0 ppm Malathion
B50 ppm Malathion
& 100 ppm Malathion

0,15 4 & 250 ppm Malathion

0,1 A

14V

0,05 4

Y= 0,0002x+0,0044

R?* = 0,9988

YW= R0+ 0,004
R*=0,8971

=200 i 200 400

-0,05 -

[Su] 200 1000 1200

/s (1)

Fig 4. Lineweaver-Burk graph of CAT treated with malathion.

Inhibition type of malathion to CAT

The activities of CAT were measured in the
presence of different concentrations of malathion (0,
50, 100 and 250 ppm) for different substrate
concentrations of H,O, (5, 10, 15, 20, 25 and 30
mM)(n=3). The activity of CAT decreased with
increasing concentrations of malathion. The Kinetics
conformed the Michaelis-Menten model and a
Lineweaver-Burk graph of CAT was drawn by using
the obtained results (Figure4).

To identify the inhibition type in accordance with
Figure 4, Vmax and Km were calculated at different
concentrations of malathion and are shown in Table
1. From the Lineweaver-Burk graph, we determined
that the Vmax values are close to each other but we
found increased Km values. Thus, we suggest that
malathion inhibits CAT competitively.

The effects of different chemical substances,
drugs, metal ions and anions on CAT have been
investigated in many in vitro and in vivo studies,
performed with various organisms.

T. Hamers et. al. observed that Dichlorvos at low
concentrations  inhibited  acetylcholinesterase
(AChE) competively [9]. M. A. Kamal observed
malathion inhibited AChE non-competitively [10].
They reported similar results for AChE but there
isn’t any Kkinetic study for CAT inhibition by these
pesticides. In addition to this, other studies also
examined the inhibition of CAT by pesticides.

D. Julka et. al. [11] observed that treatment
by dichlorvos resulted in significant decreases in
the activities of the antioxidant enzymes SOD

and CAT which were accompanied by a
decrease in the values of lipid peroxidation. B.
Mazmanci et. al. [12] and M. Berkoz et. al. [13]
have reported deltamethrin to cause a decrease
in the activities of CAT, SOD and GPx.

E. Buyukgtzel [14] observed that treatment
by malathion resulted in decreases of the
activities of CAT and GPx. H. Fetoui et. al. [15]
have reported the activities of CAT, SOD, GPx,
glutathione reductase (GR) and glutathione-S-
transferase (GST) were significantly decreased
due to lambda-cyhalothrine exposure. We
obtained similar results in the present study.

CONCLUSION

In this study we wanted to elucidate the kinetic
parameters of H,O, as a substrate and some
pesticides as inhibitors, as well as the inhibition type.
Kinetic studies were performed at very low
concentrations of H,O, and very short reaction
times. The results showed that bovine liver catalases
are inhibited by malathion, dichlorvos, lambda
cyhalothrin and deltamethrin in vitro. It was shown
that the catalytic degradation of H,O, is inhibited
competitively by malathion and dichlorvos but non-
competitively by deltamethrin  and lambda
cyhalothrin.

Acknowledgement: No potential conflict of
interest was reported by the author(s).
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In vitro EOEKT HA TIECTULIUU BHPXY AKTUBHOCTTA HA KATAJIA3A OT 'OBEXIU
YEPEH JPOb

X. Mamyzap*!, A. Caruporiy?

YTpaxuiicku ynueepcumem, Ilpogecuonanno éucue yuunuwe “Apoa”, Oopun, Typyus
2lenapmamenm no xumus, Hayuen gpaxynmem, Tpaxuticku ynueepcumem O0pun, Typyus

Tlomy4ena Ha 1 anpwun, 2016 r.; kopurupada Ha 26 okToMBpH, 2016 T.

(Pesrome)

B Tasm pabora e wmscnenBaH wHXHOWpamus e(peKT Ha TMeCTHUIMINTE NeNTaMeTPHH, MaJaTHOH,
JIXJIOPBOC M JTaMO1a-1TMXaJIOTPHUH BbPXY aKTUBHOCTTA Ha karanasza (CAT), u3onupana oT TOBEKIN Uep Ipoo.
3abens3axme, ye MHXHOUPAHETO HA €H3MMa HapacTBa C HAPACTBAHETO HA KOHIICHTPAIIMUTE HAa TECTULIUIANTE
ot 0 mo 250 ppm. KuHeTukaTa € B cbhIyiacue ¢ ypaBHEHHETO Ha Muxaenuc-MeHTeH, KOeTO € HOTBbPACHO B
koopauHatuTe Ha Lineweaver-Burk. XapakrtepbT Ha MHXHOUPAHETO € Pa3JIMUYCH, KATO MPH AUXIOPBOCHT U
MaJIaTHOHBT Ca KOHKYPEHTHU HHXUOUTOPH, a JENTAMETPUHBT U JTaMO1a-1TUXAIOTPUHBT - HEKOHKYPEHTHU.
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Synthesis of 2-(substituted)-3H-benzimidazole-5-carboxylic acids and 2-
(substituted)-3H-imidazo[4,5-b]pyridine-5-carboxylic acids: synthons for fluorescent
Hx and aza-Hx amides
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A. Mepham?, M. Leel?*
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The syntheses of fifteen fluorescent 2-(substituted)benzimidazole-5- (Hx) and 2-(substituted)imidazopyridine-5- (aza-
Hx) carboxylic acids are reported. These are key moieties of Hx- and aza-Hx amides, which bind DNA at specific
sequences in the minor groove. Condensation of methyl 3, 4-diaminobenzoate 10a or methyl 5,6-diaminopyridine-2-
carboxylate 10b with the appropriate aryl- or heteroarylaldehyde 9 produced the desired Hx (7a-k) and aza-Hx esters (8-
0) in 31-88% and 18-70% vyields, respectively. Hydrolysis of esters 7a-k and 8I-o0 gave the corresponding Hx (5a-k) and
aza-Hx acids (61-0) in 66-93% and 64-85% yields, respectively. Hx acids 5d, 5e, 5g, and 5k, and aza-Hx acids 6m-o are

novel compounds.

Keywords: polyamides; fluorescence; benzimidazole; imidazopyridine; DNA binding; sequence specificity

INTRODUCTION

Pyrrole (Py)- and imidazole (Im)-containing
analogs of distamycin (1, Figure 1) are polyamides
(PASs) that bind in the minor-groove of DNA in a
stacked fashion at specific DNA sequences[1].
These PAs, such as 2 (Figure 1), can potentially be
designed to target specific sequences and modulate
the expression of genes, including those associated
with cancer cell growth [2-7]. Recently, our group
demonstrated the usefulness of PAs by reporting a
new class of compounds called Hx amides [8]. These
amides (3, Figure 1) contain the fluorescent 2-(4-
methoxyphenyl)benzimidazole or Hx moiety at the
N-terminus. Mimicking the fluorescent and DNA
binding properties of Hoechst, a stacked Hx motif
behaves as a Py-Py unit; thus, a stacked Hx/PP unit
recognizes two A/T base pairs [8a] and a stacked
Hx/11 unit recognizes CC/GG [8b]. The important
feature of Hx amides is their ability to fluoresce
which enables tracking of these molecules in cells
and in animals [9]. The success of Hx amides has led
to the design and synthesis of aza-Hx amides 4
(Figure 1), which contains a fluorescent 2-(4-
methoxyphenyl)-3H-imidazo[4,5-b]pyridine  (aza-
Hx) moiety [10]. Our group has recently reported
that aza-Hx mimics a Py-Im unit; thus, when stacked
with Im-Py the the stacked dimer binds
preferentially to CG/GC. Aza-Hx amide 4 can also
be tracked in cells by means of fluorescence [10].

* To whom all correspondence should be sent:
E-mail: mosesleenf@gmail.com

In our pursuit of Hx and aza-Hx amides, we have
synthesized a variety of analogs with the intention of
affecting their DNA binding properties. Hx analogs
that contain substituents such as 4-fluorophenyl, 4-
(N,N-dimethyl)phenyl,  4-methoxy-3-nitrophenyl,
pyridin-4-yl, indol-3-yl, or 7-(N,N-diethylamino)
coumarin-3-yl in place of 4-methoxyphenyl were
synthesized to mimic a Py-Py unit. However,
replacing 4-methoxyphenyl in  Hx with 6-
methoxypyridin-2-yl, 6-methoxypyridin-3-yl, furan-
2-yl, or benzofuran-2-yl could potentially mimic an
Im-Py  unit.  Furthermore,  replacing  4-
methoxyphenyl in aza-Hx with 6-methoxypyridin-2-
yl, 6-methoxypyridin-3-yl, or furan-2-yl could
potentially provide analogs that mimic an Im-Im
unit. The synthesis of Hx and aza-Hx amides is
challenging due to the susceptibility of N-
methylpyrrole-2-carbonyl chloride to undergo
polymerization [11], the instability of the polyamide
amines [6-10,12] and the lack of access to key Hx
acids (5a-k) and aza-Hx acids (61-0). Table 1 depicts
fifteen Hx and aza-Hx acids synthesized in this
study. Hx acids 5a [13,14], 5b [14,15], 5c [14,16],
5h[14,17] and 5j [14,18] were previously reported
and are commercially available. Hx acids 5f and 5i
are commercially available [14], and aza-Hx acid 6l
was preliminarily reported by our group [10] but no
experimental or characterization data was published.
The synthesis and characterization data for the novel
Hx and aza-Hx acids (5d, 5e, 5g, 5k, and 6n-0) are
reported herein, along with aza-Hx acid 6.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 725
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Scheme 1. Synthesis of Hx acids (5a-k) and aza-Hx acids (61-0). Method A: nitrobenzene, 150-155 °C, 16 h;

Method B: DMSO, 120-125 °C, 12 h.

RESULTS AND DISCUSSION

Hx acids (5a-k) and aza-Hx acids (6l-0) were
prepared by hydrolysis of their corresponding esters
7a-k and 8l-o, respectively (Schemel). Even though
there are various methods for synthesizing
benzimidazoles [19], the approach taken by our
group is oxidative condensation of a substituted 1,2-
diaminobenzene and a substituted benzaldehyde. In
Method A, an  appropriate aryl- or
heteroarylaldehyde 9 (R groups are defined in Table
1) reacts with methyl 3,4-diaminobenzoate 10a in
nitrobenzene at 150-155 °C for 16 h to produce
benzimidazole esters 7a-d in modest to high yields
(44-88%). However, using Method A, Hx esters 7e-
7i, were obtained in poor yields and methyl 5,6-
diaminopyridine-2-carboxylate 10b reacted with the
aldehydes to generate diimino products. To
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overcome these challenges, we discovered that
reaction of methyl 3,4-diaminobenzoate 10a or
methyl 5,6-diaminopyridine-2-carboxylate 10b with
an appropriate aryl- or heteroarylaldehyde 9 in
DMSO at 120-125 °C proceeded smoothly in 12 h to
give the desired products. Esters 7e-k and 81-o0 were
produced in low to good yields (18-84%). All the
esters except compound 7d were hydrolyzed using
5% aqueous sodium hydroxide at reflux to afford the
corresponding carboxylic acids 5 and 6 in good to
high yields (64-93%). The coumarin compound 7d
was hydrolyzed using 6.0 M hydrochloric acid -
because the lactone framework was susceptible to
hydrolysis under basic conditions to obtain Hx acid
5d at a 79% vyield. All the compounds were
characterized by H-NMR, IR spectroscopy, and
mass spectrometry but only those for the novel
compounds and acid 6l are reported.
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Table 1. Percent yields of Hx (7) and aza-Hx esters (8), as well as Hx (5) and aza-Hx acids (6) prepared in this

study
R= 7(%) 5(%) R= 7(%) 5 (%) R= 7 (%) 5 (%)
awod V88 0 wed > a1 8 ) 69 89
S VA
a E‘w@(oro a9 = S 50 75 Meo{l} 55 88
Et MeO
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49 83 m Meo‘(/}* 70 85
N=

EXPERIMENTAL

The solvents and reagents were purchased from
Aldrich or Fisher and were used without further
purification. The Melting points (Mp) were
determined using a Mel-temp instrument and
uncorrected. Infrared spectra were recorded on either
a Midac FT-IR or Bruker Alpha-P
spectrophotometer. *H-NMR spectra were obtained
using a Bruker AVANCE 111 400 MHz instrument
with TMS as the internal standard. High-resolution
mass spectra (HRMS) and low-resolution mass
spectra (LRMS) were measured in the Mass
Spectrometry Laboratory at the University of South
Carolina, Columbia, USA.

Method A:Synthesis of methyl 2-(substituted)-
3H-benzimidazole-5-carboxylates (7a-d)

Methyl 3,4-diaminobenzoate 10a (3.0 mmol) and
the appropriate aryl- or heteroarylaldehyde 9 (3.0
mmol) were dissolved in nitrobenzene (4.0 ml). The
reaction mixture was heated at 150-155°C for 16 h.
The reaction mixture was cooled to room
temperature, the solvent was removed under reduced
pressure and the crude product was purified by silica
gel column chromatography. Compounds 7b and 7d
precipitated upon cooling the reaction mixture. The
products were filtered, washed with toluene
followed by hexane and dried under vacuum at 45°C.
The esters were directly hydrolyzed to obtain the
corresponding carboxylic acids.7a: Pale brown solid

(0.80 g); Mp 210-212°C.7b: White solid (0.37 g);
Mp 196-200°C.7c: White solid (0.50 g); Mp 204-
207°C.

Methyl  2-(7-(diethylamino)-2H-coumarin-3-
yI)-3H-benzimidazole-5-carboxylate (7d): Yellow
solid (0.35g, 44%); Mp >210°C; R: 0.58 [ethyl
acetate:hexane(5:5)]; IR (KBr): 3400, 2980, 2856,
1709, 1612, 1580, 1523, 1426, 1348, 1293, 1229,
1129, 777, 744, 689cm™. 'H-NMR (CDCls): 6 11.41
(s br, 1H,), 8.95 (d, J=4.0 Hz, 1H), 8.35 (m, 1H),
8.00 (dd, J=4.0 Hz, 8.0 Hz, 1H), 7.50 (m, 2H), 6.70
(dd, J=4.0 Hz, 8.0 Hz, 1H), 6.57 (s, 1H), 3.95 (s, 3H),
3.48 (g, J=8.0 Hz, 4H), 1.26 (t, J=8.0 Hz, 6H);
LRMS: (EI) m/z 391 (M*, 100%).

Method B: Synthesis of methyl 2-(substituted)-3H-
benzimidazole-5-carboxylates (7e-k) and methyl 2-
(substituted)-3H-imidazo[4,5-b]pyridine-5-
carboxylates (81-0)

Methyl 3,4-diaminobenzoate 10a or methyl 5,6-
diaminopyridine-2-carboxylate 10b (3.0 mmol) and
the appropriate aryl- or heteroarylaldehyde 9 (3.0
mmol) were dissolved in DMSO (4.0 ml). The
reaction mixture was heated at 120-125°C for 12 h.
The removal of the solvent under reduced pressure
was followed by purification of the residue by silica
gel column chromatography yielding esters 7e-k and
8l-0, which were directly hydrolyzed to obtain the
corresponding carboxylic acids. 7f: White solid
(0.69 g); Mp 198-202°C. 7h: White solid (0.45 g);
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Mp 129-131°C.7i: Yellow solid (0.45 g);
Mp>210°C. 7j: White solid (0.60 g); Mp 198-202°C.

Methyl 2-(6-methoxypyridin-2-yl)-3H-
benzimidazole-5-carboxylate(7e): White solid (0.43
0); Mp200-204°C; Rf 0.44 [ethyl acetate:hexane
(4.5:5.5)]; IR (KBr): 3385, 3041, 2956, 2860, 1694,
1599, 1573, 1535, 1471, 1430, 1408, 1319, 1290,
1227, 1152, 1028, 883, 774, 665cm™; H-NMR:
(CDCls) 6 8.30 (s, 1H), 7.93 (d, J=8.0Hz, 1H), 7.90
(dd, J=4.0Hz, 8.0Hz, 1H), 7.62 (m, 1H), 7.57 (d,
J=8.0Hz, 1H), 6.74 (d, J=8.0Hz, 1H), 3.89 (s, 3H),
3.85 (s, 3H); LRMS: (El) m/z 283 (M*, 100%).

Methyl 2-(indol-3-yl)-3H-benzimidazole-5-
carboxylate (7g): Off-white solid (0.56 g, 46%); Mp
238-242°C; Rt 0.62 [methanol:chloroform (2:8)];IR
(KBr): 3264, 3224, 3198, 3119, 2953, 2948, 1684,
1621, 1590, 1573, 1500, 1458, 1388, 1312, 1182,
1087, 1036, 880, 772, 692 cm™*;'H-NMR (DMSO-
d6): 5 12.86 (s, 1H), 11.75 (s, 1H), 8.49 (d, J=8.0Hz,
1H), 8.20 (s, 1H), 8.13 (s, 1H), 7.81 (d, J=8.0Hz,
1H), 7.62 (d, J=8.0Hz, 1H), 7.52 (d, J=4.0Hz, 1H),
7.23(d, J=1.5Hz, 2H), 3.88 (s, 3H); LRMS: (EI) m/z
291 (M*, 100%).

Methyl 2-(3-nitro-4-methoxyphenyl)-3H-
benzimidazole-6-carboxylate (7k): White solid (0.30
g); Mp 185-189°C; Rs 0.27[ethyl acetate:hexane
(1:1)]; IR (KBr): 1713, 1621, 1530, 1449, 1433,
1350, 1334, 1274, 1265, 1233, 1186, 1162, 1119,
1085, 1069, 1012, 973, 827 cm™*;'H-NMR(DMSO-
de): 613.40 (s, 1H), 8.70 (d, J=2.0Hz, 1H), 8.47 (dd,
J=4.0Hz, 8.0Hz, 1H), 8.18 (d, J=12.0Hz, 1H), 7.86
(d, J=8.0Hz, 1H), 7.70 (s, 1H), 7.61 (d, J=12.0Hz,
1H), 4.03 (s, 3H), 3.88 (s, 3H); LRMS: (EI) m/z 327
(M*, 100%); HRMS: calc. for m/z
C16H13N305327.0855, found 327.0860.

Methyl 2-(4-methoxyphenyl)-3H-imidazo[4,5-
b]pyridine-5-carboxylate (81): White solid (0.52 g);
Mp 238-241°C; R¢ 0.45 [ethyl acetate:hexane (4:6)];
IR (KBr): 3047, 3006, 2949, 1728, 1717, 1607,
1494, 1461, 1443, 1413, 1397, 1279, 1028, 947, 838,
788, 740, 641 cm!; 'H-NMR (DMSO-d6): § 13.87
(s, 1H), 8.20 (d, J=8.0Hz, 2H), 8.08 (d, J=8.0Hz,
1H), 7.97 (d, J=8.0Hz, 1H), 7.16 (d, J=8.0Hz, 2H),
3.90 (s, 3H), 3.86 (s, 3H); LRMS: (EI) m/z 283 (M*,
100%).

Methyl 2-(6-methoxypyridin-2-yl)-3H-
imidazo[4,5-b]pyridine-5-carboxylate (8m):White
solid (0.42 g); Mp 204-206°C; R: 0.49
[methanol:chloroform (0.5:9.5)]; IR (KBr): 3040,
2920, 2856, 1719, 1571, 1473, 1394, 1272, 1220,
1122, 1027, 821, 763 cm?; 'H-NMR (CDCls): &
10.81 (s, 1H), 8.15 (d, 1H), 8.00 (dd, J=4.0Hz,
8.0Hz, 1H), 7.75 (d, J=8.0Hz, 1H), 7.73 (d, J=8.0Hz,
1H), 6.88 (dd, J=4.0Hz, 8.0Hz, 1H), 4.01 (s, 3H),
3.99 (s, 3H); LRMS: (El) m/z 284 (M*, 40%).
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Methyl 2-(6-methoxypyridin-3-yl)-3H-
imidazo[4,5-b]pyridine-5-carboxylate (8n): White
solid (0.64 g); Mp>260 °C; R¢ 0.41 [ethyl
acetate:hexane (4:6)]; IR (KBr): 3050, 2948, 2870,
1720, 1601, 1475, 1401, 1360, 1274, 1228, 1132,
1019, 832, 761, 666 cm™;*H-NMR(DMSO-d6): &
13.93 (s, 1H); 9.09 (d, J=4.0Hz, 1H), 8.53 (dd,
J=4.0Hz, 12.0Hz, 1H), 8.19 (d, J=8.0Hz, 1H), 8.05
(d, J=8.0Hz, 1H), 7.11 (d, J=12.0Hz, 1H), 4.02 (s,
3H), 3.97 (s, 3H); LRMS: (EI) m/z 284 (M*, 100%).

Methyl 2-(furan-2-yl)-3H-imidazo[4,5-
b]pyridine-5-carboxylate (80):Light brown solid
(0.10 g); Mp 204-207°C  (dec); R 0.5
[methanol:chloroform (2.5:7.5)];IR (KBr): 3040,
2981, 2926, 2883, 1763, 1716, 1603, 1574, 1519,
1504, 1489, 1475, 1412, 1391, 1276, 1107, 1017,
960, 884, 757, 745 cm*; *H-NMR (CDCls): § 10.12
(sbr, 1H), 8.18 (d, J=12.0Hz, 1H), 8.12 (d, J=8.0Hz,
1H), 7.66 (d, J=2.0Hz, 1H), 7.36 (d, J=4.0Hz, 1H),
6.67 (dd, J=4.0Hz, 1H), 4.02 (s, 3H); LRMS: (EIl)
m/z 243 (M*, 100%).

Synthesis of 2-(substituted)-3H-benzo[d]imidazole-
5-carboxylic acids (5a-c, e-k) and
2-(substituted)-3H-imidazo[4,5-b]pyridine-5-
carboxylic acids(6l-0).

The appropriate Hx ester (7a-c, 7e-k, and 8I-0)
(2.0 mmol) was added to an aqueous solution of
sodium hydroxide (5%, 10 ml) and the reaction
mixture was heated to reflux for 1.0 h. The reaction
mixture was cooled to ambient temperature and
acidified to pH of 3-4 with concentrated
hydrochloric acid. The precipitate was filtered,
washed with water and dried under vacuum at
50°C.5a: Tan solid (1.10 g); Mp 253°C [13,14]. 5b:
White solid (0.41 g); Mp 204-208°C [14,15]. 5c:
White solid (0.42 g); Mp >250°C [14,16]. 5f: White
solid (0.42 g); Mp >210°C [14]. 5h: Off-white solid
(0.44 g); Mp 245°C [14,17]. 5i: White solid (0.42 g);
Mp 201-205°C [14]. 5j: Off-white solid (0.38 g); Mp
220-222°C [14,18].

2-(6-Methoxypyridin-2-yl)-3H-benzimidazole-
5-carboxylic acid (5e): White solid (0.36 g); Mp
157-159°C; Ry 0.28 [ethyl acetate:hexane (4:6)]; IR
(KBr): 3082, 2984, 2949, 1691, 1599, 1536, 1474,
1409, 1328, 1296, 1272, 1243, 1152, 1120, 1073,
1028, 769, 678, 617 cm™; *H-NMR (DMSO-d6): &
13.00 (s br, 1H), 8.27 (s, 1H), 7.93 (m, 3H), 7.72 (s,
1H), 6.98 (d, J=4.0Hz, 1H), 4.10 (s, 3H); LRMS:
(El) m/z 269 (M*, 100%); HRMS: calc. for m/z
C14H11N305269.0800, found 269.0792.

2-(Indolyl-3-yl)-3H-benzimidazole-5-
carboxylic acid (5¢): Light orange solid (0.55 g); Mp
250-252°C(dec); R¢ 0.25 [methanol:chloroform
(2:8)];IR (KBr): 3275, 3184, 3113, 3065, 1630,
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1587, 1557, 1499, 1446, 1373, 1312, 1226, 1178,
1086, 745, 678 cm™;'H-NMR (DMSO-d6): § 12.72
(s, 1H), 11.73 (s, 1H), 8.51 (d, J=4.0Hz, 1H), 8.21
(s, 1H), 8.10 (s, 1H), 7.78 (d, J=8.0Hz, 1H), 7.49 (d,
J=4.0Hz, 2H), 7.20 (m, 3H); LRMS: (El) m/z 277
(M*, 100%); HRMS: calc. for m/z CisH11N3O2
277.0851, found 277.0854.
2-(3-Nitro-4-methoxyphenyl)-3H-
benzimidazole-6-carboxylic acid (5k): Light yellow
solid (0.20 g); Mp >250°C; Rf 0.20
[methanol:chloroform (0.5:9.5)]; IR (KBr): 1706,
1695, 1685, 1629, 1530, 1509, 1484, 1426, 1387,
1349, 1335, 1294, 1214, 1126, 1091, 1060, 984, 890
cm®; IH-NMR (DMSO-d6): § 8.80 (s, 1H), 8.61 (d,
J=12.0Hz, 1H), 8.20 (s, 1H), 7.87 (d, J=8.0 Hz, 1H),
7.68 (d, J=12.0Hz, 1H), 7.62 (d, J=8.0Hz, 1H), 4.03
(s, 3H); LRMS: (ES*, TOF) m/z 314 (M+H", 100%);
HRMS: calc. for m/z C16H13N3Os 314.0777, found
314.0781.
2-(4-Methoxyphenyl)-3H-imidazo[4,5-
b]pyridine-5-carboxylic acid(6l): White solid (0.38
g); Mp >250°C; Rf 0.4 [methanol:chloroform
(0.5:9.5)]; IR (KBr): 3065, 2961, 2836, 1706, 1607,
1575, 1492, 1441, 1397, 1363, 1250, 1176, 1024,
829, 763, 692, 675 cm?; *H-NMR (DMSO-d6): &
8.22 (d, J=8.0Hz, 2H), 8.05 (d, J=8.0Hz, 1H), 7.97
(d, J=8.0Hz, 1H), 7.15 (d, J=8.0Hz, 2H), 3.86 (s,
3H);LRMS: (ES*, TOF) m/z 270 (M+H* 100%);
HRMS: calc. for m/z C14H11N3O3 270.0878, found
270.0870.
2-(6-Methoxypyridin-2-yl)-3H-imidazo[4,5-
b]pyridine-5-carboxylic acid (6m): White solid
(0.30 g); Mp >250°C (dec); R:0.23
[methanol:chloroform (1:9)]; IR (KBr): 3200, 3050,
2982, 2943, 1763, 1714, 1603, 1573, 1557, 1504,
1475, 1463, 1412, 1366, 1351, 1321, 1305, 1269,
1204, 1097, 1074, 895, 762, 735, 669 cm™; *H-NMR
(DMSO-d6): 6 8.17 (d, J=8.0Hz, 1H), 8.04 (d,
J=12.0Hz, 1H), 7.99 (d, J=8.0Hz, 1H), 7.94 (t,
J=8.0Hz, 1H), 7.02 (d, J=8.0Hz, 1H), 4.09 (s,
3H);LRMS: (EI) m/z 270 (M*, 67%); HRMS: calc.
for m/z C13H10N403270.0753, found 270.0757.
2-(6-Methoxypyridin-3-yl)-3H-imidazo[4,5-
b]pyridine-5-carboxylic acid (6n): White solid
(0.4009); Mp 251-253°C; Ry 0.38
[methanol:chloroform (0.5:9.5)]; IR (KBr): 3050,
2946, 1602, 1466, 1373, 1283, 1019, 767, 664 cm™;
!H-NMR (DMSO-d6, two drops D.0): & 8.95 (s,
1H), 8.42 (d, J=8.0Hz, 1H), 7.97 (d, J=8.0Hz, 1H),
7.91 (d, J=8.0Hz, 1H), 7.02 (d, J=8.0Hz, 1H), 3.92
(s, 3H); LRMS: (EI)m/z 270 (M* 100%); HRMS
calc. for m/z C13H10N4O3 270.0753, found 270.0754.
2-(Furan-2-yl)-3H-imidazo[4,5-b]pyridine-5-
carboxylic acid (60): Light brown solid (0.24 g); Mp
245-247°C (dec); Rs 0.12 [methanol:chloroform

(2.5:7.5)]; IR (KBr): 3250, 3110, 3069, 1702, 1620,
1523, 1471, 1399, 1294, 1254, 1230, 1172, 1081,
1022, 890, 797, 699, 679, 634 cm?; H-NMR
(CDsOD): & 8.05 (d, J=8.0Hz, 1H), 7.97 (d,
J=8.0Hz, 1H), 7.77 (d, J=2.0Hz, 1H), 7.30 (d,
J=4.0Hz, 1H), 6.65 (dd, J=4.0Hz, 1H); LRMS: (EIl)
m/z 229 (M* 100%); HRMS: calc. for m/z C12H7N303
229.0487, found 229.0483.
2-(7-(Diethylamino)-2H-coumarin-3-yl)-

benzoimidazole-5-carboxylic acid (5d):Hx ester7d
(782 mg, 2.0 mmol) was added to a solution of
hydrochloric acid (6.0 M, 15 ml) and the reaction
mixture was heated to reflux for 24 h. The reaction
mixture was cooled to 10-15°C and neutralized
using 10% aqueous sodium hydroxide solution. The
precipitate obtained was filtered, washed with water
and dried. The crude product was purified by silica
gel column chromatography using 10% methanol in
chloroform as the eluent system to afford the desired
Hx acid 5d as a yellow solid (597 mg); Mp >210°C;
Rf 0.52 [methanol:chloroform (2:8)]; IR (KBr):
3294, 2970, 2860, 1701, 1619, 1586, 1526, 1432,
1353, 1295, 1233, 1182, 1134, 1073, 848, 799, 744
cm;'H-NMR (DMSO-d6): § 12.70 (s, 1H), 8.98 (s,
2H), 8.25 (s, 1H), 7.84 (d, J=12.0Hz, 1H), 7.75 (d,
J=8.0Hz, 1H), 7.68 (d, J=8.0Hz, 1H), 6.85 (dd,
J=4.0Hz, 8.0Hz, 1H), 6.70 (s, 1H), 3.52 (g, J=8.0Hz,
4H), 1.18 (t, J=8.0Hz, 6H); LRMS: (ES*, TOF) m/z
378 (M+H*, 100%); HRMS: calc. for m/z
C21H19N304 378.1454, found 378.1447.
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CUHTE3A HA 2-(3AMECTEH)-3H-BEH3UMUNIA30JI-5-KAPBOKCUJIHA KUCEJINHA U 2-
(BAMECTEH)-3H-UMUNIA30[4,5-b]TTMPUINH-5-KAPBOKCUJIHU KUCEJIMHU:
CHUHTOHMU 3A ®JIYOPECLEHTHU Hx U aza-Hx AMUJINU

B.C. Caram?, LK. ITatun®, B. Ba6y!, K.A. Bpaiibn’, M. I'peropu’, M. Baybmen?, JIx. Cyups!,
A. Medam?, M. Jlunl?*

Ylenapmamenm no xumus, Xoyn Konuoxc, Xonano, Muuuzan, CALL]
2flenapmamenm no xumus, ljamcxu ynueepcumem 6 JJocopoocus, Amnanma, Jocopocus, CALL]

IMocthpnuia Ha 3 stwyapu, 2016 r.; kopurupana ua 4 maprt, 2016 r.

(Pesrome)

CpoOmaBa ce 3a CHHTE3WTE Ha

15 ¢nyopecuentan 2-(3amecten)bensumuiazon-5-(Hx) u  2-(3amecren)

UMHUa30MpUAnH-5-(aza-HX) kapbokcwnau kucenuuu. Kirowou ca monoBuuuTe Ha HX- u aza-HX amuante, KOUTO
cebp3Bar JJHK B crmemuduunu cexBenmu. Konpensamusara Ha metwn 3, 4-gumamuHoOen3zoar 10a wmm mermn 5,6-
JUaMUHOTIUpUAnH-2-kapookcmnaT 10b ¢ moaxomsim apun- win xerepoapun-annexuan 9 nasa xenanure HX (7a-K) u
aza-Hx ecrepu (81-0) ¢ no6usu crotBetHO 31-88% 1 18-70%. Xuaponusara Ha ectepute 7a-K u 81-0 naBa croTBeTHHUTE
Hx (5a-K) u aza-Hx xucenuuuu (61-0) ¢ no6uBu crotBeTHO OT 66-93% M 64-85%. HX - kucenmuute 5d, 5e, 59 u 5K,

KakTo U aza-HX kucenuaure 6M-0 ca HOBU CbCAUHCHUS.
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In this work the thermosensitive aggregation and breakage of a model TiO. suspension in water in the presence of
poly(acrylic acid) — a polymer characterized by Upper Critical Solution Temperature (USCT) behavior, is presented.
Contrary to the Lower Critical Solution Temperature (LCST) polymer flocculation, in this case the suspension is stable
at higher temperatures and the particles aggregate upon cooling. In the experiments the suspension was destabilized in a
baffled mixing tank equipped with a mechanical stirrer and thermostating jacket. Due to the extremely high sensitivity of
the system to the change of any of the process parameters the aggregation process was investigated via digital analysis of
the microscopic photographs. The UCST thermo-sensitive flocculation in an aqueous environment was found to be

reversible and as such suitable to be used in processing run under a cyclic regime.

Keywords: aggregation, thermosensitive polymers, poly(acrylic acid), Lower Critical

Upper Critical Solution Temperature (UCST)

INTRODUCTION

Nowadays extensive research is dedicated to the
novel approaches to aggregation phenomenon [1].
For example, N-isopropylacrylamide is known for
its Lower Critical Solution Temperature (LCST),
i.e. the polymer is hydrophilic below LCST and
becomes hydrophobic above this temperature, this
process is reversible and can be run repeatedly [2].
When derivatives of such polymers are used as
flocculants the temperature greatly influences the
particle size distribution [3 — 5] or sediment
volume [6, 7]. Moreover, they can be used
simultaneously in flotation due to their
hydrophobic nature [8, 9]. Thermosensitive
aggregation has two significant advantages over the
conventional process. First, it can be triggered and
reversed on demand and therefore the aggregation
and breakage phenomena may be repeated in a
cyclic manner. Second, thermo-sensitive polymers
can be tailor made to show affinity to chosen
substances, thus stimuli-controlled processes may
be realized in a new way.

In general Upper Critical Solution Temperature
(UCST) polymers have attracted only a small
fraction of the attention devoted to their LCST
counterparts, most likely because the UCST
transition is usually less drastic (the UCST is a
wider range of temperature than the sharp LCST of
PNIPAM) and very strongly dependent on the
solution pH and salinity in the suspending media

* To whom all correspondence should be sent:
E-mail: Andrzej.Gierczycki@polsl.pl

Solution Temperature (LCST),

[10]. To the best of our knowledge there have been
no reports of UCST flocculation of solid
dispersions in water, even though the most popular
UCST polymer — poly(acrylic acid) (PAA) is easily
available commercially. In this paper the results of
flocculation of a model TiO, agueous suspension
with a UCST polymer are presented. To the best of
our knowledge UCST flocculation of water-
dispersed solid suspensions has not been studied up
to the present.

EXPERIMENTAL

A model suspension of TiO; particles (Avantor
Performance Materials Poland S.A.) in reverse
osmosis water was used. The solid particles in the
form of white powder were weighted on an
analytical balance and transferred to a small
beaker. Subsequently a dense sludge was created
by the addition of a small portion of RO water.
Poly(acrylic acid) was used as the flocculating
agent. It was received in the form of 25% wi/w
water solution (Avantor Performance Materials
Poland S.A., molecular weight equal to 240 000
g/mol). In order to enable the hydrophilic-
hydrophobic transition the addition of salt was
required. For this purpose potassium chloride was
used (pure for analysis, Avantor Performance
Materials Poland S.A.).

In order to verify the polymer dosage impact on
the flocculation performance three different
dosages were investigated, i.e. 10 mg/g, 100 mg/g
and 1000 mg/g. Unfortunately the natural

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 731



W. Bogacz et al.: Thermosensitive flocculation of aqueous suspension using a UCST polymer

consequence of different polymeric  acid
concentrations was a change of the solution’s pH.
This in turn influenced the location of the UCST
point. During thermo-sensitive aggregation the
driving force of flocs creation results from the
hydrophobic interactions between the solid
particles. The magnitude of these interactions
depends directly on the temperature. Therefore, it
was decided that in all the experiments a constant
UCST value will be preserved at the expense of a
pH value change (Table 1). Contrary to the
standard flocculation experiments in which the
flocculation performance is investigated from the
moment of polymer addition, in the presented cases
the polymer solution with a strictly determined
UCST point had to be prepared before the
aggregation experiments. Next, the solid particles
in the form of a dense sludge were introduced to
the mixing tank and the observations initiated. The
final concentration of solid particles during all the
experiments was equal to 12 g/dm?.

The flocculation experiments were performed in
a thermostated mixing tank equipped with 4 baffles
and a mechanical 3-blade marine propeller (400
RPM). The key dimensions of the laboratory setup
are presented in Fig. 1. During solution preparation
it was found that the value of the UCST depends on
a very delicate balance between the component
concentrations. Even a small change in the salt
concentration or pH value influenced the UCST
substantially.

Therefore, it was decided to analyze the UCST
flocculation on the basis of microscopic
photographs. The authors of this work were aware
that a large part of the suspension particle
population of submicron size were not visible on
the photographs. However, the proposed approach
yielded results which proved the scientific goal of
this work. It has to be emphasized that the biggest
disadvantage of laser sizer measurements of
particle size distribution is the possibility of sample
contamination by residuals left in the sample
circulation loop of the apparatus.

Table 1. Experimental data for the polymer solutions.

~

\4 :

AN

He| Hb

A

Fig. 1. Mixing tank scheme: 1) thermostated jacket,
2) baffle, 3) mixing tank, 4) propeller. Dimensions:
D =0.098 mm, d =0.038 m, b =0.01 m, H. =D, Hp, = D,
h = ¥%4H..

The measurements were made as follows. First,
the polymer solution, together with salt addition,
was heated to 318 K. Next, the titanium oxide
sludge was transferred into the tank. From that
moment the suspension was mixed for 10 minutes.
After this period of time a sample was taken using
a preheated plastic pipette with a wide end and
transferred on to acustom-made thermostated
microscope slide. The photographs of the
aggregates were taken using a biological Olympus
CH30 microscope with a CMOS camera. 10
samples in total were collected for each polymer
dose. 10 photographs were taken of each sample.
Next, the temperature was decreased to 298 K and
once again after 10 minutes 10 samples were taken.
The time needed to investigate one sample (taking
a sample using a pipette, placing it on the
microscope slide and taking 10 photographs) was
equal to approximately 20 seconds. The
measurements were repeated several times in order
to prove their repeatability.

During the next step the photographs were
digitally processed using MultiScanBase software.
First, all the photographs were converted into
grayscale. Second, for each photograph different

Polymer dose Polymer concentration H Salt concentration UCST
[mg-g TiO,] [% wiw] P M] (K]
1000 1 242 1.50 308
100 0.1 311 0.43 309
10 0.01 3.88 0.55 310
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kinds of anomalies were manually removed (e.g.
noises etc.) using a set of filters (median filter for
noise reduction, averaging background brightness
filter and sharpening filter - if necessary).
Subsequently, they were transformed into black
and white figures. The number and size of the
aggregates were determined using a dedicated
algorithm included in the software. Finally, the
fractal dimension of the aggregates was determined
using the same figures. For this purpose HarFA 5.4
(Harmonic and Fractal Analyzer) software was
used [11] which employs a box counting method
(2D fractal dimension).

RESULTS AND DISCUSSION

Regardless of the polymer dosage all the
polymer-treated  TiO,  suspensions behaved
similarly at temperature above the UCST (Fig. 2).

—Tio,

V%]

0,1 1I 1I0 160
d [um]
Fig. 2. Particle Size Distribution of the TiO;
suspension in water without polymer addition.

The primary suspension had the Sauter diameter

equal to 6.11 um. The fractal dimensions of the
particles were equal to 1.87 (std. dev. 0.05). The
diluted suspension of TiO, has a positive zeta
potential at low pH values [12]. Therefore, after
addition of PAA some aggregation is present for all
the dosages due to charge neutralization and
bridging (compare Fig. 2, 3 and 4).
The particle size distribution is only slightly
dependent on the dosage which clearly indicates
that poly(acrylic acid) has a limited flocculation
ability at elevated temperatures. The Sauter
diameters were equal to 47.44 (fractal dimension
equal to 1.53, std. dev. 0.10), 41.91 um (fractal
dimension equal to 1.57, std. dev. 0.12) and
67.17 um (fractal dimension equal to 1.81, std. dev.
0.11) for 10 mg/g, 100 mg/g and 1000 mg/g
dosages, respectively.

When the temperature was reduced to 25°C
(below the polymer’s UCST) the aggregation could
be seen with the naked eye for the two highest

1 10 100
10 T

o —— 10 mg per 1 g45°C

—— 100 mg per1 g 45°C

—— 1000 mg per 1 g 45°C

: 0 gpm 0
Fig. 3. Particles Size Distribution of TiO; with

different PAA dosage. At 45°C (above the UCST) the
polymer is in the hydrophilic form.

10

——10 mg per 1 g 45°C

VI%]

——10 mg per 1 g 25°C

100

1 10

d [um]

Fig. 4. Particle size distribution of TiO, with PAA
(10 mg/1g dose) at 45°C (top panel) and 25°C (bottom).

polymer doses. In the case of a 10 mg/g dosage a
shift in Particle Size Distribution can be observed
upon cooling (Fig. 4).

The mean diameter achieved a value equal to
54.81 um (fractal dimension equal to 1.70, std. dev.
0.08). In the case of higher PAA dosages (100 mg/g
and 1000 mg/g) the formation of very large
aggregates (Fig. 5) clearly indicates that the
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polymer starts to act as a very effective flocculant
after cooling below the UCST. The PSD (as well as
the mean diameter and fractal dimension) at 25°C
for these dosages are not presented because with
such large aggregates (exceeding the size of the
camera frame) it was not possible to obtain images
allowing for a meaningful analysis. However, it has
to be emphasized that one can easily find
aggregates larger than 1 mm.

i e

Mm,
Fig. 5. Aggregates observed at 25°C with a 100
mg/1g PAA dosage.

Fig. 6. Reversibility of the thermoresponsive UCST
flocculation: TiO, suspension with 1000 mg/g of
poly(acrylic acid) at 45°C (left), 25°C (middle) and after
heating back to 45°C (right).

After cooling the suspension obtained with 1000
mg/g PAA the sludge was heated back to 45°C.
The large aggregates present at 25°C are absent
from the images taken after heating, proving the
reversibility of the UCST-type thermoresponsive
flocculation which is crucial from the point of view
of the potential practical applications (Fig. 6).

CONCLUSIONS

A reversible flocculation process was
demonstrated on a UCST polymer — poly(acrylic
acid) and TiO; solid agueous suspension. For all
the studied polymer dosages (10, 100 and 1000
mg/lg of TiO;) the suspension was stable at a
temperature above the polymer’s UCST (45°C) and
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aggregation was observed in all the samples upon
cooling to 25°C (below the UCST). In the case of
medium and high polymer dosage very large
(> 2 mm) aggregates were formed. Breakage of the
aggregates was observed after heating the sediment
providing a clear proof of the process reversibility.
The experimental results presented herein show
that UCST-type thermosensitive polymers can be
used as flocculating agents in analogy with their
more popular LCST counterparts which imply
possible applications in separation, process control
and catalysis.

Acknowledgement:  This  research  was
supported by the Ministry of Science and Higher
Education (Poland) under grant IUVENTUS PLUS
no. 1IP2012019972.
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TEPMOYYBCTBUTEJHA ®JIOKVJIALIMA HA BOAHU CYCIIEH3MU C U3IIOJI3BAHETO
HA UCST ITIOJIMUMEP

B. Borau!, M. Jlemanosuu!, A. l'nepunxn'®, B. Kyxnnk'2
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[ocrpnuna Ha 5 HOeMBpH, 2015 r.; Kopurupasa Ha 26 anpui, 2016 r.

(Pesrome)

B Ttasu paboTa ce M3cienBa TEPMOYYCTBUTEIHOTO arperupaHe W pasmagaHe Ha MojeiHa cycrmeHsus ot TiOz BbB
BOJa B NPUCBHCTBUE Ha IOJHM-aKPHJIOBA KUCEIMHA — IOJMMEpP C BUCOKAa KPUTHYHA TeMIlepaTrypa Ha pPa3TBOPHMOCT
(USCT). IIpotuBHO Ha roKynalusaTa MpU HUCKA KPUTHYHA Temrepatypa Ha pa3rBopumoct (LCST), B pasrnexnanus
cilyqail cyclieH3usTa € craOWiHa TpH BUCOKa TEMIIepaTypa M YacTUIMTE Ce€ arperupar npu oxjiaxnane. [Ipwm
NPOBEJICHUTE EKCIIEPUMEHTH CYCHEH3UATa Ce AECTadWIN3Upa B CMECUTEIEH CbJl C Iperpajd IpH MEXaHHYHO
pa30bpKkBane M TepMocTatupane. [lopaau rojsMara YyBCTBUTEIHOCT Ha CHCTEMara arperpaHeTo Oelle W3ClieBaHO
4ype3 qU(POB aHATU3 HA MUKPOCKOIICKU cHUMKH. Hawmepeno e, ue UCST-TepmMouyBcTBHTENIHATA arperalys BbB BOJHA
cpea e o0paTHMa U MOIXOAsIIa 32 Pab0Ta B IUKIUICH PEKHM.
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QSAR analysis of a series of previously synthesized N!-substituted 1,2,4-triazole derivatives tested for growth
inhibitory activity with respect to Escherichia coli, was performed using the computer-assisted multiple regression
procedure. Using the Hansch and Free Willson approach the activity contribution of the aminomethyl/aminoethyl unit
and aromatic/heteroaromatic ring was determined from the correlation equation. In accordance with the statistical
parameters (R=0.8729; R?%j=0.6430; Sd=0.2983; Q?=0.7548 and PRESS/SSY=0.2452), the biparametric model which
involves R and L, is selected as the best biparametric model, for determing the activity of the chosen triazole derivatives
against E. coli. Spreading the investigated system: the subset B (aminomethyl unit replaced with the aminoethyl group)
and subset C (aromatic replaced with a heteroaromatic ring), statistically significant QSAR models were not obtained.

Keywords: quantitative structure - activity relationships, 1,2,4-triazole, antibacterial activity, Escherichia coli,

INTRODUCTION

The 1,2,4-Triazole system is a structural element
of many drugs that have antimycotic activity such as
fluconazole, itraconazole, voriconazole [1-3].
Because of the synthetic utility and broad range of
pharmacological effects, the 1,2,4-triazole nucleus is
an important five member ring, and the interest in the
synthesis and microbiology of this pharmacophore
continues to be fuelled by its analgetic,
antiasthmatic, diuretic, antihypertensive,
antibacterial, antifungal and anti-inflammatory
properties [4-10].

One of the methods of preparing derivatives of
1,2,4-triazole is the Mannich reaction
(aminomethylation), a well know process [11,12].
N-hydroxymethyl derivatives of heterocycles such
as: benzotriazoles and benzimidazoles under the
influence of amines, can also give corresponding
Mannich bases [12-14]. It is also known that some
aminomethyl heterocycles, that possess biological
and corrosion-inhibition activity can be used as
additives in greasy oils as well as photopolymerizing
paints to improve adhesion [15,16].

Quantitative structure activity relationships
(QSARs) are estimation methods developed and used
in order to predict certain effects or properties of
chemical substances which are primarily based on
the structure of the substances. They have been
developed on the basis of experimental data on
model substances. Today the investigation of the

QSAR of the substances is an important issue in
modern  chemistry,  biochemistry,  medicinal
chemistry, as well as in drug discovery [17-20].

This information is composed of mathematical
equations relating the chemical structure of the
compounds to a wide variety of their physical,
chemical, biological and technological properties.
Once a correlation between the structure and
activity/property is found, any number of
compounds, including those not yet synthesized, can
be readily screened on the computer in order to select
the structure with the desired properties. Then, it is
possible to select the most promising compounds to
synthesize and test in the laboratory.

In the above mentioned contex and in the
continuation of the studies of new antimicrobial
agents which possess heterocyclic rings in their
structure, such as the 1,2,4-triazole, during the last
ten years,some new 1,2,4-triazole derivatives [21-
24] were synthesized and investigated.

A group of 18 Ntl-aryl/heteroarylamino-
/methyl/ethyl-1,2,4-triazole derivatives was
synthesized by condensation of the hydroxymethyl
derivative of 1,24-triazole and the appropriate
aromatic/heteroaromatic amines and by the reaction
of 1,2,4-triazole, acetaldehyde and a few
aromatic/heteroaromatic amines. All the synthesized
compounds were screened for their antibacterial
activities with respect to Escherichia coli [24].

The objective of this investigation was to study
the usefulness of QSAR in the prediction of the
antibacterial activity of the investigated triazole
derivatives with respect to Escherichia coli. Multiple

* To whom all correspondence should be sent:

E-mail: vdimova@tmf.ukim.edu.mk linear regression (MLR) models have been
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developed as a mathematical equation which
correlate the chemical structure to the activity.

EXPERIMENTAL
Materials and methods

All N!-aryl/heteroarylamino/methyl/ethyl-1,2,4-
triazole derivatives (1-18), (Tablel), used in this
study were previously synthesized and reported
elsewhere [24].

Antibacterial Investigation

All 1,2 4-triazole derivatives were tested for their
in vitro growth inhibitory activity against
Escherichia coli. The antimicrobial activity of the
investigated compounds were tested by the filter
paper disc method [25], using standard conditions in
a Mueller-Hinton agar medium, inoculated with 0.5
mL of the 24 h liquid cultures containing 107
microorganisms/mL.

Stock solutions of the compounds were prepared
in DMSO, as an inert medium in 3 concentrations: 1
mg/mL; 5 mg/mL and 10 mg/mL DMSO (Figure 1).
Filter paper discs (5 mm diameter) saturated with
each compound solution were placed on the
indicated agar mediums. The incubation time was 24
h at 37°C. A control disc using DMSO without any

test compound was included. There was no
inhibitory activity in those disks. The diameter of the
zone inhibition (mm) was measured. The MIC
values of the triazoles tested were obtained as pg/mL
(Table 1). Every test was done in triplicate to
confirm the findings.

Multiple Linear Regression

The mathematical foundation of the quantitative
structure — activity relationship is based on the
principle of polylinearity. Multiple linear regression
is a common method used in QSAR studies. The
QSAR equations were obtained by the multilinear
forms:

logl/c = ap + a1D1 + a2D2 + asDs+ ... + aDn, (1)

where D1, Dy, D3 and D, are descriptors, n is the
number of desriptors. The intercept (ao) and
regression coefficient of the descriptors were
determined using the least squares method.

The MVA (multi variable analysis) approach in
QSAR analysis has been most widely and effectively
used for theoretical drug design due to various
physicochemical (electronic, steric  and
hydrophobic) parameters and structural indicator
parameters used together (Hansch and Free Willson
approach) [26,27].

Table 1. Calculated logl/cmic values; logP values and matrix of the Free Willson approach for NI-
aryl/heteroarylaminomethyl/ethyl-1,2,4-triazole derivatives (1-18)

log

Comp. R Ar 1 logP? IH l=ch-
CmiIC
1 H -CsH4-COOC;Hs (p) 5.3914 1.2981 1 1
2 H -CsH4-COOH(p) 4.3388 0.4579 1 1
3 H -C¢H4-COOH(0) 4.3388 1.4690 1 1
4 H  -CeHa-Cl(p) 53194  1.2210 1 1
5 H -CgH4-Br(p) 5.4034 1.4665 1 1
6 H -CsH4-CH3 (p) 5.2747 1.1238 1 1 SN
7 H -CsH4-CeHs (p) 5.3985 2.3405 1 1 ﬂ
—N H ;
8 H -C6N4—NH—CH2-NQ 4.7328 -1.6900 1 1 N/N
9 CHs  -CgHs-COOC:Hs (p) 5.4156 1.7157 0 1 - ‘1 R -
10 CHs  -C¢Ha-NO; (p) 4.3678 1.3895 0 1 ! -CH-NH-!A[ :
11 H  2-Pyridyl- 52435 00301 1 0 - A
12 H 4-Methyl-2- pyridyl - 5.2769 0.5774 1 0
13 H 6- Methyl-2- pyridyl - 5.2769 0.5774 1 0
14 H 5-Chloro-2-pyridyl- - 0.6746 1 0
15 H 2-Pyrimidyl- - -1.4763 1 0
16 H 1,2,4-Triazole-4-yl 45189 -2.1800 1 0
17 CHs  6-Methyl-2-pyridyl- - 0.9950 0 0
18 CHs  2-Thiazolyl- - 0.7441 0 0
2Ref. [28].
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Fig. 1. a) Filter paper discs saturated with compound
(10) solution (1 mg/mL; 5 mg/mL and 10 mg/mL DMSOQO)
and b) optimized geometry of the compound (10)

The assumption can be formulated as given in the
following equation (Hansch approach):

loglic = Arx + Azy + Asz+ b, (2)

where X, y and z are the molecular properties and
logl/c are the desired biological activities.

From the values of linear slopes A1, A2, Az we
can see the correlation of the particular
molecular properties with the activity of the
investigated compounds. Applying the same
chosen descriptors in Free Willson analysis, the
activity contributions of either methyl- or
substituted heterocyclic ring systems were
determined from the correlation equation:

logl/c =Zaili + Zbixi +b 3
where lj is the structural indicator parameter.
Descriptors

The variables used as descriptors in the analysis
are electronic, steric and structural parameters
(Tables 1 and 2). The physicochemical parameters
taken into consideration in the QSAR study are: o, =,
MR, F, R, L and logP (Table 2). For each compound
the partition coefficient logP has been calculated
(Table 1) [28].
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The Hammett constant o is an electronic
substituent constant reflecting the electron-donating
or electron-withdrawing properties of a substituent.
It thus serves as a quantitative measure of the change
in the electronic density of the reaction center caused
by the introduced substituent. Positive ¢ values are
defined to represent the residues that unfold an
electron-withdrawing  effect stronger thanthe
hydrogen present in the unsubstituted derivative,
negative o values vice versa. It is possible to express
the electronic effect of a substituent in terms of non-
resonance and resonance capability. The parameter
om describes the inductive effect on the electron
density present in the reaction center, hence
emphasizing the non-resonance capability. The
mesomeric effect on the electron density is
characterized by op, putting an emphasis on the
resonance capability. As resonance conjugation
cannot be performed from the meta-position, or
contributes indirectly to om. A distinction between
the non-resonance and resonance capability can also
be made by employing the parameters F and R,
which are the field (F) and resonance (R) constants
calculated by Swain and Lupton from the Hammett
om and op values. Swain and Lupton claim the
descriptors F and R “to be more accurately defined
and more physically significant independent
variables for correlating or predicting substituent
effects” than any other pair of Hammett values. F
and R are supposed to be independent of the
performed reaction, of the solvent, and of the
temperature. Hansch attests the field and resonance
constants a remarkable orthogonality and thus
theavoidance of the common problem of multi-
collinearity. The empirical weighting factors f and r
are independent of the substituent but different for
each substituent constant (i.e., om, op):

c=fF+rR 4)
where o is the Hammett constant, f the field
weighting factor, F the field constant, r the
resonance weighting factor and R is the resonance
constant.

A parameter readily available for each substituent
is the molar refractivity (MR), described as the molar
volume of the substituent, corrected by the refractive
index. The refractive index being a part of the
definition hints a contribution of the polarizability of
the substituent to the MR value which must be
regarded as an electronic contribution:

2_
_ M(n2 1) ®)
d(n©+2)

where MR is the molar refractivity of the substituent,
M is the molecular weight of the substituent, dis the

MR
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density of the substituent, and n is the refractive
index, measured at 20 °C.

A purely geometrical definition of the size of a
substituent is provided by Verloop who thereby
wanted to overcome the problem of asymmetry of
the substituents. In order to be able to describe the
substituents deviating from a spherical shape, a set
of five parameters was developed. The length
parameter L and the four width parameters B1-4,
represent the  four rectangular  directions
perpendicular to the axis describing the length.

The partition coefficient, referred to as logP,
represents a  parameter  expressing  the
hydrophobicity of the molecule as a whole. The logP
value of a compound is commonly determined by
measuring the distribution behavior in a biphasic
system consisting of 1-octanol, representing the lipid
phase, and water:

P C(lipidphase) (6)

C(water phase)

where P is the partition coefficient of the compound,
Cyipid phase) 1S the concentration of the compound
present in the lipid phase, and Cwater phase) IS the
concentration of the compound present in the water
phase.

The Hansch constant = describes the contribution
of a substituent to the lipophilicity of a compound.
The = values are usually derived from the benzene
solute system, that is, by partitioning substituted
benzene derivatives between 1-octanol and water.
Subtraction of the logP value of the unsubstituted
benzene from the logP value of the substituted
compound vyields the = value of the appropriate
substituent. Positive m values represent an
amplification of the lipophilic character caused by
the substituent; negative z values that symbolize an
increase in hydrophilicity:

ix = 10gPrx - [0gPr-H (7)
where 7x is the Hansch constant characteristic of the
substituent X, Prx is the partition coefficient of the
X-substituted benzene, and Prn is the Partition
coefficient of the unsubstituted benzene.

Applying the Free Willson analysis, in the
first step, the structural variable indicator In
expresses the replacement of the hydrogen atom with
a methyl group in an aminomethyl unit. I is defined
as 1 for the N!-aryl/heteroarylaminomethyl-1,2,4-
triazoles (1-8, 11-16), and 0 for N!-
aryl/heteroarylaminoethyl-1,2,4-triazole derivatives
(9,10,17,18). In the second step, the other indicator
I=cn- is defined as 1 for compounds with =CH- in six

membered ring (1-10) and O for compounds with —
N- replacement (11-18) (Table 1).
Statistical analysis

The statistical evaluation of the data was
performed using the STATISTICA program
package [31]. To test the quality of the regression
models, the following statistical parameters were
used:

o Correlation coefficient (R) - measures the
degree to which the dependent variable is
linearly related to the explanatory variables.

o Standard deviation of the estimate (Sd) -
defined as the square root of the variance
represents the most commonly used measure of
the spread. Sd expresses the degree of deviation
of the calculated biological activity from the
experimentally determined biological activity.

o Fisher test for singnificance of the equation
(F-test) mirrors the ratio of the variance, which
is a measure of the spread of data, that is
explained by the established regression
equation to the variance not explained, taking
the degrees of freedom into account. The F-
distribution can be regarded as a measure of
significance of the established regression
equation as a whole.

o Adjusted R?*(R%g;) an adjusted version of R:

R%q = 1-R*((n-1)/(n-p-1)) (8)

where n is the number of compounds and p is the

number of independent parameters.

o Predictive residual error Sum of Squares
(PRESS) and Sum of squares of deviation of
the experimental values from their mean
(SSY):

PRESS = Z(Ypred-Yexp)? and
SSY =X (Yexp-Yrmean)?  (9)
where Y preg-predicted, Yexp-experimental and Y mean-
mean are the values of the target property; in our
case the (logl/C) values respectively. PRESS
appears to be an important cross-validation
parameter accounting for a good estimate of the real
predictive error of the model. Its value less than SSY

(PRESS<<SSY) indicates that the model predicts

better than chance and can be consided statistically

significant. If the sum of the squared deviations of
the calculated values from the observed values

(PRESS) is larger than the sum of the squared

deviations of the observed values from the mean

experimental value (SSY), Q? adopts a negative
value. This implies that the proposed regression
equation does not provide reasonable predictions.
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Table 2. Physicochemical parameters of the triazole derivatives studied ?Ref. [29]; °Ref. [30]

Substituent o z? MR? F? R? L?
p-COOC;Hs 0.45 0.51 17.47 0.33 0.15 5.96
p-COOH 0.45 -0.32 6.93 0.33 0.15 3.91
0-COOH 1.2° -0.32 6.93 0.33 0.15 3.91
p-Cl 0.23 0.71 6.03 0.41 -0.15 3.52
p-Br 0.23 0.86 8.88 0.44 -0.17 3.83
p-CHs -0.17 0.56 5.65 -0.04 -0.13 2.87
p-CeHs -0.01 1.96 25.36 0.08 -0.08 6.28
p-NO; 0.78 -0.28 7.36 0.67 0.16 3.44

o Cross-validation  squared  correlation
coefficient (Q%) is widely adopted to quantitatively
express the predictive power of a correlation and can
by calculated by equation:

Q?=1-PRESS/SSY (10)
o Quality factor (Q) can be calculated by
equations:
Q=R/sd (11)
A higher value of Q indicates a better prediction of
the model.

o Uncertainty of Prediction (Spress) and
Predictive Square Error (PSE)can by calculated by
equations:

PRESS
SPRESS = N=p-D
pSE — |PRESS (12)

The lower values of Spress and PSE indicate a
better model.

o Variance inflation factor (VIF) is defined
as:

VIF=1/(1-R?) (13)

where R; is the multiple correlation coefficient of the
i-th independent variable on all of the other
independent variables.

RESULTS AND DISCUSSION

The series of 18 substiuted 1,2,4-triazole
derivatives may be organized in 3 subsets:

Subset A - structurally identical compounds (1-
8);

Subset B - compounds with structural changes
(aminomethyl unit replaced with the aminoethyl
group) (1-10) and

Subset C - compounds with ring changes (the
aromatic ring has been replaced with a
heteroaromatic one) (1-18).

In this work QSAR analyses were made between
selected physicochemical properties and
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experimentally obtained values for antimicrobial
activities with respect to Escherichia coli, applying
the general Hansch equation for subset A, Free-
Wilson approach for subset B and extend Free-
Wilson equation for subset C.

It is well known that there are three important
phases in any QSAR study:

i.  development of the models;
ii. statistical validation of the obtained
models and
iii.  utility of the developed models.

In the first step for the development of QSAR
models, the selected 1,2,4-triazoles were evaluated
for in vitro antibacterial activity against Escherichia
coli. After applying the filter paper disc method, the
compounds 14, 15, 17 and 18 do not inhibit the
growth of the test strain [24]. In the second step,
efforts were focused on developing the QSAR
models of compounds with antibacterial activity.
Inhibitory activity data determined as pg/mL were
first transformed to the negative logarithms of molar
MICs (logl/cmic), (Tab. 2) which were used as a
dependent variable in the QSAR study.

In accordance with the calculated values,
logl/Cwmic is lowest for orto/para COOH substituted
1,2 4-triazoles (2 and 3). Following the sequence of
antibacterial activity the values observed were:

2=3<10<16<8<11<6<12=13<4<1<7
<5«<9

Since the previous work descriptors such as:
surface tension, molar refraction, molar volumen,
parachor, index of refractivity, density and
polarizability were used [23], in the present study
different electronic, steric and structural descriptors
(o, T, MR, F, R, L, logP) and structural variable
indicators (In and I=cn-) (Tables 1 and 2), were used
as an independent variable and were correlated with
antibacterial activity (logl/cmic).

One-variable model. The relatively good
monoparametric model was obtained only for =
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indicating the importance of the descriptor in
contribution to the inhibitory activity (Model 1,
Figure 2a).

Model 1 log 1l/cmic = 4.7747(x0.1569) +
0.5156(+0.1714)n

R=0.8025 R%4=0.5779 F=9.0471

Sd=0.3263 p<0.2983

Furthermore, the data shows that some of the
chosen descriptors such as ¢ (R=0.7235) and R
(R=0.6926) correlate median with the activity. A
statistically unreliable model was obtained for the
following descriptors: logP, MR, F and L (R<0.4).

From this it was concluded that no single variable
model is capable of good modelling of activity and
that the refereed descriptors should be combined to
obtain a statistically significant multiparametric
model for modelling the activity.

Two-variable models. In bivariate correlation
analysis, by applying a stepwise multiple linear
regression method, 21 models were obtained.
Among them a few best models were selected for the
futher discussion (Models 2-9). The selection was
based on the statistical quality of the models (R; Sd;
F-test; R2%gj; p-level).

Model 2 log L/cwmic = 4.9839(+0.2837) -
0.3745(0.4194)c + 0.3710(+0.2383)n

R=0.8385 RZ%g=0.5548 F=4.7391
Sd=0.3331 p<0.0881

Model 3 log 1/cwic = 4.8484(0.4007) -
0.7481(+0.3259)c + 0.3526(+0.2575)logP
R=0.8219 R24=0.5132 F=4.1639
Sd=0.3483 p<0.1052

Model 4 log 1/cmic = 5.1377(+0.4425) +
0.7216(%0.2925)x- 0.3579(+0.4067)logP
R=0.8377 R%=0.5527 F=4.7069
Sd=0.3339 p<0.0889

Model 5 log 1/cwmic = 4.9288(+0.2491) +
0.6698(:+0.2593) -0.0218(+0.0268)MR
R=0.8335 R2;=0.5422 F=45533
Sd=0.3378 p<0.0931

Model 6 log 1/cwmic = 4.8340(+0.1755) +
0.3907(+0.2288)n- 0.9911(+1.1590)R

R=0.8361 RZ%4=0.5486 F=4.6460
Sd=0.3354 p<0.0905
Model 7 log 1/cwmic = 5.0401(+0.5498) +

0.5747(+0.2192)x- 0.0688(+0.1355)L

R=0.8158 RZ%4=0.4984 F=3.9809
Sd=0.3536 p<0.1118
Model 8 log 1/cmic = 4.6927(+0.2371) +

0.0314(0.0181)MR - 2.3438(+0.8880)R

R=0.8384 R?%;=0.5545 F=4.7343

Sd=0.3332 p<0.0882

Model 9  log 1/cmic = 4.0750(0.4575) -
2.7899(£0.8309)R + 0.2208(+0.1014)L
R=0.8729 R%4=0.6430 F=6.4038
Sd=0.2983 p<0.0566

Three-variable models. In the next step an
attempt was made for finding the triparametic
correlation analysis, involving some of the
parameters. Only Model 10 and 11 gave relatively
statistically good results.

Model 10 log 1/cmic = 4.8897(+0.4245) -
0.2822(+0.4814)logP+0.0474(+0.0337)MR
-2.7389(+1.1823)R
R=0.8565 R?j=0.46708 F=2.7529
Sd=0.3654 p<0.2138

Model 11 log 1/cmic = 4.6032(+0.4202) +
0.0332(+0.0216)MR + 0.2578(+0.9266)F -
2.4082(+1.0385)R
R=0.8429 R?=0.4097F=2.4541
Sd=0.3790 p<0.2401

Models 10 and 11 indicate that logP and R
negatively contribute to the biological activities,
opposite to MR and F.

Model with structural variable indicators.The
aminoalkyl linker between the triazole and
substituted aromatic core was also investigated
(Subset B). The extension of the alkyl chain (methyl)
by one carbon (ethyl) led to the statistically realable
regression model 12:

Model 12 log 1/cmic = 4.8251(+0.4245) +
0.5799(+0.1748)x - 0.0866(+0.2889) I

R=0.8095 R?q=0.5403 F=5.7024 Sd=0.3467
p<0.0410
where Iy is a structural indicator parameter

representing -CH.- group as 1 and CH3-CH- group as
0.

Model with heteroaromatic unit. Further
modification of the investigated triazole set whenthe
aromatic was replaced with a heteroaromatic core
(subset C), led to a reduction in activity. After
applying an extend Free — Wilson equation for such
a structured group of compoundsthe following
model was obtained:

Model 13 log 1/cmic=5.1300(+0.2110)+

0.2051(x0.1057)logP-0.3532(£0.2849) l=cH-
R=0.5101 R?%q=0.1257 F=1.9345 Sd=0.4189
p<0.1905

A good correlation was not obtained, indicating
that another type of heteroaromatic core must be
chosen to be a part of the system investigated.

741



V. Dimova et al.: QSAR analysis of N!-substituted 1,2,4-triazoles against Escherichia coli

Occurrence of colinearity

At this step, it is worth examining the occurrence
or otherwise of colinearity in the proposed models.
The best candidates for this purpose would
obviously be the two-parametric models. We can do
this in two different ways: (i) by examining the
correlation matrices for used descriptors and (ii) by
statistical evaluation - calculation of the additional

statistical parameters: PRESS/SSY; Q2 PSE;
SPRESS and Q.
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Fig. 2. a) Linear correlation between log 1/cmic
and © (model 1) b) 3D Scatterplot of correlation
between log 1/cmic, R and L (model 9)

Correlation matrix. It was important for further
analysis to find the correlation matrix for used

descriptors and their correlation with the activity
(Table 3). The results show mutual correlation
between some of the used descriptors. So, if a
combination of them is present in the regression
expression, then the model may suffer from the
defect due to collinearly. Also, it may result in a
change in signs of the coefficients, a change in the
values of the previous coefficient, a change of a
significant variable into an insignificant one or an
increase in the standard error of the estimate in the
addition of an additional parameter to the model.

In accordance with Table 3, models 2, 4 and 5
were excluded from further statistical analysis,
although those models had relatively well correlated
coefficients and a standard deviation (R>0.83;
Sd<0.34). In the statistically best regression model
9, descriptor L has the positive effect on the
logl/cmic value, but its influence is not significant
compared with the influence of the descriptor R
(Figure 2b). The descriptor R receives a relatively
large negative coefficient (-2.7899), indicating that
this descriptor leads to a lower log 1/cwmic value.

Taking into consideration the above mentioned
and preliminary conclusions of the statistical
evaluation of the quality of all the models (R, R%g;
F; Sd, p), only models 9 and 10 can be used as
relatively statistically significant.

Finally, in order to confirm these findings, the
antimicrobial activity with respect to Escherichia
coli (log 1/cmic) as predicted by models 9 and 10 was
compared with the corresponding observed values
reported in Table 1. Within experimental error, the
values agree well.

Also, the predictive correlation coefficient (Rpre?)
has been calculated, (Table 4). The obtained
predictive correlation coefficient (Rpe>0.8) confirms
our conclusion. The values Rpe are found >0.8,
respectively, for the models 9 and 10. Correlation
between the observed log 1l/cmic and predicted
logl/cmic values and for all active compounds,
calculated by: (i) model 9 and (ii) model 10, are
presented in Figure 3.

Table 3. Correlation matrix for the chosen electronic, steric and hydrophobic parameters.

c n logP MR F R L
c 1.0000 -0.7226 -0.1338  -0.2845 06140  0.7557  -0.1180
n 1.0000 07255 07325  -0.5044  -0.6925  0.5748
logP 1.0000 07202  -0.1879  -0.2990  0.5669
MR 1.0000  -0.3256  -0.0191  0.9540
F 1.0000 03934  -0.2317
R 1.0000  0.1589
L 1.0000
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Table 4.Calculated predictive correlation coefficient (Ryre) for models 9 and 10.

Model Correlation: 10g1/Cmodet With 10g1/Cexp Rpre? Sd
9 1091/ Cmodel 9= 1.3505 +0.7334 [0g1/Cexp. 0.8565 0.2417
10 IOgl/ Cmodel 10214669 +07105 IOgl/Cexp 08429 02482

Table 5. Cross-validation parameters (Q?, PRESS/SSY, Seress, PSE and Q) calculated for models 9 and 10.

Model Parameters Q? PRESS/SSY SPRESS PSE Q
9 R; L 0.7548 0.2452 0.271 0.214 2.926
10 logP; MR; R 0.7335 0.2665 0.283 0.223 2.328
Predicted vs. Observed Values (Model 9) Predicted vs. Observed Values (Model 10)
Dependent variable: log 1/C Dependent variable: log 1/C
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Fig. 3. Plot between the observed and predicted log 1/cmic values for a) model 9 and b) model 10

Validation

Performing the multiple linear regression of a
dependent variable (y; log 1/cmic) offers the
possibility of choosing a large number of
explanatory variables (x) and thus raises the question
of significance in an acute form. Statistical quantities
need to be calculated in order to assess the success
of the correlation. Validation is a crucial aspect of
any QSAR analysis and a cross-validation
methodology was undergoing for deciding the
predictive power of the proposed models. This is
needed because a model with good statistics may not
have a good predictive potential. The predictivity of
each model was measured by several cross-
validation parameters: Q2 PRESS/SSY’; Spress; PSE
and Q.

For a reasonable QSAR model, PRESS/SSY
should be smaller than 0.4 [32]. In our case the ratio
PRESS/SSY<0.27 indicates that the proposed
models are reliable QSPR models (Tab. 5). Good Q?,
Srress and PSE values, were also obtained: (Q%>0.73;
Seress and PSE<0.3)(Tab. 5),confirming the
assumption that these models can be used as a tool
for predicting the inhibition of E. coli [33]. But, the
lowest value for Spress and PSE, for model 9,
compared to other models, supports its highest

predictive potential. An additional requirement
should be fulfilled, the difference between R?and Q?
should not be more than 0.3 [33].

The predictive power, determined by the Pogliani
Q parameter [34] for model 9 (Q=2.926) confirms
that this model has excellent statistics as well as
excellent predictive power, compared with the other
model (Tab. 5). In our study, since the previous data
are ofa similar ranking, Q is taken as proof of the
high predictive ability of the QSAR model 9.

We also calculated the variance inflation factor
(VIF) for each of the parameters in the selected
models, as a measure of multicollinearity [35]. A
VIF 10 or more (no upper limit is defined) for large
data sets indicates a collinearity problem. For small
data sets, even VIFs of five or more (here no upper
limit is defined as well) can signify collinearity. The
variables with a high VIF are candidates for
exclusion from the model. First, we calculated VIF
values for model 9 and 10 (as statistically the best
models according to the preliminary statistical data)
all VIF values are<4 (VIF=1.102 +3.269), meaning
that these models are free from defects caused by
colinearity (Tab.6).
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Table 6. VIF values for the two- and three-variabel
models.

Variance
Models  Descriptors inflation
factor (VIF)
9 R 1.102
L 1.102
logP 3.269
10 MR 2.902
R 1.487

In the statistically best regression model 9, the
descriptor L has a positive effect on the logl/cmic
value, but his influence is not significant (7.33%)
compared with the influence of descriptor R
(92.67%), (Figure 2b). The descriptor R receives a
relatively large negative coefficient (-2.7899),
indicating that this descriptor leads to a lower log
1/cmic value. In this model, the coefficients of R and
L are much higher than their standard deviation,
which is another confirmation for the statistical
significance of model 9.

The statistical evaluation of the data used to test
the quality of the obtained models indicated that
model 9 is statistically significant (R=0.8729;
R%,4=0.6430; F=6.4038; Sd=0.2983  p<0.0566;
Rpea=0.8565; PRESS/SSY=0.2452; Q%=0.7548;
Spress=0.271; PSE=0.214; Q=2.926), when all the
parameters are summarized.

The MLR method can be useful when a relatively
small number of descriptors are used. In this case,
for the active compounds, the obtained QSAR
models with two descriptors can be good in order to
avoid a high chance of spurious correlations.
Therefore, we selected model 9 as the best
statistically biparametric models, for determing the
activity of the chosen triazole derivatives against E.
coli.

As a result of spreading the investigated system
(Subsets B and C) the results showed that statistically
significant QSAR models were not obtained. That
means that maybe another heterocyclic nucleus
(beside those used in this study) may lead to
developing a better QSAR system.

CONCLUSION

Spurred by the need of new antimicrobial agents
and the fact that many effective drugs, insecticides
and fungicides possess heterocyclic systems in their
structure, such as triazole core, some new 1,2,4-
triazole derivatives were synthesized. Form the
results and discussion presented in this work, a
conclusion can be made that part of the investigated
Ni-substituted 1,2,4-triazole derivatives are
effective in vitro against the tested strain
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Escherichia coli. The inhibitor activity of triazoles
derivatives were modeled using multi linear models
based on the chosen physico - chemical descriptors
and structure variable indicators. Analysis of this
limited set of substituted 1,2,4-triazole molecules
allowed us to build a model of their antimicrobial
activity against E. coli in which logP, MR, R and L
are important factors.

The obtained biparameter models showed a
relatively good correlation and predictive ability, in
comparison with the monoparametric models. The
validity of the models have been established by the
determination of suitable statistical parameters
such as: R; RZ%gj; Sd; F-test; Q2% PRESS/SSY,
Spress, PSE and Q.

The structural modification which was made of
the basic set (Subset A) didn’t show any upgrading
of the QSAR maodels.This result is a good base for
expanding the 1,24-triazole set with new
compounds which  will have improved
characteristics. In consequence this will help the
medical and agriculture chemist in their prediction
of an increasing activity and thus the synthesis of
new triazoles exhibiting better activities than those
reported in this paper.
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program package

QSAR AHAJIM3 HA N*-3AMECTEHU 1,2,4-TPUA30JIU CPELLY Escherichia coli

B. Jlumonal ™ Y. Mopnanos!, JI. Iumutpos?

YDaxynmem no mexnonozus u memanypaus, Yuueepcumem ,, Ce. Ce. Kupun u Memoouii “, yn. Pyocep Bowxosuy
16, 1000 Cronue, Penybauxa Maxedonus
2HHcmumym no semeoenue, Yuueepcumem ,, Ce. Ce. Kupun u Memoouu “, yn. 16-ma Makedoncka 6puzada 3a, 1000
Ckonue, Penybauxa Makeoonus

[omyyena Ha 12 JlekemBpu 2014 1.; peBu3upana Ha 26 ¢pepyapu 2016 r.
(Pesrome)

be manpasen QSAR ananus Ha cepus OT mpeaBapuTelHo cuntesupand Ni-3amectenn 1,2,4-Tpra3o10BHU IPOU3BOIHH
TECTBAaHM 33 WHXUOWUTOpHA AaKTUBHOCT MO OTHOIIEHME Ha pactex Ha EScherichia coli, xaro ce wusnomnssa
KOMIIOTepU3HUpPaHa CXeMa 3a MHOXeCTBeHa perpecus. 3nom3saiiku moaxoaa wa Hansch u Free — Willson, mpuroca
32 aKTUBHOCTTA HAa aMHUHOMETHJI / aMUHOETHII 3aMECTHUTEI U apOMaTeH / XeTepoapOMaTHUST MPBCTEH Ce Opeelis OT
TOJIy4EHHTE KOPEJIALMOHHU YpaBHEHHs. B chOTBETCTBHME ChC cTaTMcTHueckuTe napamerpu (R = 0,8729; R%g =
0.6430; Sd = 0.2983; Q? = 0,7548 u PRESS / SSY = 0,2452), nsynapamMeTpuueH Mojel, Koifto Bkmousa R u L, e
n30paH Kato Haii-mo0Bp, 3a OMpe/eNsHe Ha aKTHBHOCTTA Ha W30paHHUTe TPHA30JI0BUTE TIpou3BoaHu cpemty E. colli.
PasmmpsiBaHeTo Ha u3ciieIBaHaTa CUCTEMa: MOJJMHOXKECTBOTO B (aMHHOMETHIIOBA rpyIa 3aMeHeHa C aMHHOETHIIOBA
rpyna) u noaMHoxecTBOTO C (apoMaTeH NPBCTEH 3aMEHEH C XeTepOapOMaTeH NPHCTEH), He BOAM JI0 TIOJyYaBaHe Ha
cratucTryecku 3HauumMu QSAR Momenu.
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The physicochemical properties and thermal degradation behaviour of three newly discovered sources of coals; Afuze,
Garin Maiganga and Shankodi-Jangwa from Nigeria were examined. Characterization was performed to determine the
rank, classification and quality of the coals using ultimate analysis, proximate analysis and higher heating value (HHV).
Ultimate analysis revealed high Carbon (C), Hydrogen (H) and Oxygen (O), but low Nitrogen (N) and Sulphur (S) content.
Proximate analysis demonstrated that the Garin Maiganga (GMG) coal sample exhibited the highest volatile matter (51.16
%) and Moisture (5.28 %) content. The highest ash content 30.99 % was observed in the Afuze coal; whereas the highest
FC content was observed in the Shankodi-Jangwa coal sample. The heating values (HHV) of the different samples were;
Garin Maiganga (23.74 MJ/kg); Shankodi-Jangwa (27.34 MJ/kg) and Afuze (30.52 MJ/kg) which confirmed Afuze and
Shankodi-Jangwa as high rank coals and Garin Maiganga as low rank. Consequently, Afuze coal is classified as
Bituminous and NOT Sub-Bituminous as previously reported. The results also demonstrate the reactivity and maturity of
the coal samples by increasing order; Garin Maiganga>Shankodi-Jangwa>Afuze. Overall, the physicochemical and low
rank properties of GMG coal make it suitable for coal power generation. The high fixed carbon content and
thermochemical reactivity of SKJ indicate a good coking potential for steel and cement production. Last, the low moisture

content and high carbon and heating values indicate AFZ coal can be utilized for power generation.

Keywords: Physicochemical, Thermogravimetric, Characterization, Low Rank Coal, Nigeria.

INTRODUCTION

Coal is the world’s cheapest, most abundant and
widely distributed source of energy with a global
consumption of 5,544.3 Mtce [1, 2].Consequently,
coal is the largest primary source of fossil fuels
utilized for electric power generation and the
production of chemicals, fuels and steel [3]. Despite
the global importance of coal resources, the low cost,
sustainable supply and self-sufficient electricity
generation in sub-Saharan Africa remains a colossal
conundrum.

Nigeria is the largest economy and exporter of
crude oil in Africa with estimated crude oil reserves
of 35 billion barrels, 187 trillion cubic feet of natural
gas, and over 4 billion metric tonnes of coal [4]. In
spite of Nigeria’s vast energy potential, the country
remains perennially plagued by energy crises
resulting from low electricity generation, poor
distribution and transmission losses [5]. This
unfortunate scenario has greatly undermined
Nigeria’s potential for sustained socioeconomic
growth, infrastructural development and energy
security. Therefore, there is a critical need for cheap,
sustained and consistent electric power supply
generated from inexpensive sources of energy such

* To whom all correspondence should be sent:
E-mail: bbnyax1@gmail.com, bnbevan2@live.utm.my

as coal. Nigerian coals are typically low rank sub-
bituminous in nature, with deposits located
predominantly in the Lower, Middle and Upper
Benue Trough of the Nigerian sedimentary basin [6].

Conversely, the search for higher ranked coals
has resulted in the discovery of new deposits in
Afuze, Garin Maiganga and Shankodi-Jangwa [7].
The Afuze coal is categorised as sub-bituminous
with significant deposits located South West of the
Benin Flank in the Anambra Basin in Afuze, Edo
State [8]. The Shankodi-Jangwa coal is bituminous
in nature with deposits situated in the Middle Benue
Trough of Obi, Nasarawa state [9]. Last, Garin
Maiganga coal is classified as sub-bituminous with
deposits in the Akko, Gombe state [10].

However, lack of comprehensive scientific data
on Nigerian coal has greatly hampered its utilization
for electric power generation and industrial
applications [11]. In addition, coal accounts for 37%
of global carbon dioxide (CO2) emissions prompting
concerns about the long term socioeconomic and
environmental impacts of coal power generation
particularly in developing countries like Nigeria.
Consequently, clean coal technologies such as
underground coal gasification (UCG) [12], carbon
capture storage (CCS) [13, 14] and the Integrated
Gasification Combined Cycle (IGCC) [15] are
currently under investigation for future coal power
generation [16-18]. The development and diffusion
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of these clean coal technologies into the current
energy mix of nations around the globe will greatly
increase the prospects of cheap, efficient and
sustainable energy.

However, the effective application of low-carbon
emission techniques for coal power generation in
Nigeria will require comprehensive knowledge of
the physicochemical and thermal properties of
indigenous coal. This is vital for examining the rank
classification, environmental impacts and feasibility
of the coal feedstocks for future applications [19].
Furthermore, the coal property data will be essential
for the engineering design, process optimization and
project costing of future energy conversion systems.

Consequently, this study is aimed at describing
the physicochemical and thermal properties of the
newly discovered Afuze, Garin Maiganga and
Shankodi-Jangwa coals from Nigeria. The study
presents novel results of the thermal degradation
behaviour of the coals using thermogravimetric
analysis (TGA) under inert conditions. Finally, the
study attempts to propose potential future
applications of the newly discovered coals.

EXPERIMENTAL

The coal samples examined in this study were
obtained from the Afuze coal field in Afuze, Edo

state; the Shankodi-Jangwa coal field in Obi,
Nasarawa state and Garin Maiganga coal field in the
Akko, Gombe state of Nigeria. The coals were
subsequently labelled; AFZ - Afuze coal; SKJ —
Shankodi-Jangwa and GMG — Garin Maiganga. The
coal mines are all located in various sedimentary
basins in Nigeria as illustrated in Figure 1 [21].

The coal samples were subsequently crushed into
small particles using a dry miller. Next, the
pulverized coal particles were sifted using an
analytical sieve (Retsch™250 um mesh) to obtain
homogeneous  particles for  physicochemical
characterization and thermal analysis.

Next, elemental coal analysis was carried out
using an EL Vario MICRO Cube Elementar™
CHNS analyser in accordance with the
specifications of the American Society for Testing
and Materials (ASTM) D5291 standard. Proximate
analysis was done using ASTM D3173, D3174 and
D3175 standard techniques for moisture (M),
volatile matter (VM) and ash (AC) content,
respectively. The fixed carbon (FC) and Oxygen (O)
content were determined by difference. The mineral
matter was calculated using the Parr formula (Mm =
1.08A + 0.55S); where A and S represent the ash and
sulphur content, respectively [21].

......
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Fig.1. Sedimentary basins of Nigeria [20].
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Table 1.Physicochemical Properties of Nigerian Coals.

Symbol C H N S ®) M VM A FC HHVY  Mm
AFZ 7246  6.07 1.63 141 1843 197 4580 3099 2124 3052 34.24
GMG 61.96 442 1.07 039 3216 528 5116 21.05 2252 2374 2295
SKJ 7146  6.40 1.37 203 1876 514 40.73 1494 39.18 2734 17.25

The higher heating value (HHV) of the coal
samples was determined using bomb calorimetry
(IKA C2000 Bomb Calorimeter). All the tests were
repeated at least three times to ensure the reliability
of the results. It is important to state that the coal
samples were not subjected to any thermal or
chemical pre-treatment prior to physicochemical and
thermal characterization, consequently all the results
are presented in as received (ar) basis. The rank and
agglomeration classification of the coals were
examined using the heating value (HHV) as
described in the ASTM D388 standard for coal
classification [22].

The thermal degradation behaviour of the coal
samples was investigated using a Perkin EImer STA
8000 Simultaneous Thermogravimetric (TG)
analyser. About 12-16 mg of each sample was placed
in an alumina pan and heated at 25°C/min from 50
to 1000°C to examine the thermal degradation in an
inert atmosphere.

The evolved gases from the coals were purged
using ultra-pure nitrogen gas at a flow rate 100 mL
per min. The resulting thermograms were analysed
using the Pyris Thermal Analysis Software (Version
11) to determine the temperature profile
characteristics; peak decomposition temperature, Tp,
residual mass Ry and total mass of the sample, T
decomposed during thermal analysis.

RESULTS AND DISCUSSION
Physicochemical properties

The elemental composition, proximate analysis,
mineral matter and heating value of the coal
samples; Afuze (AFZ), Garin Maiganga (GMG) and
Shankodi-Jangwa (SKJ) are presented in Table 1 in
as received basis (ar) as also reported in the literature
[3, 10].

The elemental composition presented in Table 1
indicates that the coal samples possess a high C and
H content but relatively low O content. The highest
carbon C content was observed in AFZ coal,
followed by SKJ and GMG. The H content of the
coal samples was in the range 4.42 to 6.40 % with
the highest value observed in SKJ while the lowest
value was observed in the GMG coal sample. The O
content of the coal samples was in the range 18.43 to
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32.16 % with GMG exhibiting the highest value. In
general, the C, H and O content significantly
influences the heating value, maturity and chemical
reactivity of the coal [10, 21].

The N and S content, which serves as a measure
of the environmental friendliness of coals, was
observed to be low in all samples. The lowest N
content was observed in GMG coal whereas the
values for SKJ and AFZ were 1.37 wt.% and 1.63
wt.%, respectively. Conversely, the lowest S content
was observed in GMG, whereas the values for SKJ
and AFZ were 2.03 wt. % and 1.41 wt. %,
respectively. The typical acceptable range for N and
S in coals should not exceed 2.0 % [23] due to the
risk of NOyx and SOy pollutant emissions.
Consequently, the high S content may hamper the
potential application of the coals in steel
manufacturing where the limits are 0.8 — 1.0 % [23].
Comparatively, GMG coal showed the lowest N and
S content thereby posing the lowest risk for
environmental pollutant emissions. Consequently,
GMG may be suitable for cement and steel
manufacture, power generation as well as industrial
and domestic heating due to its favourable properties
[10].

The highest HHV of 30.52 MJ/kg was observed
for AFZ coal; whereas SKJ was 27.34 MJ/kg and
GMG 23.74 MJ/kg. The observed results are in good
agreement with the values for GMG and SKJ
reported in the literature [10]. The high heating
values of AFZ and SKJ can be attributed to the high
C, Hand low O content in the elemental composition
of the coals. In contrast, the low HHV in GMG is
primarily due to its high O and low C and H contents.
In addition, with the HHV lower than 24 MJ/kg, the
GMG coal can be categorized as low rank (LRC)
whereas SKJ and AFZ coals are high rank coals
(HRC) [21].

Proximate Analysis

The proximate analysis revealed AFZ coal has
the lowest moisture, M content 1.97 wt.%, while SKJ
was 5.14 wt% and GMG 5.28 wt.%. Moisture
content in coals is undesirable due to its chemical
inactivity and tendency to absorb heat during
combustion. This typically results in a low heating
value and low thermal efficiency during conversion
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along with handling and transportation problems
[23]. Furthermore, M and VM content is an index for
evaluating the maturity, quality and potential
application of coals. Hence, it is fundamentally
established that coal rank or maturity increases with
decrease in M and VM content [21, 23]. The highest
VM content of 51.16 wt.% was observed for GMG,
SKJ coal was 40.73 % and AFZ coal recorded as
45.80 %. Consequently, based on M and VM, the
maturity of the coals increases in the order; GMG >
SKJ > AFZ on the basis of M content; while the order
is GMG > AFZ > SKJ based on the VM content.

The ash content typically determines the fouling
tendency and slagging potential of coals during
thermal conversion [21]. Furthermore, ash content
can be used to determine the composition, volume
and performance of blast furnace coke [10, 24]. The
ash analysis results for the coals indicate that the
highest ash content of 30.99 % was observed in AFZ
coal; compared to 21.05 % for GMG and 14.94 %
for SKJ coal. The mineral matter, Mm, of the coals
also showed a similar trend as observed for ash
content. Hence, it can be inferred that the fouling
potential of the coals increases in the order;
SKI>GMG>AFZ.

The highest FC content was observed in SKJ coal
followed by GMG and AFZ. Since, FC is the solid
residue leftover after devolatilization and can be
used to estimate the amount of coke obtained from
coal carbonization [10, 21]. Therefore, SKJ has the
highest coke potential among the coals investigated
demonstrating it could be a good source of coking
coal required for the manufacture of steel [10].

Coal Rank Classification

The agglomerating or non-agglomerating
property of coal samples can be determined from VM
and HHV, according to the ASTM D388-15 standard
[22]. Based on this criteria, the HHV of non-
agglomerating coals typically range from 14.7 to
26.7 MJ/kg, however agglomerating coals range
from 26.7 to 32.4 MJ/kg [20]. Hence, SKJ with HHV
(27.34 MJ/kg) and AFZ (30.52 MJ/kg) can be
classified as agglomerating coals while GMG (23.74
MJ/kg) is non-agglomerating.

Furthermore, the coals can be classified into sub
groups or ranks based on HHV. The GMG coal can
thus be classified as Sub-Bituminous B coal with
HHV typically from 22.1 to 24.4 MJ/kg [22, 23]. The
SKJ coal can be classified as High Volatile C
Bituminous Coal with an HHV typically from 26.7
to 30.2 MJ/kg [22, 23], which agrees with the
Bituminous classification described in the literature
by Ryemshak & Jauro [10]. Last, the AFZ coal
(HHV = 30.52 MJ/kg) can be classified as High

Volatile B Bituminous Coal with a typical HHV from
30.2 to 32.6 MJ/kg [22, 23] which distinctly
contrasts with the classification widely reported in
the literature [4, 8]. Hence, the results indicate that
AFZ coal has been hitherto, incorrectly classified or
ranked as a Sub-Bituminous Coal by the academics
and researchers in Nigeria. Consequently, these
findings provide not only reference material vital for
future studies but also valuable data for the future
utilization of AFZ coal in the Nigerian energy
industry.

Thermogravimetric (TG) Analysis of Nigerian
Coals

The thermogravimetric (TG) curves for the
Nigerian coals investigated are presented in Fig. 2.
The curves exhibit the slanted Z-type downward
sloping curves typically observed for thermally
degrading materials which demonstrate the effect of
increasing temperature on the weight loss
characteristics of the coals.

afFzcoal

an —— GG Coal

——sHceal

S0 100 150 200 250 300 350 400 450 500 550 600 650 700 750 200 250 900 950 1000

Fig.2. TG curves of Nigerian Coals.

From Fig. 2, it can be observed that the TG curves
for AFZ and SKJ are similar in shape and orientation
whereas the GMG coal is steeply sloped. This
suggests that the reaction mechanisms for the
conversion of AFZ and SKJ coal are similar as
expected for coals of similar rank, but different from
GMG. However, the analysis of the temperature
profile characteristics revealed that the ignition
temperature, Ti of SKJ coal, 375.74°C is
considerably lower than for AFZ, 426.14°C and;
GMG coal, 381.36°C. The results indicate that the
SKJ is the most reactive while AFZ is the least
reactive coal. The observed difference (50.40°C) in
the reactivity of SKJ coal and AFZ coal may be due
to the ash and mineral matter content of the coal
samples. At 30.99 wt.% the AFZ coal has twice the
ash content of the SKJ coal (14.94 wt.%). High ash
content in coal is known to lower the calorific value,
thermal efficiency and results in operational
problems such as slagging and agglomeration [21,
23]. Consequently, the lower reactivity of the AFZ
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coal relative to SKJ may be due to the difference in
ash content which affects the thermal degradation of
the samples as observed during thermal analysis.

Derivative Thermogravimetric (DTG) Analysis of
Nigerian Coals

The Derivative Thermogravimetric (DTG)
curves of the Nigerian coals investigated are
presented in Fig. 3. The curves are typically used to
examine the devolatilization profiles of the potential
solid fuels required for assessing their suitability and
potential applications [25, 26]. In addition, the
gasification and coking potential of the coals can be
examined using DTG curves from the thermal
analysis under inert atmosphere [27].

The DTG curves for AFZ and SKJ coals each
revealed two peaks within the temperature range 50-
200°C and 250-700°C. In contrast, the thermal
degradation of the GMG coal revealed three peaks at
50-200°C, 250-700°C and 700-850°C.

The degradation of coals from 50-200°C can be
attributed to drying as typically characterised by the
loss of chemically bonded water molecules and
mineral hydrates [3]. The DTG peaks observed
during this stage (50-200°C) are significantly
smaller and broader than the DTG peaks between
250-700°C. In particular, the results showed a good
correlation between the moisture content and size of
the DTG peaks.

afFzcoal

——— GG Ceal
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Fig.3. DTG curves of Nigerian Coals.

The weight loss observed from 250-700°C is
primarily ascribed to the devolatilization of weakly
bonded species into CO,, CO, CH4 and other non-
condensable gases [27, 28]. The devolatilization of
coal typically involves a significant loss of weight,
therefore it is termed the active stage of pyrolytic
decomposition. For the AFZ coal sample the weight
loss observed was 41.58%, while GMG was 28.52%
and SKJ 44.09 %. The results for the weight loss
during devolatilization the coals confirms the higher
reactivity of the SKJ coal compared to the AFZ and
GMG coals. Table 2 presents the temperature profile
characteristics of the coal samples in terms of the
peak decomposition temperatures, T, Residual
mass, Rm, and total mass Dm, of the sample
decomposed during thermal analysis.

The peak decomposition temperature, T, is the
most significant temperature profile characteristic
deduced from DTG. It is used to examine the
reactivity, thermal stability and temperature at which
the maximum weight loss of the thermally
decomposing material occurs. The T, values for the
coals increased in the order SKJ > GMG > AFZ.
The low T, value of SKJ indicates can be easily
degraded compared to GMG and AFZ as presented
by the results for the total mass decomposed D,
during TGA. This trend is in good agreement with
the results for other Nigerian coals reported in the
literature [27].

In addition, the residual mass of the coal samples
increased in the order SKI> AFZ - GMG. The
increase in residual mass may be due to the reactivity
of the coals based on the high ash and fixed carbon
content [29]. However, the effect of ash can be
remedied by pre-treatment with additives or co-
firing with biomass [30] prior to future application.
In general, based on the properties; GMG could be
used in domestic heating and power generation while
SKJ and AFZ coals for power generation, steel and
cement production.

Table 2. Temperature profile characteristics of Nigerian Coals.

Peak Decomposition

Residual Mass Mass Decomposed

Coal Sample

C) To (%) Rm (%) D
AFZ 470.71 49.46 50.54
GMG 459.51 51.74 48.26
SKJ 450.29 40.94 59.06
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CONCLUSION

The physicochemical properties and the thermal
degradation behaviour of three newly discovered
Nigerian coals were examined. The results indicate
the coals contain high proportions of C, H, O and low
N and S contents. The heating values confirmed the
categorization of AFZ and SKJ as high rank coals
(HRC) whereas GMG coal is low rank (LRC).
Furthermore, the results revealed that AFZ coal is
Bituminous NOT Sub-Bituminous as previously
presented in the literature. The reactivity and
maturity of the coals increased in the order: GMG >
SKJ > AFZ. However, based on the devolatilization
profile characteristics from thermal analysis, the
reactivity of the coals increases in the order SKJ ->
GMG > AFZ. Additionally, the physicochemical
and low rank properties; high moisture, volatile
matter yet low Nitrogen and Sulphur content of
GMG coal suggest it is suitable for clean coal
applications in pyrolysis, gasification and power
generation. The high fixed carbon content and
thermochemical reactivity of SKJ indicate a good
coking potential for application in steel and cement
production. Last, the AFZ coal with its low moisture
content and high carbon and heating value can be
efficiently  utilized in thermal conversion
technologies for electric power generation.
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OU3NKOXNUMHNYHO OXAPAKTEPU3MPAHE M TEPMUYEH AHAJIM3 HA HOBOTKPUTH
HUT'EPMMCKU BBIJIMILA

b. b. Hakyma

Lenmwvp 3a 6000poona enepeemuxa, Uncmumym no enepeuu na 6voewemo, Texnonoeuuen ynusepcumem ¢ Manaiizus,
81310 Ckyoaii, Jocoxop baxpy, Manaiizus

Tlocrbrmna Ha 1 okromBpwH, 2015 T.; kopurupana Ha 10 despyapu, 2016 T.

(Pestome)

W3cnenBanu ca GU3MKO-XMMUYHUTE CBOWCTBA M TEPMUYHATA JIETPaalyis Ha KAMEHHH BBIJIMIIA OT TPU HOBO-OTKPHUTH
n3rounuka (Adyse, ['apun Maunranra u Illankonu-/Ixanrya) or Hurepus. OxapakTepu3upaHeTo € MpOBEICHO C
€JIEMEHTEH aHaJlU3, aHaIU3 Ha XMMHUYECKHs ChCTaB M Ha TOpHATa KAJIOPHUYHA CTOWHOCT, 32 Ja CE YCTAaHOBST CTEIEHTA,
KJIacu(pUKausITa U KadyeCTBOTO Ha BBIVIMINATA. AHAJIM3BT HA XUMHYECKHS ChCTaB IOKAa3Ba BHCOKO CHIbp)KaHHE Ha
nermmBy BentectBa (51.16 %) u Bnara (5.28 %). Haii-BHCOKO CchIbpikaHWe Ha TICTIEN ce HAaOoMaBa B BBIJIMINATA OT
Adyse, mokaTo Hal-BHCOKO CBABPKaHWE Ha CBBpP3aH BBINIEpoxd ce 3abemssBa B mpobure ot Illamkomm-/IxaHrya.
Kamopuunara croiinoct (HHV) wa pasmiunnte Berimma e: ['apua Mawranra (23.74 MJ/kg); lllaukoau-/Txanrya (27.34
MJ/kg) u Adyse (30.52 MJ/kg), koero mnorBbpkaaBa Bwrimimata ot Adyse wu Illankogu-/kanrya Kkaro
BHCOKOKa4YeCcTBeHH, a ['apuH Mawuranra — oT mo-HUCKO kadecTBO. OCBEH TOBa, BBIUIHIIATA OT Ady3e ca OomnpeaesicH!
KaTo OWTYMHHO3HHM, HO HE Cy0-OMTYMHHO3HH, akTO € OWIO ChOOIIeHO peau. Pe3ynraTtute MOKa3BaT PEeaKkTHUBO-
CIOCOOHOCT W 3psUIOCT B CIICAHMS BB3Xomiaml pea: I'apun Maiiranra >Illankonu [Ixanrya >Ady3a. OO6mo B3ero,
(U3UKOXUMHYHUTE CBOWCTBA M MO-HUCKOTO KA4YeCTBO Ha BBIVIMINATA OT ['apuH MaliraHra T MpaBsT MOIXOMASIIH 32
TEPMOLICHTPAIN. BHCOKOTO ChIbp)KaHWEe Ha CBBP3aH BBIJIEPOA U TEPMO-PEAKTHBOCIHOCOOHOCTTa Ha BBIVIMIIATA OT
[Hankonn JlkaHrya T'M THpaBsT MOAXOMIIM 32 KOKCYBaHE IPH IIPOM3BAOCTBOTO HAa CTOMaHa M B IMMEHTEHATa
NPOMUILIEHOCT. Hakpasi, HUCKOTO ChIAbp)KaHUE Ha Bjara, BUCOKO BBIVICPOJHO ChIbpIKAHHE M KaJTOPUYHOCT NpPaBH
BbIIMIIATA OT A(y3e HOAXOISIIM 32 TPOM3BOACTBO HAa CHEPTHS.
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Stabilization of sunflower oil with extracts from fenugreek, mint and liquorice
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Stabilization studies of sunflower oil were carried out after adding synthetic antioxidants (Butylated hydroxyanisole
BHA and Butylated hydroxyltoluene BHT) as well as methanolic extracts of Fenugreek, mint and Liquorice at ambient
storage conditions. The antioxidant potential of these methanolic herb extracts was evaluated by PV (peroxide value),
FFA (free fatty acid value), IV (iodine value), CD (conjugated diene) and CT (conjugated triene) value determination.
These parameters revealed that an appreciably higher concentration (roughly 5 times that of BHA and BHT) of the herb
extracts (Liquorice, Mint and Fenugreek) can safely be used to control the rancidity of sunflower oil.

Keywords: Antioxidants, BHA, Lipid peroxidation, Sunflower oil.

INTRODUCTION

Lipid peroxidation is responsible for the
development of rancidity causing an unacceptable
color, unbearable odor and flavor. This
phenomenon may lead to the reduction of the shelf
life of oils and eventual economic losses [1]. BHA
(butylated hydroxyl anisol), BHT (butylated
hydroxyl toluene) and TBHQ (ter-butyl
hydroquinone) are some examples of synthetic
antioxidants which are most frequently used as
potential inhibitors of lipid peroxidation. The use of
these synthetic antioxidants has been restricted
because of their bad side effects [1]. The addition
of antioxidants also prevents deterioration in some
other oxidizable products [2]. The concern about
these side effects by the consumers diverted the
attention of the researchers from the replacement of
synthetic by natural antioxidants that may safely be
applied for the storage of oils and fats. Some
notable related contributions that appeare in the
literature are; Jaswir et al., (2000) [3], Badei et al.,
(2000) [4], Jinyoung et al., (2008) [5], Nedyalka et
al., (2006) [6], Burg et al., (2006) [7].

Fenugreek is scientifically named as Trigonelle
foenum-graecum [8] while locally known as Methi
in Pakistan. It’s an annual plant and is cultivated
worldwide. As a dried or fresh herb it is used as a
spice or sometimes directly as food. Mint is locally
called Pudina and scientifically named as Mentha
piperita [9]. It is also called Peppermint in English
and has medicinal importance in many Pakistani,
Indian and Bangladeshi dishes. Liquorice is
Glycyrrhiza glabra L. [10] and called Mulaithi in

* To whom all correspondence should be sent:
E-mail: ktm7ro@yahoo.com

Urdu and Sanskrit it is prescribed to treat chronic
hepatitis and peptic ulcer. In the present study, we
have selected these three locally available herbs
(Fenugreek, Mint, Liquorice). The purpose was to
evaluate their methanolic extracts for possible
antioxidant activities leading to the stabilization of
sunflower oil, the most common edible oil.

EXPERIMENTAL
Material and Methods

Reagents and Glassware. The chemicals used
such as BHT, iodine monochloride, n—hexane and
acetic acid were purchased from BDH Chemical
Laboratories; however, ethanol, phenolphthalein
and HCI were obtained from Merck. BHA, sodium
thiosulphate, potassium iodide, chloroform and
carbon tetrachloride were obtained from Fluka
Chemicals. Quick fit glassware made of Pyrex was
used for in the experiments and was dried at 150°C
before use [11]. The herbs (Fenugreek, Mint,
Liquorice) were collected from the local market.

Extracts from Herbs. Extracts from these herbs
(Fenugreek, Mint, Liquorice) were obtained in 80%
of methanol by a previously reported method [8].
The extracts were subjected to evaporation until dry
under reduced pressure at 40-45°C and stored at
—18°C for further analysis.

Stabilization of sunflower oil and Antioxidant
activity testing. Six samples of the sunflower oil (5
g each) were taken for control in 250 ml of glass
stoppered flasks. Among these, in two flasks the
synthetic antioxidant [BHA (250 ppm), BHT (200
ppm)], in three flasks extracts of Liquorice, Mint
and Fenugreek of 200, 500 and 1000 ppm
respectively were added. In the last sixth flask no
herb extract or synthetic antioxidant was added and
was labeled as a control speciment.
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Measurement of peroxide, free fatty, iodine,
conjugated diene and conjugated triene values.
The IUPAC standard method [12] as adopted by us
in our previous contribution [11] was used for the
determination of free fatty acids (FFA), peroxide
(PV) and iodine (IV) values during ambient storage
of sunflower oil, while the values of the conjugated
dienes and trienes were calculated by the method of
Xu and Godbaer [13].

RESULTS AND DISCUSSION

Influence of synthetic antioxidants and Herbs
extracts on FFA

The changes in free fatty acid value have been
noted during ambient storage of sunflower oil after
addition of synthetic antioxidants and natural herbs
as sources of natural antioxidants. These changes
are graphically shown in Fig.(1). The gradual
increase in the FFA value was observed after the
addition of synthetic antioxidants (BHA and BHT)
except a slight decrease in the FFA value by the
15" day. After the 15" day the values gradually
increased again. These results argue that the
addition of BHA and BHT played a part in the
retardation of the rancidity in sunflower oil. The
free fatty acids were reduced from 18.8% to 14.2%
with BHA and from 18.4% to 14.1% with BHT
during 45 days of ambient oil storage. These
findings are comparable to the results presented by
Kiyomi and Kathy regarding the antioxidant
potential of BHA alone or with other antioxidants
during ambient storage at both high and ambient
temperature [14].
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Fig. 1. Influence of storage conditions on the free
fatty acid values.

The addition of herb extracts caused a
significant reduction in the FFA value at ambient
storage of sunflower oil. The FFA value decreased
from 18.4% to 13.8% with 1000 ppm mint extracts

and from 18.4% to 13.7% with Fenugreek (1000
ppm) and from 18.4% to 14% with Liquorice (1000
ppm) extracts. A significant difference was
observed between the control sample and the
samples that were stabilized with herbs. 1000 ppm
extracts of Fenugreek and Mint caused more
reduction in the FFA than BHA and BHT while the
samples stabilized with the same concentration of
Liquorice showed parallel potential to that of BHA
and BHT. The FFA value of samples stabilized
with herb extracts was found to decrease roughly as
a function of the increase in concentration of the
extracts. The storage period and FFA also possess a
direct proportional relationship except for a small
deviation of a slight decrease in the FFA value
observed at the 15" day which then follows a
regular pattern of increase like the synthetic
antioxidants.

Influence of synthetic antioxidants and Herb
extracts on PV

Peroxide values regarding the control sample
and samples stabilized with synthetic as well as
extracts were determined and are presented in
Fig.(2). This figure shows that PV of the control
samples was 146 meg/kg on the day when the
analysis was started and after 45 days of storage it
was 151 meq/kg. The synthetic antioxidants added
to the oil samples caused a gradual increase in PV.
A slight decrease in the PV value was observed on
the 15" day of storage when the PV was decreased
from 151 meqg/kg to 148.1 with BHA and from 151
meq/kg to 147.8 meqg/kg with BHT.

160 i
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155 4 ——BHA 250 ppm

——BHT 200 ppm

150 - A
—=—Fenugreek 250 ppm

PV (mea/Kg)

——Fenugreek 500 ppm
145

——Fenugreek 1000
ppim

107 Mint 250 ppm

Mint 500 ppm
135

0 15 30 45 e+~ Mint 1000 ppm

Storage Time (Days)

Fig. 2. Influence of the storage conditions on PV.

Fenugreek was reduced from 151 meqg/ kg of the
control sample to 150.2, 149.1 and 147.5 meqg/kg
on the 45" day of ambient storage by the addition
of its 250, 500 & 1000 ppm methanolic extracts
respectively. The PV of the sunflower oil samples
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stabilized with 250, 500 & 1000 ppm methanolic
extracts of Mint also reduced from 151 meqg/kg for
the control sample to 150.2, 148.4 and 1475
meqg/kg on the 45" day of storage. The addition of
250, 500 & 1000 ppm methanolic extracts of
Liquorice also reduced the PV from 151 meqg/kg
(control) to 150.3, 148.2 and 147.1 meqg/kg
respectively on the 45" day of storage. As the high
value of peroxides attributes to the formation of

Table 1. Influence of storage conditions on IV.

unstable hydroperoxides that ultimately convert to
short chain acids, aldehydes, alcohols and ketones
and thus cause flavor and odor changes [15] so the
highest PV was observed in control samples which
gradually decreased upon addition of varied
concentrations (250, 500 and 1000 ppm) of
methanolic extracts of herbs (Fenugreek, Mint and
Liquorice).

Herbs Concentration Days
(ppm) 0 15 30 45
Control 100.3 90.4 49.6 47.8
BHT 200 90 95.2 76 62.7
BHA 200 90 97 74 60.1
250 90.0 90.4 61.6 55.0
Fenugreek 500 90.0 95.7 74.6 61.6
1000 90.0 100.0 80.0 78.3
250 90.0 90.4 63.8 53.3
Mint 500 90.0 90.5 74.6 60.0
1000 90.0 100.0 82.0 80.0
250 90.0 90.3 61.9 56.9
Liquorice 500 90.0 94.3 74.6 73.0
1000 90.0 94.0 75.0 63.3
Table 2. Influence of storage conditions on CD content of sunflower oil.
Herbs Concentration Days
(ppm)
15 30 45
Control 0.575 0.695 0.459 0.469
250 0.575 0.728 0.515 0.426
Fenugreek 500 0.575 0.718 0.434 0.408
1000 0.575 0.687 0.445 0.424
250 0.575 0.669 0.465 0.406
Mint 500 0.575 0.659 0.4 0.437
1000 0.575 0.671 0.463 0.422
250 0.575 0.683 0.425 0.418
Liquorice 500 0.575 0.677 0.434 0.405
1000 0.575 0.675 0.463 0.428
Table 3. Influence of storage conditions on CT content of sunflower oil.
Herbs Concentration Days
(Ppm) 0 15 30 45
Control 0.741 0.752 0.516 0.536
250 0.741 0.811 0.527 0.488
Fenugreek 500 0.741 0.749 0.475 0.481
1000 0.741 0.778 0.514 0.494
250 0.741 0.736 0.485 0.494
Mint 500 0.741 0.767 0.525 0.483
1000 0.741 0.707 0.522 0.504
250 0.741 0.759 0.471 0.466
Liquorice 500 0.741 0.777 0.505 0.500
1000 0.741 0.727 0.486 0.504
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The PV of stabilized samples containing the
highest concentration (1000 ppm) of extracts from
herbs was roughly similar to BHA and BHT
proving a good antioxidant potential of herb
extracts. Increase in PV follows a regular pattern
that is deviated slightly in 15" day of storage
probably due to the possibility of initial ultimate
capture of previously present oxidants in the oils
by strong antioxidants present in the herbs.

Effect of synthetic antioxidant and Herb extracts
on IV

The IV of control was 100.3 on the starting
day of the analysis which reduced to 47.8 on the
45 day of storage. These results favor the
development of rancidity during ambient storage
of the refined sunflower oil.

Addition of synthetic (BHA and BHT) and
natural (extracts from Fenugreek, Mint and
Liquorice) antioxidants retarded this decreasing
trend. IV was observed to be 60.1 and 62.7 upon
addition of BHA and BHT on the 45" day of
storage. Addition of variable concentrations (250,
500 and 1000 ppm) of methanolic extracts of
herbs (Fenugreek, Mint and Liquorice) to
sunflower oil samples furnished iodine values of
55, 61.6, 78.3, 53.3, 60, 80, 56.9, 73, 63.3
respectively on the 45" day of storage (Table 1).
Thus, distinctly higher 1V were obtained upon
treatment of the antioxidants than the control
samples while the IV of stabilized sunflower oil
samples treated with 1000 ppm herb extracts were
almost comparable to BHA and BHT. Similar to
FFA and PV, a slight increase in IV on the 15
day of storage was observed.

Effect of synthetic antioxidant and Herb extracts
on Conjugated Dienes and Trienes

CD and CT are usually assessed to estimate the
free radical production in order to evaluate the
effectiveness of antioxidants in oils by measuring
the oxidative deterioration of the oils. Generally,
the samples having a higher content of CD and
CT have a high intensity of oxidation. CD and CT
were observed in control samples after 45 days
(0.469 and 0.536 respectively) and were
decreased by the incorporation of 250, 500 and
1000 ppm of all three herb extracts (Table 2 and
3). These findings were similar to Sultana et al.,
[16]. Generally, a non-uniform increase in the
values of CD and CT were observed, however all

of the stabilized samples exhibited lower values of
CD and CT as compared to the control sample.

CONCLUSIONS

The methanolic extracts of Fenugreek, Mint
and Liquorice were used to stabilize the samples
of sunflower oil during ambient storage that was
approximately parallel to the antioxidant activity
of BHA and BHT. Therefore, it is suggested that
natural antioxidant extracts of Liquorice, Mint and
Fenugreek can securely and safely be managed
and used as a substitute of synthetic antioxidants
to extend or protect the shelf life of fats and oils.
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CTABM/IM3UPAHE HA CIIBHUOI'JIEJOBO MACJIO C EKCTPAKTHU OT CMUH/I VX,
MEHTA U CJIAAHUK
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V3BBpLICHH ca HM3CNIENBaHUS [0 CTAOWIM3HPAHETO Ha CIBHYOINIEAOBO MACiO IPH IOOABSHETO Ha CHHTCTUYHH
aHTHOKCcHAaHTH (OyTHiamMpaH xuapokcuannson, BHA u Oytwmmpan xuapokcuironyed, BHT), kakro u MeTtaHoI0BH
eKCTPaKTH OT CMHUHJYX, MEHTAa U CIaJHUK IIPH CTaifHa TeMIepaTypa U BIAXHOCT. AHTHOKCHIAHTHHUAT NOTEHLHUAN Ha
TE3U PACTHTENIHH SKCTPAaKTH € OIEHEHa C IOMOILNTa Ha IIEPOKCHIHOTO YHCIIO, ChABPKAHHUETO Ha CBOOOIHHM MAacCTHU
KHUCENHUHH, HOJTHOTO YHCIIO, CIIPErHAaTUTE ABOMHM BPB3KH (IUEHU U TUpeHH). Te3u mapaMeTpH MOKa3BaT, ye 3HAUUTEITHO
BHCOKH KOHIICHTpAIWH Ha ekctpaktute (rpy6o mo met metu Hax BHA u BHT) moxe 6e3omacHo na ce H3MO3BaT 3a
KOHTpOJIa Ha TPAHACBAHETO Ha CIIBHYOIIIEIOBOTO MAcCIIO.
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Two types of electrode material are used in the assembly of supercapacitor cells - activated carbons and
electrochemically active a-Fe,O3; (hematite). The activated carbon with nanosized particles (specific surface area 1500
m2g?) is a product of TDA Research, USA. The nanosized hematite (bio-Fe,Q3) is produced by thermal treatment (400
°C/2 h in an argon atmosphere) of biogenic a-FeOOH (goethite) obtained by laboratory cultivated Leptothrix bacteria.
The oxide is structurally and morphologically characterized by XRD, SEM, TEM and tested as an electrode material in
hybrid lithium battery-double layer supercapacitors. The hybrid cell is assembled from an electrode of activated carbon,
a composite electrode with an activated carbon matrix, the addition of 50 % bio-Fe;O3; and an organic electrolyte -
LiBF4 with a solvent elthylene carbonate/dimethyl carbonate mixture (EC/DMC) 1:1. A symmetric supercapacitor cell
composed of two identical electrodes from activated carbon and the same organic electrolyte is also assembled and
tested for comparison. The cells are subjected to galvanostatic charge/discharge cycling at different current loads and
both demonstrate a high specific capacity (50 Fg* for the symmetric and about 50% higher capacity for the hybrid
supercapacitor), a high efficiency (above 95%) and stable capacity behavior at prolong cycling. The results prove the
possibility of application of bio-Fe;O3; as an electrochemically active material for hybrid lithium battery —

supercapacitor systems.

Key words: biogenic hematite, electrode materials, hybrid supercapacitors, charge/discharge cycling

INTRODUCTION

The increased interest in electrochemical
double-layer capacitors (supercapacitors) is largely
stimulated by the growing needs of technology for
the storage of energy produced by renewable
energy sources, such as solar stations and wind
generators, as well as by heeding the advantages of
supercapacitors in comparison with conventional
electrochemical power sources. As well known,
batteries and the fuel cells show a high energy
density but they have a low power density and a
limited lifecycle. Supercapacitors tend to have a
lower energy density compared to batteries, but
they can provide a much higher power capability,
high efficiency and excellent cycling characteristics
[1-3].

The electrochemical double-layer
supercapacitors are usually symmetrical with two
identical carbon electrodes. In order to improve the
energy density while keeping a long lifecycle,
hybrid electrochemical systems involving the
hybridization of a faradaically rechargeable battery-
type electrode with an electrochemical double-layer

* To whom all correspondence should be sent:
E-mail: antonia.stoyanova@gmail.com

capacitor-type  electrode  (e.g.  asymmetric
supercapacitors), are introduced. Thus, various
hybrid capacitor configurations consisting of
activated carbon as a positive electrode and a
negative electrode based on metal oxides (nickel,
lead or manganese oxides) [4-6], conducting
polymers [7] or Li intercalation oxides [8, 9], are
suggested.

Porous carbons are among the most attractive
materials for preparation of electrodes for
electrochemical capacitors. The main advantage of
these materials is the possibility to produce highly
porous structures with a high specific surface area
as well as to develop various composite electrodes
by adding electrochemically active materials to the
carbon matrix [10].

Fe,0s is a promising electrode material for the
Li-ion battery because of its low cost, simple
manufacturing process, wide range of sources,
environmental friendliness and mainly — a large
theoretical ~ specific capacity. The cycling
performance of this material however is not
satisfactory because of the partial destruction of the
electrode that may take place upon repetitive
cycling reactions between the Fe,Oz and Li-ions
[11].
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Our previous studies [12-15] were devoted to
the synthesis of activated carbon materials suitable
for electrodes for electrochemical double-layer
capacitors as well as to the development of carbon-
based composite electrodes for hybrid lithium
battery-supercapacitor systems. It was shown that
nanoporous carbon materials can be synthesized
from waste biomass (apricot stones and spent
ground coffee) or by carbonization of mixtures of
coal tar pitch and furfural with subsequent
hydrothermal treatment. The capacitance values of
up to 70 Fg* are obtained for a symmetric carbon-
based supercapacitor with Ets2NBF, — propylene
carbonate electrolyte and about a twice higher
capacitance for the asymmetric supercapacitor,
composed of an activated graphitized carbon
electrode and an activated carbon-LisTisO1, oxide
composite electrode in a LiPFse — DMC/EC (1:1)
electrolyte, with high efficiency and very good
cycleability of both supercapacitors.

The objective of the present work is to develop a
hybrid lithium battery - supercapacitor using
activated carbon and activated carbon-bioFe;O3
composite with an organic electrolyte as electrodes,
as well as to compare the capacitance behavior of
the hybrid supercapacitor with that of a symmetric
carbon-based supercapacitor.

EXPERIMENTAL

Synthesis of electrode materials: Two types of
electrode materials are used for the assembly of
supercapacitor cells - activated carbon (AC) and
electrochemically active a-Fe,Os (hematite). The
nanosized hematite (bio-Fe,Os) is produced by
thermal treatment (400°C for 2 hours in an argon
atmosphere) of biogenic iron oxide/hydroxides
(goethite) obtained by laboratory cultivated
Leptothrix bacteria [15]. The activated carbon with
nanosized particles is a product of TDA Research
(USA).

Morphological and structural characterization
of the electrode materials: The biogenic iron
oxide/hydroxide precursor and the obtained oxide
material are structurally characterized by X-
diffraction (XRD). The powder X-ray diffraction
patterns are collected within the range from 5.3 to
80° 26 with a constant step of 0.02° 20 angle on a
Bruker D8 Advance diffractometer with Cu Ka
radiation and a LynxEye detector. The phase
identification was performed with a Diffracplus
EVA using the ICDD-PDF2 Database. The mean
crystallite size is determined with the Topas-4.2
software package using the fundamental parameters
peak shape description including appropriate

corrections for the instrumental broadening and the
diffractometer geometry.

The morphology of the electrode materials is
examined by Transmission electron microscopy
(TEM) and Scanning electron microscopy (SEM)
using a JEOL Superprobe 733.

The pore structure of the carbon used are
investigated by nitrogen gas adsorption [13]. The
adsorption isotherm of the sample at —196°C is
recorded and used to calculate the specific surface
area, pore volumes and pore size distributions.

Electrochemical tests. The activated carbon and
bio-Fe,O3 materials are used to fabricate electrodes
for two types of electrochemical cells for capacity
measurements. The first type is a symmetric
supercapacitor cell using two identical electrodes
from activated carbon and an organic electrolyte -
lithium tetrafluoroborate (LiBFs) with organic
solvent - ethylene carbonate and a dimethyl
carbonate (EC/DMC) mixture in the ratio 1:1. The
symmetric supercapacitor is denoted as AC/(LiBF4-
EC/DMC (1:1))/AC.

The second one is an asymmetric (hybrid)
supercapacitor cell with a composite electrode and
an activated carbon electrode. The composite
(negative) electrode is assembled from an activated
carbon matrix with the addition of bio-Fe,Os
(50%). The positive electrode is made from the
same AC and the same organic electrolyte - LiBFs-
EC/DMC (1:1) as used in the symmetric cell. This
asymmetric supercapacitor is denoted as (AC+bio-
Fe,0s3)/(LiBF4-EC/DMC (1:1))/AC.

By adding a binder - polyvinylidene difluoride
(PVDF) to the electrode materials, a paste is
formed, which is glued to Cu foil discs (surface
area 1,75 cm?). The formed sheet electrodes are
dried at 70 °C for 2 hours and pressed under a
pressure of 200 kg cm?. The electrodes obtained
are soaked in organic electrolyte under a vacuum
and then mounted in a coin-type cell with a
Glassmat separator and filled with an electrolyte in
a dry box and argon atmosphere. The capacitor
cells were subjected to galvanostatic charge-
discharge cycling using an Arbin Instrument
System BU-2000 [14, 15]. The test program is
carried out at a constant current mode at different
current loads (from 10 to 500 mAg™?) at 10 cycles
and room temperature. Some cell are subjected to
continuous cycling charge/discharge at a current of
60 mAg* for up to 1000 cycles.

RESULTS AND DISCUSSIONS

Physicochemical characterization of the
electrode materials. Fig.1 (a and b) represents the
powder X-ray diffraction patterns of the biogenic

759



L. Z. Stoyanov et al.: A hybrid supercapacitor activated Carbon/LiBFa4/activated Carbon-biogenic Fe2O3 composite

FeOOH (goethite) precursor and the a-Fe,O3 oxide
phase obtained after thermal treatment. It is seen
that the oxide product (bio-Fe20s) is a single phase
hematite with the unit cell parameters: a= 5.0388 A
and c= 13.774 A. The mean crystallite size of bio-
Fe»Os3 is estimated to be about 10 nm. The TEM
observations have shown that the bio-Fe;O3
particles (cf. Fig.2) are nanosized and form clusters,
while the biogenic FEOOH consists of nanotube
particles, which cover the bacterium structure in the
form of a sheath

Goethite, syn

s 8 4 & B B & 8B B B i § 8

Hematite, syn

Fig. 1. XRD powder patterns of biogenic FeOOH (a)
and bio-Fe;03 (b).
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Fig. 2. TEM image of bio-Fe,Os .

The examination of the samples of activated
carbon have shown that the specific surface area is
1520 m?g?, the total volume of the pores is 0,68
cm®gt, the volume of the micropores - 0,55 cm3g?
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(i.e. 80% of the total pore volume) and the volume
of the mesopores - 0,13 cm3g.

Electrochemical performance of the
supercapacitor  cells.  The electrochemical
performance of the two-electrode symmetric and
asymmetric (hybrid) capacitor cells are studied by
charge-discharge cycling test.
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Fig. 3. Charge-discharge behaviuor of a hybrid

battery-supercapacitor (AC+bio-Fe;03)/(LiBF4 -
EC/DMC (1:1))/AC at a current load of 60 mAg™.

Fig. 3 illustrates the charge—discharge behaviuor
of a hybrid supercapacitor cell assembled by the
composite electrode (AC+bio-Fe;0s), the AC
electrode and the electrolyte LiBF, — EC/DM (1:1)
at a current load of 60 mAg™. As seen the hybrid
lithium  battery-supercapacitor cell shows a
reproducible  charge-discharge  behavior and
indicates very stable and high specific capacity
values at a relatively high current load. The
processes on the composite anode are obviously
lithiation/delithiation of Fe,O; (i.e. a typical
Faradaic process) together with the
adsorbtion/desorbtion of the Li-ion on the AC
surface of the electrode, while on the AC cathode
only the process of electrostatic
adsorption/desorption of BF,! takes place.
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Fig. 4. Dependence of the charge and discharge
capacity of hybrid battery-supercapacitor (AC+bio-
Fe,03)/(LiBF4 - EC/ DMC (1:1)) /AC on the number of
cycles at different current loads.
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The electrochemical test of the hybrid
supercapacitor cells includes 10 charge/discharge
cycles at each current load — from 30 to 500 mAg™*
(Fig. 4). As expected both the charge and discharge
capacity decrease with the increase of the current
rate but the efficiency of the process (expressed as
the ratio of the discharge and charge capacity)
increases — from an average of 90% at 30 mAg™ to
98% at 500 mAg™. It should be noted however that
the capacitor cell retains a relatively high specific
capacity even at a very high current load (above
100 mAg?).

Fig. 5 illustrates the dependence of the charge
and discharge capacity on the number of cycles for
the symmetric and the hybrid supercapacitors at a
current load of 60 mAg? for both the capacitor
cells. It is worth noting that the symmetric cell
represents typical electric double-layer
supercapacitors for energy storage. Both capacitors
demonstrate high efficiency (about 95%) and high
stability of their capacity during cycling, especially
for the symmetric supercapacitor cell. The hybrid
supercapacitor shows up to two times higher
capacity values than the symmetric one (50 Fg).
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Capacity, Fg"
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Fig. 5. Dependence of the charge and discharge
capacity of hybrid battery- supercapacitor (AC+bio-
Fe,03)/(LIBFs - EC/ DMC (1:1)) /AC (m, 0) and
symmetric capacitor AC/(LiBFs - EC/ DMC (1:1))/AC
(o, @) on the number of cycles at a current load of 60
mAg=.

A comparison of the dependence of the
discharge capacity on the current load for the
symmetric and hybrid supercapacitors is made on
Fig. 6. The value of the discharge current affects
much more strongly the capacity of the hybrid
battery-supercapacitor cell which is obviously
related to the much stronger effect of the current on
the faradaic reaction on the composite electrode,
i.e. on its pseudocapacity. The results illustrate also
the higher capacity values of the hybrid
supercapacitor, especially at low current loads
(below 50 - 100 mAg?).

In the course of electrochemical testing it is also
established that the capacity loss of the hybrid
supercapacitor does not exceed 8-10% after
prolonged cycling (above 1000 cycles) and the
supercapacitor works satisfactorily even at a high
current load (above 200 mAg™?).
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Fig. 6. Dependence of the discharge capacity of a
hybrid battery-supercapacitor (AC+bio-Fe,O3)/(LiBF4 -
EC/ DMC (1:1)) /AC (1) and a symmetric capacitor
AC/(LiBFs — EC/ DMC (1:1))/AC (2) on the current
load.

The work on the synthesis of activated carbon
with an appropriate pore structure and morphology
as well as on the optimization of the composition
and structure of the composite electrode is in
progress and the results will be reported soon.

CONCLUSIONS

On the basis of the results in the present study,
the following conclusions are made:

1) Nanosized hematite (bio-Fe,Os) can be
produced by thermal treatment of biogenic o-
FeOOH (goethite), obtained by laboratory
cultivated Leptothrix bacteria and used as an
electrochemically active additive in the composite
electrode with an activated carbon matrix for
lithium battery - supercapacitor systems.

2) The hybrid supercapacitor thus developed
(AC+bio-Fe:03) / (LiBF+-EC/DMC (1:1)) / AC
demonstrates  high  reproducibility of the
charge/discharge processes, a high specific capacity
(80 FgY), high efficiency (above 95 %) and stable
cycleability at prolong cycling.

The results prove the possibility of application
of bio-Fe;Oz as an electrochemically active material
for hybrid lithium battery — supercapacitor systems.

Acknowledgement: The financial support of the

BNSF under project Ne JOHU E02/18-2014 is
gratefully acknowledged.

761



L. Z. Stoyanov et al.: A hybrid supercapacitor activated Carbon/LiBFa4/activated Carbon-biogenic Fe2O3 composite

REFERENCES 9. A. Du Pasquier, I. Blitz, J. Gural, S. Menocal, G. G.

. N Amatucci, J. Power Sources, 143, 62 (2003).
1. B. E. Conway, Electrochemical Supercapacitors: 10.R. Kotz, M. Carlen, Electrochim. Acta 45, 2483

Scientific ~ Fundamentals ~and  Technological (2000)
?ggg;lcatlons, Kluwer Academic Publ., New York, 11.A. Brandt and A. Balducci, Electrochimica Acta,
. 108, 219 (2013).

2. V. Khomenko, E. Raymundo-Pinero, F. Beguin, J.
Power Sources, 177, 643 (2008).
3. Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T.

)E<rl1?a’rH. ;Ozgésg'(zla'églg' Zhang, Intern. J. Hydrogen 13. M. Mladenov, N. Petrov, T. Budinova, B. Tsynsarski,
gy, o4, ' . T. Petrov, D. Kovacheva, R. Raicheff, Bulg. Chem.
4. S. Razumov, A. Klementov, S. Letvinenko, A. Commun. 43, 125 (2011)
Beliakov, US Patent, #6, 222,723 (2001). 14.M Ml.ade}lov K Alexandrova N. Petrov, B
5. W. G. Pell, B. E. Conway, J. Power Sources, 136 s : S R C e 0
334 (2004) ’ ' ' ' Tsynsarski, D. Kovacheva, N. Saliyski, R. Raicheff, J.
6.V Khoménko E. Ravmundo-Pinero. F. Beauin. J Solid State Electrochem., 17, 2101 (2013).
L , B Ray » . beguin, . 15.S. Veleva, R. Angelova, L. Stoyanov, V. Grudeva, D,

Power Sources, 153, 183 (2006). . :
. o . . Kovacheva, M. Mladenov, R. Raicheff, Nanoscience
7. C.A. Fabio, A. Giorgi, M. Mastragostino, F. Soavi, J. and Nanotechnology 14, Eds. E. Balabanova, E.

Electrochem. Soc., 148, A845 (2001). . .
8. G. G. Amatucci, F. Badway, A. Du Pasquier, T. Mileva, Publ. BPC ltd, Sofia, 2014, p.50.

Zheng, J. Electrochem Soc., 148, A930 (2001).

12. M. Mladenov, P. Zlatilova, R. Raicheff, S. Vassilev,
N. Petrov, K. Belov, V. Trenev, Bulg. Chem.
Commun., 40, 360 (2000).

XUBPUJIEH CYTIEPKOHAEH3ATOP - AKTUBEH BBIJIEH / LiBF4 / KOMIIO3UT OT
AKTHBEH BBI'JIEH U BUOT'EHEH Fe;03

C. K. Benesal, JI. 3. Crosnos!, A. E. Crosinosal, K. A. Tuprunos?, M. A. Mnanenos?, JI. I'. Koauena®,
P. T. Paitues!

YUnemumym no enexmpoxumus u enepeutinu cucmemu, 5AH, 1113 Cogus, Bvreapus
2Xumuxomexnonozuuen u memanypauden ynusepcumem, 1756 Cogpus, Bvneapus
SUncmumym no obwa u neopeanuyna xumus, BAH, 1113 Cogpus, Bvnzapus

Iocrenuna Ha 7 tonu 2015 1., kopurupana xa 13 mait 2016 .
(Pestome)

W3non3BaHu ca 1Ba BUAA €JEKTPOJHM MaTepHald 3a acaMONMpaHe Ha CYNEPKOHICH3aTOPHH KJIETKH - aKTUBEH
BBIVIEH W €NIEKTPOXUMHYHO aKTHUBEH O-F€203 (XeMaTuT). AKTUBHUSAT BBIVIEH C HAHOPA3MEpHH YacTHIH (crieruduyHa
noebpxHocT 1500 m?g-!) e Thproscku mpoaykr Ha TDA Research, CAIIl. Hapasmepuust xematut (6uo-Fe03) e
CHHTE3MpaH upe3 TepmuyHa obOpadorka (400 °© C / 2 u B armocdepa Ha aproH) Ha OuoreneH o-FeOOH (rpoTur),
MojlyueH upe3 jabopaTopHo KyntuBupaHa Leptothrix Gaxrepus. buo-Fe;Os e cTpykTypHO M MOPQOIOTHYHO
oXapakTepu3upaH ¢ MoMollra Ha peHreHoBaTta audpakuus (XRD), ckanupama enekrpoHHa Mukpockonus (SEM) u
TpaHCMHUCHOHHA eJiekTpoHHa criekTpockonusi (TEM) u u3cnenBan kato eNeKTpojeH marepual B XHOpHHA JIMTHEBA
OaTepus-eNIeKTPOXMMHUYHA CYNEPKOHAECH3aTOpHa cUcTeMa. XHOpHIHATa KJIETKAa € ChCTaBeHA OT €JIEKTPOJ OT AKTHBEH
BBIJIEH, KOMIIO3UTEH €JIEKTPO/]] C MAaTPUIla OT aKTUBEH BBIJIEH U 1o0aBka Ha 50% Omo-Fe;0s. M3nonsBan e opranndeH
eektpout LiBF4, ¢ pa3tBoputen cmec ot ermieH kapoonar / numerun kapoonat (EC/DMC) 1:1. 3a cpaBHeHHE ¢
ChCTaBeHa M CHMETPUYHA CYIEPKOHJICH3aTOpHA KJIETKA OT JBa WAECHTUYHHU €JEKTPOAA OT AKTHBEH BBIVICH M CHUIMAT
OpraHvdeH eneKTpoiuT. KieTkuTe ca MOUIOKEHNM Ha TalBaHOCTATHYHM 3apsJHO/PaspsAIHN IMKIMYHA TECTOBE IPH
Pa3sIMYHO TOKOBO HATOBAPBaHE M MMOKa3BaT BUCOKa cnenuduuen kanauureT (50 Fg! 3a cumerpuuen u ¢ okono 50% mo-
BHCOK KamaluTeT 3a XUOpUIHHS CYNEPKOHICH3aTOP), BUCOKa TOKOBa eekruBHOCT (Ham 95%) u cTabuiIeH KamamuTeT
NpU  MIPOABIDKUTEIHO LUKIUpaHe. Pe3ynTature mnoka3BaT BB3MOXKHOCTTa 3a MpwiaraHe Ha Ouo-Fe,0z kato
€JIEKTPOXMMHUYHO aKTUBEH MaTepHall 3a XUOpPHUIHA JINTHEBA OaTepHs - CYNIepKOHICH3aTOpHA CHCTEMA.
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Some organic compounds in wastewaters not only pollute the environment but also cause corrosion to the
wastewater transportation systems. In this study the corrosion behavior of treated textile wastewater was investigated by
using AISI 316L stainless steel. Treatment was done by sonochemical (US), photochemical (UV) and
sonophotochemical (US+UV) processing. These processes were used to degrade the dyestuffs which cause the pollution
of textile wastewater. Avrtificial effluent solutions were prepared for use in the treatment processes. The concentrations
of the solutions decreased with time for three treatment processes. The most reduced concentration was obtained after
sonophotocatalytic treatment and the least was for sonochemical treatment. The OCP curves were found to move away
from the noble direction for all the tested samples. The reduction tendency of the potential values for all samples was
observed close to each other. The most active OCP values were for US+UV. In polarization results, the US sample
showed a lower corrosion potential and higher corrosion current density. The corrosion results of samples tested in
treated solutions were better than in untreated solutions. For the sonophotochemical process, stainless steel showed a

better corrosion resistance than the others.

Keywords: Sonophotocatalytic process; photochemistry; sonochemistry; dyestuff degradation; pitting corrosion

INTRODUCTION

The textile dyeing and dye production facilities
are the most problematic industries as regards
releasing the dyes in an effluent form and polluting
the environment. If these compounds are released
without restraint, they may cause lots of health
problems because the chemical and photolytic
stability of the textile dyes are highly resistant in a
natural environment. It is known that some azo
dyes are formed from toxic aromatic amines which
are carcinogenic for living organisms [1-4].
Therefore, the discharged effluents from the textile
industries are important threats to the environment.
About 15% of the total amount of dye produced in
the World is lost during the dyeing processing and
released to the environment together with textile
effluents [1, 5]. The flow of these colorful effluents
causes unaesthetic pollution of environment. Also
the dyestuffs in the effluent phase can cause
dangerous reactions including oxidation, hydrolysis
or other chemical reactions [1, 5, 6].

Discharging effluents from textile factories not
only pollute the environment but also destroy the
pipes that are used to discharge the effluents, due to
the impact of corrosion. It is known that corrosion
as a phenomenon destroys the materials with time.
Because of their high electrochemical reaction
tendency, metals are the most common type of
corrosion material. The destroyed materials become
unused due to inappropriate  design. In

* To whom all correspondence should be sent:
E-mail: tuba.yetim@erzurum.edu.tr

consequence, the systems of factories which carry
the fluids and especially the effluent pipes are
exposed to corrosion damage [7, 8].

For this reason the treatment of the effluents is
important for the environment and the health of
man. At the same time it is financially important to
know the working life of the treatment system. The
studies of the treatment of fabric effluents have
been accelerated in recent years [1, 9]. Among
these treatment methods are Advanced Oxidation
Processes (AOPs): Fenton and Photo-Fenton
catalytic reactions [10, 11], H.Ox/UV processes
[12, 13], Photocatalysis in a TiO, medium [1, 14],
sonolysis and sonophotochemical treatment [15,
16] have been considered. Recently it was observed
that especially the sonolytic and photocatalytic
studies are more useful for the treatment of
effluents. The treatment of effluents will affect the
corrosion in the pipes. In this study, AISI316L
stainless steel was used for making a simulation
with effluent pipes. The intended use of this
material is widespread with many industrial
applications, especially chemical processing, the
automotive industry and surgical implants. These
exhibit a very high corrosion resistance in many
aggressive environments [8, 17-18]. Therefore, in
this study, the corrosive effect of the effluent
including the textile dyes was treated by ultrasound
energy (US) and UV irradiationindividually, and
also Dby the application of both processes
simultaneously on the pipes was investigated.
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EXPERIMENTAL PROCEDURE

The experiments were performed on AISI316L
stainless steel, its chemical composition is given in
Table 1. The prismatic specimens with dimensions
of 25 x 25 x 2 mm® were cut from AISI316L
stainless steel sheet. The samples were ground by
220-1200 mesh emery paper and then polished
with alumina powder with a 1 pm grain size.

All the experiments were performed in artificial
effluent solutions (AES) that were prepared with
distilled water by using Methylene Blue and Congo
Red dyestuffs with a molar concentration ratio of
1:1 uniformly. These were provided by Sigma
Aldrich and used as received. The structures of the
dyestuffs are shown in Table 2.

These solutions were processed by using
ultrasound and UV irradiation before the
experiments. For these processes, the parameters
were as; 30 ppm of the concentration of the
solutions , 30°C of temperature , 132 W/m? of light
intensity, 50 % of the amplitude of ultrasound
energy, 90 min. as the process time And 800 mg/I
of TiO, photocatalyst. In the processes 500 ml of
AES were used. Air was blown into the reaction
medium by an air pump at a constant flow, to
maintain the solution saturated with oxygen during
the reaction. The pH was a natural value of the
solution. The change in concentration was
determined by a UV-vis Thermo Electron
Evolution 500 spectrophotometer. First of all the
absorbance values of the Methylene Blue and
Congo Red were determined as 665 nm and 498

nm, respectively. The concentrations of the dyes
were determined by the calibration curve that was a
graph of the absorbance versus certain
concentration values of the dyes. Also, the
calibration graph was obtained with a
spectrophotometer. Then the total concentrations of
the dyes in the solution were calculated.

The electrochemical polarization experiments
were performed using a GAMRY Series G750™
Potentiostat/Galvanostat/ZRA device. One side of
the specimen with an area of approximately 0.38
cm? was exposed to the solution. The polarization
measurements were carried out in unprocessed and
processed AESs with US, UV and US+UV. For the
first experiment untreated AES was used. For the
second experiment only US was used on the AES,
for the third experiment only UV irradiation was
used and for the last experiment US and the UV
irradiation (US+UV) were applied simultaneously.
A stabilization period of 7200 s was employed
before starting the measurement. The electrode
potential was raised from -0.5V to 1 V compared to
OCP with a scanning rate of 1mV/s and a current
that flowed through the diffusion layer-substrate
system. A three-electrode cell was used for the
polarization measurements employing a Ag/AgCl
electrode as the reference electrode, a graphite bar
as the counter electrode and a working electrode,
respectively. The surface morphologies after
electrochemical examination were investigated
using a scanning electron microscope Zeiss EVO
LS 10.

Table 1.Chemical composition of AISI 316L stainless steel (%)

C Si Cr Mn

Mo P S Ni

0.016 0.490 16.640 1.820

2 0.030 0.026 10.100

Table 2.The structures of dyestuffs

Dyestuff Name Molecular Formula Structural Formula
NH, NH,
Congo Red Cs32H22NsNa206S; QG
SO;Na Congo Red SQ;Na
N
LI
Methylene Blue C16H1sN3SCI HBC\N S |‘{|/CH3
CHs ClI= CHs
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RESULTS AND DISCUSSION

The experiments were repeated three times for
each treatment to indicate the reproducibility of the
study. First of all the average values of the
experimental data as the conversion rate were
calculated for each treatment as US, UV and US+
UV. Then the Ho and H; were hypothesized as; Ho:
M= M,= M3 and Hi: My # M, # M3 where M are
the average values of the experimental series. To
determine the true hypothesis a statistic test of the
variance analysis, which is f-distribution (F), is
used. To achieve this goal the calculated F value
and the F table values were compared at a 99%
level of confidence. In this test, the F values were
calculated by ANOVA (Analysis of Variance)
tables formed by a MATLAB program for
individual treatment. The Fq(v1, Vv2) value is
determined from the F table. Here vi and v, are
degrees of freedom and vi=k-1, v»>=k.(n-1); k and
the n values are 3 and 12 respectively. Where Kk is
the number of repeated experiments for each
treatment and n is the number of data for each
experiment. For this study the Fo01(2,33) value is
5,31 from the F table [19, 20] which is greater than
the calculated F values in the ANOVA tables as
shown in Table 3(a) (b) (c). This means that the
difference  between the averages of the
experimental data is accidental and they are from
the same population. In other words the Ho
hypothesis is true and this situation proves the
reproducibility of the experimental data by using
their average values.

The conversion rate versus time graphs of US,
UV and US+ UV treatments are given in Figure 1.
This figure demonstrates the most effective
treatment process for removing the dyes, which are
pollutants.

100

—t—US
80

60 { —*—US+UV

40 4

% Conversion

20 _—
—

0 & . . . . {
0 5 10 15 20 30 40 50 60 70 8 90

Time (min.)

Fig. 1. Conversion rate of US, UV and US+ UV
treatments versus time.

This will interrelate with the corrosion behavior
of the treatment processes included less corrosive
pollutant (dye amount) by identifying the most
effective process. As seen in Figure 1, the

concentrations of solutions decreased with time
after three treatments.

The most reduced value was observed during
sonophotocatalytic treatment. On the contrary, the
least reduced value was obtained during
sonochemical treatment. Also having a glance at
the graphic, the conversion ratios of dyestuffs
increased with the treatment in time. However, the
largest increase was attained by UV+US and the
smallest one was by US application. From the
results, it can be said that the UV+US is more
effective for removing the dyestuffs from the
aqueous medium. This is attributed to their
synergistic effect. It is known that the main factor
for degrading the dyestuffs is forming the OH”
radicals in the medium because of their property to
destroy as powerful oxidizing agents and attack
organic compounds forming intermediates. As
more radicals are formed the degradation ratio will
increase [13, 20-25]. In US treatment, the
ultrasound energy can cause the collapse of the
cavitations producehigh transient temperatures and
pressures in the aqueous solutions. These lead to
the formation of free hydroxyl radicals via the
homolysis of water [26, 27]. However, by UV
treatment, upon absorption of a photon by TiO,, an
electron is promoted to the conduction band,
generating what is commonly referred to as an
electron-hole pair [6, 23-25]. The conduction band
electron is available for reduction and the valence
band hole is available for oxidation. The hole can
subsequently react by electron transfer with a
substrate to form a radical species or hydroxide
(water) to form hydroxyl radicals. In condensed
oxygenated aqueous media the surface of TiO; is
completely hydroxylated and upon photoexcitation
it generates hydroxyl radicals in an adsorbed state
[7,9, 28].

For having more OH* radicals these two
treatments must be applied simultaneously because
of the synergistic effect. During the reaction
between these radicals and dyestuffs the
intermediates occur. Then these intermediates react
with hydroxyl radicals (OH*) to produce final
products, such as low molecular weight carboxylic
acids, while the hydroxyl radicals can be consumed
by inactive species.

Figure 2 showed the open circuit potential
(OCP) measurements of the samples tested in the
untreated AESs and the treated solutions were
obtained after the degradation processes following
ultrasound  (US),  ultraviolet (UV) and
ultrasound+ultraviolet (US+UV) applications. The
obtained open circuit potential (OCP) curves were
found to move away from the noble direction for all
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the tested samples. According to the OCP data, it
has been observed that the curves of the samples
approach a steady state after about 2000 s.As seen
in Figure 2, the potential values shift in the negative
direction for all samples.That clearly indicates that
the surfaces of all the samples were very active to
corrosion and there was no protective film
formation on the sample surface to prevent the
electrochemical dissolution. While the noblest OCP
values were observed for the samples tested in the
treated AES with US+UV, the most active OCP
values were obtained from the samples tested in
untreated AES.

0,00E+00
Untreated
—US

1,00€-01

-2,00€-01 i1V
-3,006-01 US+UV

4,00E-01 +

Potential (V)

-5,00E-01 +

-6,00E-01 +

-7,00E-01 +

-8,00E-01

9,00E-01 +
1,00E+00 1,00E+01 1,00E+02 1,00E+03 1,00E+04

Time (s)

Fig. 2. Change of the OCP potential of samples
tested in the AESs that are untreated and treated with
US, UV and US+UV energies.

Polarization curves of the samples tested in the
AESs that are untreated and treated with US, UV
and US+UV processes are given in Figure 3. It was
determined that the corrosion results for the
samples tested in the solutions after the treatments
were better than for the samples tested in untreated
solution. A passive and short region was seen at the
beginning of the anodic zone of UV treatment. The
current values were almost stable while the
potential values increased. A sudden and sharp

Table 3. a. ANOVA table of US treatment

current increase occurred at the end of this region.
This can be attributed to pitting corrosion behavior
[29].

The US sample also exhibited similar
polarization curves with the UV sample. But, there
was no passive pitting corrosion indication for this
sample.

On the other hand, the similarity between the
polarization curves of the UV and the US+UV
samples can be clearly observed in Figure 3. If the
corrosion current density and the corrosion
potential values are taken into account, the best
results have been obtained from the US+UV
treatment.

Although the corrosion current density of the
US+UV sample was slightly lower than the other
samples, previous studies on degradation of
dyestuffs indicated that the UV irradiation was
more effective than the ultrasound energy [16, 30,
31]. Similar results were obtained from the
polarization results. It was found that the US
sample showed a lower corrosion potential and a
higher corrosion current density. This means that
corrosion previously begins for the US sample and
then it corrodes more than the UV sample.

The corrosion results for the samples tested in
the solutions after treatment were better than the
samples tested in untreated solution and depend on
the non-destructive products raised from the
degradation processes. As known, carboxylic acids
occur during the photochemical degradation of
dyestuffs and the final products are CO, and H,0O at
the end of these reactions. As seen in Figure 1, it
was thought that carboxylic acids existed in the
solution, because of the decrease in dyestuffs’
concentration with time.

‘Source' SS' df’ 'MS' F' Prob>F'
'‘Columns’ 59,70 2 29,85 2,83 0,07340
'Error' 348,12 33 10,55 1 I
Total' 407,82 35 1 1 1
Table 3. b. ANOVA table of UV treatment.
‘Source' 'SS' df’ 'MS' F' Prob>F'
'‘Columns’ 86,57682 2 43,28841 0,933111 0,403459
‘Error' 1530,92 33 46,39152 1 I
Total' 1617,497 33 0 1 1]
Table 3. c. ANOVA table of US+UV treatment
'‘Source' 'SS' 'df’ 'MS' ' 'Prob>F'
'‘Columns’ 154,5632 2 77,28159 1,293993 0,287723
‘Error' 1970,871 33 59,72336 1 I
Total' 2125,434 35 1 1 1
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The carboxylic acids are dissolvable by H,O and
H™ ions released into the solution. Moreover, before
the final products, positive holes (h+) and hydroxyl
radicals (OH*) occurr throughout the degradation
process and some of them still exist in the solution
[21, 32, 33]. It is supposed that the existence of
positive holes and H* ions may cause a reduction in
electron loss from the tested metal samples.

The corroded surfaces of all samples were
examined with a SEM and the images are presented
in Figure 4.

Intergranular corrosion damages are observed
from the surface of the untreated samples in Figure
4a. It can be easily said that the untreated sample
surface has undergone more corrosion damage

when its surface image is compared to the others.
For the treated samples, pitting type corrosion can
be seen on their surface images (Figure 4 b, c, d). It
was seen that corrosion damage decreased after the
degradation processes. The SEM image of the US
sample surface after a corrosion test is given in
Figure 4b. A spread of many large and deep pits
was observed on the sample surface. On the other
hand, the surface images of the UV and US+UV
samples showed that the pit numbers decreased and
thus the corrosion damage was reduced. Moreover,
relatively smaller and shallower pits were observed
on the UV and US+UV sample surfaces compared
to the pits on the untreated and US sample surfaces
(Figure 4c and d).
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Fig. 3. Polarization curves of untreated and treated samples
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Fig. 4. SEM images of corroded surfaces for a) untreated, b) US treatment, ¢) UV treatment, d) US+UV treatment.
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CONCLUSIONS

A solution including dyestuffs was treated with
sonochemical, photochemical and
sonophotochemical methods. The effects of
degradation treatments on the corrosion behavior of
316L stainless steel were investigated in these
treated solutions. In the light of these
investigations, the following conclusions can be
drawn from this study:

e It was seen from the conversion results that the
most effective treatment for the degradation of
dyestuffs was the US+UV treatment. The
conversion rates at 90 minutes were about as
36%, 76% and 85% for US, UV and US+UV
treatments, respectively.

o |t was determined that the corrosion results of
the samples tested in the treated solutions were
better than the samples tested in untreated
solution.

o Corrosion tests of sonophotochemical treated
solution showed better corrosion resistance than
the other treatments used in this study.

o While intergranular corrosion damage was seen
on the surface of the samples tested in untreated
solution, the pitting type of corrosion damage
was observed on the samples tested in treated
solutions.

e The sample surface tested in the US+UV treated
solution showed a smaller amount of pitting and
dimensions compared to the treated samples.
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KOPO3MOHHO ITOBEJIEHUE HA HEPBEXKJTAEMA CTOMAHA 316L ITPU TPETUPAHE C
MOJEJIHA OTIIAIBYHU BOAU

T. Uetum

ﬂenapmamenm NO UHICEHEPHA XUMUZL, @akyﬂmem NO UHJICEHEePCMB0O U apxumeKkmypa, mexHu4ecKu ynueepcument 6
Epsypym, Typyus

Ilocrbpnuna Ha 24 aBrycr, 2015 r.; kopurupasa Ha 15 sHyapu, 2016 r.

(Pesrome)

Hsxon oprann4Hu CheIUHEHHS B OTHAJbYHHTE BOAM HE CaMO 3aMbpCsABAT OKOJHATA Cpela, HO W NPUYUHSIBAT
KOpO3Hsl Ha BOIHUTE TPAHCIIOPTHU CpeAcTBa. B Taszm paboTa e m3ciiesBaHa KOPO3MOHHATa aKTUBHOCT HAa TPETUPAHH
OTIIAABYHA BOIM OT TEKCTHIIHATA WHAYCTPHS BBPXY Hepbxkmaema cromana AISI 316L. Tperupanero Ge m3BBpIICHO
upes yirpassyk (US), dortoxumuuano Bw3meiicteue (UV) u xombunarms ot asere (US+UV). Tesu mpomecu Gsixa
M3MONI3BaHU 32 pasTpaXIaHETO Ha Oarpmia, 3aMbpCsABAIld OTHaJbYHWTE BOAW. bsXa MPUTOTBEHM MOICITHH BOJH.
KonnenrpanunTe Ha OarpuiaTa ce MOHIKaBaxa C BpEMETO IPH TPUTE M3cieaBaHu nporeca. Hali-HuCKH KOHLICHTpAINN
0sixa TIOCTHTHATH TIpM KOMOMHALMATA OT YNTPa3BYKOBO M (DOTOXMMHYHO BB3JICiCTBHE, a Hail-ciad edekT mmarie
yATpa3ByKOBOTO BB3AciicTBre. KpuBuTe 3a moteHuuana npu orsopeHa sepura (OCP) 6sxa maned OT TEOPETHYHOTO 32
BCUYKM TECTBaHM NpoOu. HamansBamara TeHIEHIMs 32 CTOMHOCTUTE Ha MOTEeHLMajda Oe HaONIoJaBaHa NPU BCHYKU
npobu. Haii-Bucoku Osixa croitHocture Ha OCP mpu komOuHupano aeiictBue. OT pe3ynTaTHTE NMPH MOJSIPU3ALNS
YATPa3BYKOBOTO BB3/ICHCTBHE JIOBEAE 0 Hali-HCHK KOPO3MOHEH MOTEHIMAJ U Hall-BUCOKa IUTBTHOCT Ha Toka. [Ipobute,
TECTBAHH C TPETHPAHHU Pa3TBOPH IIOKa3axa MO-I00pH pe3yiTaTd OTKOJIKOTO Oe3 TperupaHe. Hepbixnaemara ctomaHa
MOKa3a MO-BHCOKO CBHIIPOTUBJICHHE CHPSMO KOpPO3Hs CiieJl KOMOMHMHUPAHO TPETHpaHe, OTKOJKOTO TPH OCTaHAJIHUTE
CITy4au.

769



Bulgarian Chemical Communications, Volume 48, Number 4 (pp. 770- 778) 2016

An analysis of MHD natural convection heat and mass transfer flow with Hall effects
of a heat absorbing, radiating and rotating fluid over an exponentially accelerated
moving vertical plate with ramped temperature

G.S. Seth”, R. Tripathi, R. Sharma
Department of Applied Mathematics, Indian School of Mines, Dhanbad-826004, India
Received April 16, 2015; Revised December 16, 2015

An investigation of unsteady MHD natural convection heat and mass transfer flow with Hall effects and rotation of a
viscous, incompressible, electrically conducting, radiating and temperature dependent heat absorbing fluid past an
exponentially accelerated moving vertical plate with ramped temperature through a porous medium is carried out. An
exact solution for fluid velocity fluid temperature and species concentration is obtained in a closed form by the Laplace
transform technique. The expressions for shear stress, rate of heat transfer and rate of mass transfer at the plate are also
derived. The numerical values of fluid velocity and fluid temperature are displayed graphically whereas those of shear
stress and rate of heat transfer at the plate are presented in tabular form for various values of the pertinent flow parameters.

Keywords: Coriolis force, Hall current, Heat absorption, Ramped temperature and Thermal radiation

INTRODUCTION

The effects of thermal radiation and heat
generation/absorption on hydromagnetic natural
convection flow play a crucial role in controlling the
heat transfer and may have promising applications in
several physical problems of practical interest viz.
convection in the earth’s mantle, fire and
combustion modeling, fluids undergoing exothermic
and/or endothermic chemical reactions, building
with buoyancy-driven natural ventilation, radiant
ceiling heating systems and floor heating systems.
Keeping in view the importance of such a study,
Chamkha [1] studied the thermal radiation and
buoyancy effects on hydromagnetic flow over an
accelerating permeable surface with a heat source or
sink. Seddeek [2] investigated the thermal radiation
and buoyancy effects on MHD natural convection
heat generating fluid flow past an accelerating
permeable surface with a temperature-dependent
viscosity. Ibrahim et al. [3] discussed the effects of
radiation and absorption on the unsteady MHD free
convection flow past a semi-infinite vertical
permeable moving plate with chemical reaction and
suction. Mohamed [4] considered chemical reactions
and thermal radiation on hydromagnetic free
convection flow with heat and mass transfer of a
viscous fluid past a semi-infinite vertical moving
porous plate embedded in a porous medium in the
presence of thermal diffusion and heat generation.
Prasad et al. [5] investigated the effects of internal
heat generation/absorption, thermal radiation,
magnetic field and temperature dependent thermal

* To whom all correspondence should be sent:
E-mail: gsseth_ism@yahoo.com; rajatl7@am.ism.ac.in;
rohitsharma@am.ism.ac.in

conductivity on the flow and heat transfer
characteristics of a Non-Newtonian Maxwell fluid
over a stretching sheet.

It is noticed that when the density of an
electrically conducting fluid is low and/or the
applied magnetic field is strong, Hall current plays a
vital role in determining the flow-features of the
fluid flow problems because it induces a secondary
flow in the flow-field [6]. Taking this fact into
account, Aboeldahab and Elbarbary [7] considered
the effects of the Hall current on the
magnetohydrodynamic free convection flow past a
semi-infinite vertical plate with mass transfer. Saha
et al. [8] discussed the effects of Hall current on the
MHD laminar natural convection flow from a
vertical permeable flat plate with a uniform surface
temperature. Zueco et al. [9] made a numerical study
of the unsteady MHD free convection flow with the
mass transfer taking the Hall current and viscous
dissipation into account. Ahmed et al. [10]
considered the unsteady MHD free convective flow
past a vertical porous plate immersed in a porous
medium with Hall current, thermal diffusion and a
heat source. It is noteworthy that the Hall current
induces a secondary flow in the flow-field which is
also the characteristics of Coriolis force. Therefore,
it is essential to compare and contrast the effects of
these two agencies and also to study their combined
effects on such fluid flow problems. Considering
these two effects, Takhar et al. [11] investigated the
boundary layer flow of a viscous, incompressible
and electrically conducting fluid over a moving
surface in a rotating fluid, in the presence of a
magnetic field and Hall current with a free moving
stream. Recently, Seth et al. [12] considered the

770 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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combined effects of the Hall current, rotation and
radiation on natural convection heat and mass
transfer flow past a moving vertical plate.

Natural convection flows are generally modeled
by researchers under the consideration of uniform
surface temperature or a uniform heat flux.
However, practical problems often involve non-
uniform thermal conditions. Some of the numerous
industry based applications considering non-uniform
thermal conditions include nuclear heat transfer
control, materials processing, turbine blade heat
transfer, electronic circuits and sealed gas-filled
enclosure heat transfer operations. Keeping this fact
in view, several researchers [13-23] investigated
natural convection flow from a vertical plate with
ramped temperature.

The current study seeks to investigate the effects
of Hall current and rotation on unsteady
hydromagnetic natural convection heat and mass
transfer flow of a wviscous, incompressible,
electrically conducting, optically thin heat radiating
and temperature dependent heat absorbing fluid
through a fluid saturated porous medium past an
exponentially accelerated vertical plate having the
ramped temperature profile. This problem has not
yet received attention from the researchers, although
natural convection heat and mass transfer flow of a
heat absorbing and radiating fluid resulting from
such a ramped temperature profile of a plate moving
with time dependent velocity may have strong
bearings on numerous problems of practical interest
where initial temperature profiles are of much
significance in the design of hydromagnetic devices
and in several industrial processes occurring at high
temperatures where the effects of thermal radiation
and heat absorption play a vital role in the fluid flow
characteristics.

FORMULATION OF THE PROBLEM

Consider unsteady hydromagnetic natural
convection flow of viscous, incompressible,
electrically conducting, optically thin heat radiating
and temperature dependent heat absorbing fluid past
an infinite moving vertical plate embedded in a
porous medium taking Hall current and rotation into
account. The Cartesian co-ordinate system is
considered in such a way that the x’ - axis is along
the length of the plate in the upward direction and
the y' —axis is normal to the plane of the plate in the

fluid and the z' — axis is perpendicular to the x'y’—
plane. The fluid is permeated by a uniform
transverse magnetic field B, which is applied in a
direction parallel to the y" axis. Initially i.e. at time
t'<0, both the fluid and plate are at rest and at a

uniform temperature T). Also the species
concentration within the fluid is maintained at a
uniform concentration C’ . At time t’'> 0, the plate

is exponentially accelerated with a velocity U e*"
in the x’-direction and the temperature of the plate
is raised or lowered to T +(T,-T))Xt'/t, when
t'<t, and thereafter at t'>t,, the plate is

maintained at a uniform temperature T.a’" and U,
are an arbitrary constant and uniform velocity of the
plate (i.e. a’=0) respectively. Also at time t'>0,
the species concentration at the surface of the plate
is raised to a uniform concentration C/, and this is
maintained thereafter. Since the plate is of infinite
extent along the x"andz’ directions and is
electrically non-conducting, all the physical
quantities depend only ony” and t'. The geometry
of the problem is shown in Figure 1. It is assumed
that the induced magnetic field produced by fluid
motion is negligible in comparison to the applied
one. This assumption is valid for metallic liquids and
partially ionized fluids [24]. Also no electric field is
applied so the effect of polarization of the fluid is
neglected [25].

x’
s (1) >0, ]
* w1 =0
/ 2 e b
(0, t) > T,
Cl(ew.ty->C. )
S— ) - Porous Medium -
Q

i O U Vll’

: 20, 1) = C-":e“",\] |
/ / w0, 1)=0; F: >0
S GO =C

o T (T =T e 8
T(0.1)=4" :

e

Fig.1. Geometry of the Problem

Keeping in view the assumptions made above,
the governing equations for unsteady hydromagnetic
natural convection flow of an electrically
conducting, viscous, incompressible, temperature
dependent heat absorbing and optically thin
radiating fluid in a uniform porous medium, under
Boussinesq’s approximation, taking the Hall current
and rotation into account are given by
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+9p'(T'-T))+gpF (C'-C.), M
" Plzp 5 (=T~ e
o =g @)

where m=wmzr, is the Hall current parameter.
u'l VVI1T'1 Kl,y k1 Cpl Q()l Cll DM! qr'y V1 G! ,01 g1 ﬁ,1 ﬁ1
o, and z, are, respectively, fluid velocity in the x'—
direction, fluid velocity in the z'—direction, the fluid
temperature, permeability of a porous medium,
thermal conductivity, specific heat at constant
pressure, heat absorption coefficient, species
concentration, molecular (mass) diffusivity,
radiating flux vector, kinematic coefficient of
viscosity, electrical conductivity, fluid density,
acceleration due to gravity, coefficient of thermal
expansion, coefficient of expansion for species
concentration, cyclotron frequency and the electron
collision time.

The initial and boundary conditions for the fluid
flow problem are

u=w=0,T =T/,C'=C., for y'>0andt'<0, (5a)
u'=U,e", w=0,C'=C/,aty’=0andt>0 (5b)
T =T+, -T)t'/t,,at y=0and0<t'<t,, (5¢)
T'=T,, at y=0and t'>t,, (5d)
u,w—->0T" ->T/,C'">C!asy'—>xfort’>0 (5e)

In the case of an optically thin gray fluid the local
radiant absorption is expressed by
oq, N

r=—4a’'c"(T*-T"), (6)
L =—talor (1)
where a” is the absorption coefficient and o~ is the
Stefan-Boltzmann constant.

Assuming a small temperature difference
between the fluid temperature T’ and the free stream

temperature T/, T'* is expanded in a Taylor series
about the free stream temperature T/ to linearize

equation (6) which, after neglecting the second and
higher order terms in (T’ —T/), assumes the form

T = 4TT'—3T". 7)

Making use of equations (6) and (7) in equation (3),
we obtain
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’ 2T * 13
%I’ :;qlgyz_lez;g;r (T'-T))-
%(T’—TO;). (8)
In order to non-dimensionalize equations (1), (2),
(4) and (8), the following non-dimensional variables
and parameters are introduced
y=Yy'/Ugt,, u=u"/U,, w=w'/U,,
t=t'/t,, T=T"'-T))/(T, -T)),
C=(C'-C.)/(C,-C!)a=a'v/U},
G, =g9pv(T, -T))IU;,
G, =98 v(C,-C))/U;, (9)
K?=Qv/Uz K, =KU? /v?,
M =oB)j v/ pU?, P =vpc, Ik,
p=vQ, /,onUO2 ,R=16a"cVT/ /Uozpcp
andS, =v/D,,

Equations (1), (2), (4) and (8), in non-
dimensional form, are given by
2
U g2y =0U_MUHMW) U o r C,
a oy @m?) KT
(10)
2 M _
MW oy SW MMu—w) _w g
ot oy (1+m?) K
2
T_LOT R4t (12)
a R oy
2
a_tec 13
ot S, oy

where K* K., M,G,, G,, P, R, ¢ and S, are,

respectively, the rotation parameter, permeability
parameter, magnetic parameter, thermal Grashof
number, solution Grashof number, Prandtl number,
radiation parameter, heat absorption parameter and
Schmidt number.

It may be noted that the characteristic time t_is

defined according to the non-dimensional process
mentioned above, as

t,=v/U.. (14)

The initial and boundary conditions (5a) to (5e),
in non-dimensional form, are given by
u=w=0,T=0,C=0,fory>0andt<0, (15a)
u=e*,w=0,C=1 aty=0andt>0, (15b)

T =t, aty=0and 0<t<1, (15¢)
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T=1, aty =0 fort>], (15d)
uw—0,T—>0C—>0ay—owfort>0, (15e)

where a is the plate acceleration parameter.

Combining equations (10) and (11), we obtain

oF _0°F 1 e
X oy [N + K 2iIK ]F+G,T +G.C, (16)
where F =u+iwand N=M /(1+im).

The initial and boundary conditions (15a) to
(15e), in compact form, are given by

F=0,T=0,C=0, fory>0andt<0, (17a)

F=e*,C=1 aty=0fort>0, (17 b)
T =t, aty=0for0<t<1, (17c)
T=1 aty=0 andt>1, (L7d)

F—>0,T—>0,C—>0ay—>wfort>0. (17€)

Equations (12), (13) and (16) are subject to the
initial and boundary conditions (17a) to (17e) and
are solved by the Laplace transform technique. The
exact solutions for the fluid temperature T(y,1),

species concentration C(y,t) and fluid velocity
F(y,t) are obtained and presented in the following
form after simplification

(i) For P.#1and S, =1
T(y,t)=P(y,t)-H({t-1)P(y,t-1), (18)
C =erfc(y2\/\2__°], (19)

F(y,t) = {% fz(y,l,ﬁl,a,t)+£[ebﬂx
{01 40,1 — £,(y,S,,0.b, 1)) -
{f,0018.,0,0}-1,(%.5,,0,0,0 } ||
+G(y,t)+H(t-1)G(y,t-1). (20)
(if) For P, =S, =1
T(y,)=R(y,)-HE-DR(y,t-1), (21)

C(y,t)= erfc(z—i//t_], (22)

at b
Py == (L A,a0]+ [ (110,01)

—f,(v.14,0.0]+ G (y,) —H(y,t - 1)
xG(y,t-1), (23)

where
P(y,t)=f.(y,t,R,, £),
P(y.)="1(y.,t,.1 5,),

G(y,t)=2“?[ea‘{fz(y.Pr,ﬁz,al,t)—

-f,(y.1 B.8,0))—a {f,(y.R. 5,a,1)
~f,(y.1 82,0} ],

Gl(y,t)%[fz(y,l,ﬂz,o, - f.(y.t14)],

B.=N+1/K,~2iK2, g, =R+g, @:W’

G
a, = !

=41(S.-1), a=G, /(1-P), ,
bl IB( ) “ ( ) ,Bl_ﬂz

b, =$and 7=G,/(S,-1).
A

H(t-1) and erfc(x) are, respectively, the unit
step function and complementary error function.
Expressions for f,, f, and f, are provided in
Appendix-1.

SHEAR STRESS AND RATE OF HEAT
TRANSFER AT THE PLATE:

Expressions for the primary shear stress at the
plate 7, , secondary shear stress at the plate 7, and

rate of heat transfer at the plate N, are obtained and
presented in the following form after simplification

=1, +ir, =" [f4(ﬁ1,1, a,t)]+é{ f,(8,1b,1)
-£,(0,S,,b, 1)} - {,(B,10,t)
_*E}mz(o,m H(t-1)G,(0,t -1), (24)

Jat
N, =PR,(0,t)-H({-1)PR,(0,t -1), (25)
where
G,(0.1) = 2‘;‘12 [e* {f, (8., P&, 0) - f,(B.La, 1)

_ai{fs(ﬂz! Pr’allt)_ fs(ﬂl’lvai’t)}]

P, (o,t):(%Mztm ¥ \/%](erfc(\/ﬂ_zt)—l)

o e |,
tr

The expressions for f, and f, are provided in

Appendix-1.
Rate of mass transfer at the plate:

The expression for the rate of mass transfer at the

plate S, , is given by
S, =—,]—=. (26)
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Expression (26) reveals that rate of mass transfer
at the plate increases on increasing the Schmidt

number S, and decreases on increasing the time.
Since S, presents a relative strength of the viscosity

to molecular diffusivity of the fluid, S, decreases on

increasing the molecular diffusivity. This implies
that the molecular diffusivity tends to reduce the rate
of mass transfer at the plate and there is a reduction
in rate of mass transfer at the plate with the progress
of time.

RESULTS AND DISCUSSION

In order to analyze the physics of the flow
regime, numerical computations from the analytical
solutions (18) and (19) for the velocity field and
temperature field and from the analytical
expressions (24) and (25) for the shear stress and rate
of heat transfer at the plate are carried out by
assigning some chosen values to different physical
parameters. Throughout our investigation, the values
of the Prandtl number P., magnetic parameter M ,
permeability parameter K, and Schmidt number S,
have been fixed at 0.71, 15, 0.2 and 0.6 respectively
as far as the numerical computations are concerned.
Itis known that P, =0.71 corresponds to the ionized

airand M =15 represents the strong magnetic field.
The effects of the pertinent flow parameters on
species concentration are already analyzed by Seth
et al. [22]. Due to this reason, we have omitted the
numerical computation for species concentration.
The numerical results, computed from analytical
solutions and expressions, are illustrated in Figures
2 to 12 along with Tables 1 to 5.

The variation of the primary velocity u and the
secondary velocity w, versus the boundary layer co-
ordinate y under the influence of the plate
acceleration parameter a , Hall current parameter m
, rotation parameter K2, radiation parameter R,
heat absorption parameter ¢, thermal Grashof
number G,, solution Grashof number G_and time t
are depicted graphically in Figures 2 to 9. It is
observed from these figures that the secondary
velocity w attains a distinctive maximum value in
the region near the plate and then decreases properly
on increasing the boundary layer coordinate y to
approach the free stream value. This may be due to
the effects of the Coriolis force and Hall current
which induce a secondary flow in the flow field.
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Fig. 2. Velocity profiles when m=0.5, K> =2, .

pu)
]

2,$=3,G, =10,G, =35, =06andt =05

0.0 0.5 1.0 L5 20 25 3.0
y

Fig. 3. Velocity profiles whena = 0.2, K* = 2,
R=2,¢=3G, =10,G,=3,S,=0.6and t = 0.5.
It is observed from Figure 2 that, an increase in the
plate acceleration parameter a causes u and w to

increase in the region near the plate and the effect of
the plate acceleration parameter a is almost
negligible in the region away from the plate. This
observation suggests that the higher plate velocity
results in an accelerated fluid motion in the region
near the plate. It is inferred from Figure 3 that both
u and w are getting accelerated on increasing m.

This phenomena is in excellent agreement with the
fact that in an electrically conducting fluid whose
density is low and/or the applied magnetic field is
strong, a current known as the Hall current is
induced which moves in a direction normal to both
the electric and magnetic field i.e. the total current
produced in the flow-field does not move in the
direction of the electric field. Thus, the Hall current
has a tendency to accelerate both the primary and
secondary fluid velocities. It is depicted from Figure

4 that, on increasing K?, u gets decelerated whilst
a reverse pattern occurs for w. This is in agreement
with the fact that in a rotating medium, the Coriolis
force (which is induced due to rotation) has a
tendency to suppress the main flow i.e. the primary
flow induces a secondary flow in the flow field.
Figures 5 and 6 uniquely establish that there is a fall
in the values of u and w for increasing values of
R and ¢. In other words, the primary and secondary
velocities for highly radiating and heat absorbing
fluids are smaller as compared to those of lesser

radiating and heat absorbing fluids which is justified
because the fluid temperature is getting reduced on
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increasing R and ¢ which is clearly evident from
Figures 10 and 11. It is inferred from Figures 7 and
8 that there is a significant increase in the values of
u and w due to the increase in G, and G_. Since

G, presents the relative strength of the thermal

buoyancy force to a viscous force and G, is a

measure of the solution buoyancy force to a viscous
force, as G, and G, increase, the thermal and
solutal buoyancy forces get stronger. This implies
that the thermal as well as solution buoyancy forces
tend to accelerate both the primary and secondary
fluid velocities. It is revealed from Figure 9 that
there is an increase in u and w on increasing t.
This observation suggests that the primary and
secondary fluid velocities are accelerated with the
progress of time.

Figures 10 to 12 exhibit how the fluid
temperature T is affected by the heat absorption
parameter ¢, radiation parameter R and time t. We

see that, an increase in ¢ and R, results in a

significant fall in the fluid temperature T. These
results are in excellent agreement with the results of
Nandkeolyar et al. [15] and Das et al. [20].

25 3.0

Fig. 4. Velocity profiles whena=10.2,m= 0.5,
R=2,$=3,G =10,G,=3,S,=06and t = 05.

25 3.0

Fig 5. Velocity profiles when a=0.2, m=0.5,
K?=2,¢=3,G, =10,G,=3,S,=06andt=05.

12

1.0

2.5 3.0

Fig. 6. Velocity profiles whena =0.2,m = 0.5,
K?=2, R=2G =10,G,=3, 5 =06andt=05

VRS
S Go=10,15,20
NN

2.5 3.0

Fig. 7. Velocity profiles whena=0.2,m=0.5,
K?=2, R=2 ¢=3,

12

,G,=3,5 =06andt=05

10

.
0.5

. N = =S
10 15 2.0 25 3.0

Fig. 8. Velocity profiles whena=0.2,m=0.5,
K?=2 R=2 ¢=3, G =10, S,=06andt=05

t=03,05,07

L
0.5

Fig. 9. Velocity profiles whena=0.2,m=0.5,
K?=2 R=2 ¢=3, G =10, G, =3and S, = 0.6
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Fig. 11. Temperature profiles when ¢=3andt=0.5
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Fig. 12. Temperature profiyles when ¢=3andR=2

The change in the behavior of the primary shear
stress at the plate z, and secondary shear stress at
the plate 7z, under the influence of
K%, m, G, G, ¢ R,aandt, are presented in
Tables 1 to 4. It is inferred from Table 1 that the
primary shear stress at the plate 7, increases on
increasing K* and it decreases on increasingm . The
secondary shear stress at the plate z, increases on
increasing either K* or m.

This implies that the rotation tends to enhance the
primary as well as secondary shear stress at the plate.
The Hall current tends to reduce the primary shear
stress at the plate whereas it has a reverse effect on
the secondary shear stress at the plate. It is observed
from Table 2 that 7, decreases on increasing either

G, or G,. 7, increases on increasing either
G, or G, . This implies that the thermal and solution

buoyancy forces tend to reduce the primary shear
stress at the plate whereas these agencies have a
reverse effect on the secondary shear stress at the
plate. It is evident from Table 3 that z, increases on

increasing either ¢ or R whereas z, is decreased on
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increasing eithergor R. This implies that, heat

absorption and radiation tend to enhance the primary
shear stress at the plate whereas these agencies have
a reverse effect on the secondary shear stress at the
plate. It is clear from Table 4 that, -, and z,both

increase on increasinga. r, decreases on increasing
t whereas ¢, increases on increasing t.
Table 1. Shear stress at the plate when G, =4, G, =3,
$=3, R=2, S, =06and t=0.5.
Kzi m— 05 1 15

3.4336
3.6436

2.8786
3.1792

2.4015

_r 2.7645

3.8789
1.5472
2.0784

6 2.5528

3.4874
2.0276
2.5658

3.0234

3.1401
2.1685
2.7408

3.1977

A DNO AN

Table 2. Shear stress at the plate whenm = 0.5,
K?=2, ¢=3, R=2,S =06and t=05
GC¢ G -

10 15 20

3.4336 3.0806 2.7275
3.0203 2.6673 2.3143

2.6070
1.6075
1.7225

1.8375

2.2540
1.6836
1.7986

19136

1.9010
1.7597
1.8747

1.9897

~N O w o1 w

Table 3. Shear stress at the plate when m=0.5,
K?*=2, G, =4,G,=3,S,=06andt=0.5.

R—
¢¢ 2 4 6

1 3.3646 3.4336 3.4727
—, 3 3.4336 3.4727 3.4986

5 3.4727 3.4986 3.5181

1 15827 1.5472 1.5280
, 3 1.5472 15280 1.5158

5 15280 1.5158 1.5069

Table 4. Shear stress at the plate whenm=0.5,
K’=2,G, =4, G, =3, ¢=3andR=2.

a, t—
0.3 0.5 0.7
0.2 3.5851 3.4336 3.3053
—, 0.4 3.8923 3.8605 3.7784
0.6 42198 4.1456 4.0517
0.2 14357 1.5472 1.6626
T, 0.4 1.5054 1.6750 1.8556
0.6 1.5791 1.8157 2.0766
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Table 5. Rate of heat transfer at the plate

R ¢ { N,
0.3 0.8845

2 3 0.5 1.1570
0.7 1.5122

1 1.0419

2 3 0.5 1.1570
5 1.2838

2 1.1570
4 3 0.5 1.2838
6 1.4080

This implies that, both the primary and secondary
shear stresses at the plate increase on accelerating
the plate. Primary shear stress at the plate is getting
reduced whereas secondary shear stress at the plate
is getting enhanced with the progress of time. It is
noticed from Table 5 that the rate of heat transfer N,

increases on increasing either of R, ¢ and t. This

implies radiation and heat absorption tend to
enhance the rate of heat transfer at the plate. The rate
of heat transfer at the plate is getting enhanced with
the progress of time.

CONCLUSION

The noteworthy results are summarized below

o Plate acceleration parameter, Hall current, thermal
and solution buoyancy forces tend to accelerate the
fluid flow in both the primary and secondary flow
direction. Thermal radiation and heat absorption
tend to decelerate the fluid flow in both the
primary and secondary flow directions. Rotation
tends to accelerate the primary fluid velocity
whereas it has a reverse effect on the secondary
fluid velocity. The primary and secondary fluid
velocities get accelerated with the progress in time.

e Heat absorption and thermal radiation tend to
reduce the fluid temperature. The fluid
temperature is enhanced with the progress in time.

¢ Rotation, heat absorption, thermal radiation and
the plate acceleration parameter tend to enhance
the primary shear stress at the plate whereas the
Hall current, thermal and solution buoyancy forces
tend to reduce the primary shear stress at the plate.
The rotation, Hall current, thermal and solution
buoyancy forces and plate acceleration parameters
tend to enhance the secondary shear stress at the
plate whereas the heat absorption and thermal
radiation tend to reduce the secondary shear stress
at the plate. The primary shear stress at the plate is
reduced, whereas the secondary shear stress at the
plate is enhanced with the progress of time.

o The rate of heat transfer at the plate is enhanced on
increasing either the heat absorption or thermal
radiation with the progress of time.

Appendix
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AHAJIN3 HA ECTECTBEHA KOHBEKLIMA [TPY1 MAT'HUTO-XWJIPOAMHAMMUYEH
[IOTOK C TOIUJIO- U MACOITPEHACAHE C E®QEKT HA XOJI ITPM1 OTHEMAHE HA
TOINIMHA U U3JTBYBAHE B POTHUPAILl ®JIVU HAJL EKCITOHEHIITMAJIHO
YCKOPABAHA ITOABMXHA TINIOCKOCT C HEPABHOMEPHO HAI'PABAHE

I'.C. Cerx’, P. Tpunarxwu, P. lllapma

Lenapmamenm no npunosicna mamemamura, Unouticko yuunuwe no Mmunno oeno, [xanbao, Hnous

IToctenuna Ha 16 anpui, 2015 r.; kopurupana Ha 16 nekemspu, 2015 r.

(Pesrome)

W3cnenBaHa e HecTallMOHApHATA €CTECTBEHA KOHBEKIIMS IPH MarHUTHO-XUJIPOJUHAMHYEH MOTOK ¢ edekt Ha Xou,
NpUAPYKEH C TOIUIO- U MacomnpeHacssHe. OCHOBHOTO TEUEHHE € POTAlMOHHO, a (IyHIBT € BHCKO3CH, HECBUBAEM,
SNIEKTPONPOBOIAIL M H3TbYBall. TedyeHHeTo € B OJM30CT O IUIOCKA, YCKOpsBallla Cce CTEeHa C HEpaBHOMEPHO
pasnpeneneHue Ha TemrieparypaTta. TOYHO pelieHHe B 3aTBOpeHa (opma 3a pasmnpelesieHHeTO Ha TemIieparypara e
HaMmepeHo ¢ momolnTta Ha JlamtacoBa Tpanchopmarus. M3BeneHn ca 3aBUCHMOCTH 3a CpPS3BAaIOTO HAIPEKCHHUE,
CKOPOCTTA Ha TOIUIONPEHACSIHE U CKOPOCTTA HA MacOIPEHACSHE OT INIOCKOCTTA. UnclieHUTe CTOHHOCTH Ha CKOPOCTTA Ha
¢urynna w Ha Temmeparypara ca MpeJCTaBeHH rpadudHO, JIOKATO TE3H ca CPA3BAIIOTO HANPEXKEHHE W CKOPOCTTa Ha
TOILIONPEHACSHE ca B TabnnyHa (opMa 3a pa3nudHH yIpaBiIsBaIlN apaMeTPH.
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Structural modification of raw zeolite A was carried out at a temperature of 80°C using low and high Poly Vinyl
Alcohol (PVA). The product was characterized by X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDS), High
Resolution Transmission Electron Microscopy (HRTEM) and Image Analyzer (1A). XRD shows PVA anchored to the
faces [6 0 0], [6 2 2], [6 4 2], [6 4 4] resulting in a decrease in the crystallite size of the modified zeolite. But 600°C
calcination cannot remove the anchored PV A from the zeolite faces, so calcination does not change the crystallinity. FTIR
shows the noise level of the bands in the region 400-420 cm* decreased in modified zeolite A indicating the raw zeolite
surface is smoothened by the application of PVA. From FESEM it is found that the shape of the modified particles
changed to slightly spherical with the reduction in size. EDS confirms the oxygen percentage is increasing whereas the
Na, Al, and Si percentages are decreasing after modification. HRTEM shows the modification is prominent for zeolite
modified with a high PVA and the particle size is reduced to 1.5um. The particle size analysis shows that after
modification with a low and high PVA the maximum particles have the size within the range of 2-2.5 um (29 % size
reduction as compared to raw zeolite A) and 1.5-2 um (43 % size reduction as compared to raw zeolite A) respectively

and there was no significant change in particle size after calcination.

Keywords: Zeolite A, Poly Vinyl Alcohol (PVA), Ultrasonication, Centrifugation and Calcination.

INTRODUCTION

Zeolite is a crystalline hydrated framework of
alumino-silicate having group I and II elements, in
particular, sodium, potassium, calcium, magnesium,
strontium and barium [1, 2]. More than 150 synthetic
and 40 naturally occurring zeolites are known [3].
They can be represented by the empirical formula
M2nO.Al203.xSi0,.yH0. In this oxide formula, X is
generally equal to or greater than 2, since tetrahedral
AlOgsjoins only tetrahedral SiO4and n is the valency
of the cation. Natural zeolites were used initially for
different applications, but more recently modified
and synthetic forms have been made on an industrial
scale giving rise to tailor made zeolites that are
highly replicable. Zeolites are highly crystalline due
to the well defined structure and enclose the
aluminium silicate framework cavities occupied by
large ions and water molecules, with the cavities
opening ranging from 0.8-1.0 nm in diameter which
are the order of the molecular dimensions. The size
and shape of these pores determine which molecules
enter the cavities and which are excluded. These are
called molecular sieves [4]. Cations within the
cavities are easily replaced with a large number of
different valency cations which exert large
electrostatic forces across the small dimension of the
cavity, while the introduced cations have separate
activities of their own; this facilitates dual function

* To whom all correspondence should be sent:

E-mail: sanjay.tulu@gmail.com

catalysis involving acidity along with other activities
[4].

The chemical formula of zeolite A is Naxw
[AIO2.Si0;]12.27H20. According to the data base for
zeolite structure [5], zeolites of type A are classified
into three dimensional grades, 3A, 4A and 5A, all of
which possess the same general formula but with a
different cation type. Zeolite is commercially
produced from sodium aluminate and silicate by
hydro gel processes [6]. Faujasite zeolites are
obtained from KanKara Kaolin clay [7] and zeolite
NaX was synthesized from Kerala Kaolin [8].
Because of the presence of a large volume of micro
pores and the high thermal stability of the zeolite,
this material is used for purification of waste water,
and soil remediation [9-10]. Synthetic zeolites are
widely used as industrial adsorbents for various
gases and vapours [8] and as catalysts in the
petroleum industry [11]. Zeolites have a high
tendency to adsorb water and other polar compounds
like NHs, CO H,S and SO, and have a good
capacity at very low temperatures compared with
other adsorbents. Pressure swing adsorption (PSA)
is one of the techniques which can be applied for the
removal of CO; from gas streams. Zeolite has shown
promising results in the separation of CO, from gas
mixtures and can potentially be used in the PSA
process [12-14].

Perfect defect free zeolite crystalline structures
are not readily available or easy to prepare.
Therefore most of the zeolite material has defects
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and spaces between the crystals which are larger
than the pore sizes in the crystalline structures. To
control the pore size different methods have been
adopted for modification of zeolite [15-21]. A lot of
work has already been done for chemical
modification to prepare the composite membranes
for gas separation. No extensive work has been done
for physical modification of zeolite A. The authors
have reported the effect of modification of zeolite A
using Carboxy Methyl Cellulose (CMC) [22].

The present study focuses on the physical
modification of zeolite A to reduce particle size, as
well as to achieve a uniform distribution. There are
different types of polymer hydro gels having
temperature dependent gelation behavior, i.e., they
convert to gel at an elevated temperature and turn
back to solution at room temperature. Poly Vinyl
Alcohol (PVA) is a polymer that is cheap,
economical, water soluble, eco-friendly and adheres
onto zeolite A. Hence a hydro gel surfactant PVA
was used for the modification of zeolite A.

EXPERIMENTAL METHOD
Materials

Raw zeolite A purchased from NALCO, India
was used as the starting material for the modification
experiments. The chemical composition was
determined by Atomic Absorption Spectroscopy
(AAS) using Perkin Elmer AAnalyst 200/400, as
shown in Table 1. Ignition loss and pH (1% in water)
were found to be 21.84% and 10.3, respectively.

Tablel.Composition of Zeolite A

Molar composition

(Based on chemical Average Chemical

Composition (%)

analysis)

1.0 £0.2 Na2O Na,O 16.5-17.5
1.0 Al,05 Al,O; 27.5-28.5
1.85+ 0.5 SiO; 5, 30533

6.0 (Max.) H.0O Si0;  32.5-335

PVA was purchased from the Central Drug House
(CDH), India with the specification of technical
purity (99.5 %).

Modification of zeolite

Zeolite A was modified by using low and high
PVA as per the concentration. To modify zeolite
using low PVA about 0.17 g of PVA was taken in a
beaker, 150 mL of de-ionized water was added and
ultrasonic dispersion was carried out in an ultrasonic
bath attached to an ultrasonic generator (TPC-15H,
Telesonic AG, Switzerland) having a peak power of
150 watt for a period of 5 minutes under a frequency
of 30 kHz so as to make a homogeneous solution.
Then 9.65 g of zeolite A was added to the solution.
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Ultrasonic dispersion was carried out for 3 h at 80°C.
Finally the zeolite was recovered from the mother
liquor by repeated cycles of centrifugation,
decantating and ultrasonic redispersion in pure water
until PVA was completely washed away (no bubbles
observed). Modified zeolite was dried at 100°C for 3
h and calcined for 4 h at 600°C. The same procedure
was adopted using 6.5 g of PVA with 5 g of raw
zeolite for modification of zeolite using high PVA.

Characterization

The crystalline structure of the modified zeolite
A was determined by X-ray diffraction using a
PANalytical XPERT-PRO diffractometer with Cu-
Ko  radiation  (A=1.5406A°). Diffraction
measurements were performed over the 26 range
from 5-80°.

The functional groups present after modification
of zeolite A were determined by Fouriertransform
infrared spectroscopy (FTIR) using a Perkin Elmer
SPECTRUM-GX FTIR spectrometer in the 4000-
400 cm™ region using pellets of 0.5 mg powdered
samples mixed with 250 mg of KBr.

The microstructure and the morphology of size
reduction of the modified zeolite A were examined
using field emission scanning electron microscopy
(FESEM model ZEISS EM910).

The compositions of the modified zeolite A were
examined by energy dispersive X-ray spectroscopy
(EDAS model ZEISS EM910).

The particle size of the modified zeolite A was
determined using high resolution transmission
electron microscopy (HRTEM model ZEISS
EMO910) operated at 100 Kv, with a 0.4 nm point-to-
point resolution side entry goniometer attached to a
CCD Mega Vision III image processor.

The particle size distributions were examined by
using an image analyzer(lIAmodel SAMSUNG
SDC-313B) to determine the amount of reduction of
the particles and distributions of the particles.

RESULTS AND DISCUSSION

The powder X-ray diffraction patterns of raw,
water treated, low and high PVA modified zeolite A
are shown in Fig.1 (a), (b), (c) and (d) respectively.

The patterns are plots of the X-ray intensity
scattered from the sample versus the scattering angle
(Bragg angle, 20). The positions and intensities of
the peaks in the diffraction pattern are a fingerprint
of the crystalline components present in the sample.
In the samples Na,O, Al;Oz and SiO. planes are
present in the orthorhombic, rhombohedral and
hexagonal unit cells, respectively. The faces [6 0 0],
[622],[642], [6 4 4] are with higher intensities
than [200], [220], [2 2 2], [4 2 O]. When treated
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with PVA, it anchored to faces [6 0 0], [6 2 2], [6 4 it is possible that the modification of the supplied
2], [6 4 4]. This is evident from the lowering of the zeolite A could take place at a lower macroscopic
peak intensities. The peaks in the XRD pattern of temperature because of the extremely high local
zeolite A treated with PVA are slightly broadened, temperatures generated during sonication. It is
as compared to those of raw zeolite A and zeolite A observed that sub-micron particles cannot be
treated with water. This points to a decrease in the separated by stirring. Sonication is one of the most
crystallite size of the modified zeolite A [15]. effective methods for dispersing the particles;
whereas due to the cavitation effect the generated
micro jet and shock-wave impact on the surface
together with the interacting collisions result in
particle size reduction; however a stabilization
technique like centrifugation must be used to prevent
high agglomeration once sonication is stopped. PVA
is used as a surfactant, which might cover the zeolite
particles to keep them in suspension and to avoid
agglomeration. It was also seen that the particle size
reduction strongly depends upon the frequency,
amount of the sample, power supplied with the
processor and time of treatment. Nevertheless the
prolonged ultrasonic treatment increases the
structural dis-order of the particle and temperature of
L NmALSLou0e), 8 the solution [24]. The higher temperature might de-
= o mature the PVA structure and an interaction is
prompted at elevated temperatures. That is why we
picked up 5 minutes for sonication and 80°C as a
reaction temperature well below the boiling point of
Two theta the solution. Calcinations do not change the
) ] ] _ crystallinity and at 600°C calcinations cannot
0 e o el ) e mtad (STOV th archored PV famthe eols feces
with low PVA and (d) zeolite A modified with high PVA ﬁr’"[%h 4'Z]f"[§62”;]fr[(’6”11 tzh]e, ['i"’(‘)"ia‘_tens'ty peaks [1 0
During modification, the temperature does not The FTIR Spectra of raw, water treated, low and
exceed 80°C. It is found that during sonication, the high PVA modified zeolite A are shown in Fig. 2(a),
local heat caused by inter-particle collisions (for~10 2(b), 2(c) and 2(d),respectively. The absorption
um particles) could reach 2600-3400°C [23]. Thus, peaks are discussed individually.

ITE .

intensity

TRANSMITTANGE (%)
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a b
a
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Fig.2. FTIR spectra of (a) raw zeolite A, (b) zeolite A treated with water, (c) zeolite A modified with low PVA
and (d) zeolite A modified with high PVA.

A characteristic strong and broad band at 3400 cm™* confirming the presence of bound water [25], pre-
is seen due to O-H stretching vibrations [25]. The dominant in Fig. 2 (b), is related to the (H-O-H)
band at 2100 cm™ is due to Si-H stretching vibration bending vibration of water molecules adsorbed on
[26-27]. The deformation band at 1640 cm zeolite. The band at 1150 cm™ appears because
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of Si-O-Si asymmetric stretching [28], which is
insignificant in Fig. 2(b) due to the presence of
excess water molecules in the pores of zeolite A
treated with water. The band appearing at 1034 cm-
1129] related to T-O-T (T=Si and/or Al) stretching is
more intense in zeolite A treated with water as
shown in Fig. 2 (b) because of the excess of water
molecules. The asymmetric Al-O stretch of Al;Os is
located at 950 cm™ [30]. The bands at 557 cm™ and
620 cm* (in the region of 500 - 650 cm™) are related
to the presence of double rings (D4R and D6R)
within the framework structure of these zeolites [30].
The band at 557 cm™ also could represent the
beginning of the crystallization of a zeolite with
double rings [31]. The bands at 420 cm™ and 490 cm-
1 (in the region of 420-500 cm™) are related to
internal tetrahedral vibrations of Si-O and Al-O in
SiO; and Al>03 [30]. The two most intense bands of
the zeolite usually occur at 860-1230 cm™ and 420-
500 cm?, as shown in Fig.2. The first is assigned to
an asymmetric stretching mode and the second one

PVA and (d) zeolite A modified with high PVA.

After modification with low and high PVA the
particle size was found to decrease to a range of 2-
2.5um and 1.5-2 um, respectively with better
dispersion. The particle size decrease more in case
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to a bending mode of a T-O bond. All these bands
are more or less dependent on the crystal structure.
The mid regions of the spectra contain the
fundamental framework vibration of Si (Al) O4
groupings [32]. The bands in the region 400-420 cm’
! are related to the pore opening or motion of the
tetrahedral rings, which form the pore openings of
the zeolite [2]. This is shown in the case of raw
zeolite A and zeolite treated with PVA but in the case
of water-treated zeolite the bands are missing, which
is clearly evident from the spectra. The noise level
of the bands in the region 400-420 cm™ decreased in
the case of zeolite A modified with PVA which
indicates that the rough zeolite surface is
smoothened by the application of PVA.

The FESEM studies of raw, water treated, low
and high PVA modified zeolite A are shown in Fig.
3(a), 3(b), 3(c) and 3(d), respectively. The particle
size of the raw zeolite A is in the range of 2.5-3.5 um
with high agglomeration, which remains unchanged
in case of zeolite A treated with water.

of zeolite A modified with a high PVA possibly due
to exploitation of zeolite with a high PVA loading.
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The shape of the modified particles changed to a
slightly spherical one, as observed in Fig. 3 (d). This
may be as a result of calcination.

The EDAS studies of raw, water treated, low and
high P\VA modified zeolite A are shown in Fig. 4 (a),
4 (b), 4 (c) and 4 (d), respectively.

The EDAS is done to determine any change of
composition both raw and modified zeolite. It is seen
from Table 2 that the composition, weight and
atomic percentage are changing slightly. The oxygen
percentage is increasing whereas the Na, Al, and Si
percentages are decreasing after modification. This
may be due to the particle size reduction after
modification. Further, it should be noted that in both
raw zeolite A and zeolite A treated with water, the

distribution of the particles is not uniform, whereas
in the modified one, the particle distribution is
uniform and with very few agglomerations.

The HRTEM micrograph studies of raw, water
treated, low and high PVA modified zeolite A are
shown in Fig. 5 (@), 5 (b), 5 (¢) and 5 (d),
respectively. It is seen that the particle size is in the
range of 2.5-3.5 um for zeolite A (as supplied) and
remains unchanged in case of zeolite A treated with
water. After modification with low and high PVA,
the particle size is found to be 2-2.5 um and 1.5-2
um, respectively, which confirms the reduction of
the size and change in shape of the zeolite.

Fig.4. EDAS of (a) raw zeolite A, (b) zeolite A treated with water, (c) zeolite A modified with low PVA and (d)

zeolite A modified with high PVA.

Table 2. Elemental Composition of raw, water treated, low and high PVA modified zeolite A.
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Zeolite A treated

Zeolite A modified Zeolite A modified

Elements Raw Zeolite A with water with low PVA with High PVA
Weight Atomic Weight Atomic  Weight Atomic  Weight  Atomic

% % % % % % % %

0] 50.01 62.01 5150 56.98 55.40 66.81  57.35 68.04

Na 14.03 12.10 14.01 12.47 13.99 11.74 12.95 10.84

Al 16.98 1249  16.97 14.87 14.82 10.60 14.54 10.36

Si 18.98 13.40  17.52 15.68 15.79 10.85 15.16 10.76

Total 100

0.5 pm

a b

Fig.5. HRTEM micrographs of (a) raw zeolite A, (b) zeolite A treated with water, (c) zeolite A modified with low

PVA and (d) zeolite A modified with high PVA.
Particle size distributions

The statistical particle size distributionof raw
zeolite A (with calcination), zeolite A treated with
water (without and with calcination), zeolite A
modified with low PVA (without and with
calcination) and zeolite A modified with high PVA
(without and with calcination) are shown in Fig. 6
(a-g) respectively.

The graph was plotted after statistical image
analysis in the frequency and particle size range. It
is observed that for raw and water treated zeolite, the
distribution of the particles is the highest, nearly
within a range of 2.5-3.5 um, whereas in the case of
modification with low and high PVA, there is a
reduction of the particle size with narrower
distribution. After modification with low and high
PVA the maximum particles have a size within the
range of 2-2.5 um (29 % size reduction as compared
to raw zeolite A) and 1.5-2 um (43 % size reduction
as compared to raw zeolite A) respectively. This
indicates the reduction of the particle size after
modification with a high PVA is quite significant.
The distribution of the particles is quite uniform as
observed from Fig. 6 (g). This happens due to a
hydrogel surfactant PVA, which helps to stabilize as
well as de agglomerate and disperse the particles
during sonication.
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Fig.6. Particle size analysis of (a) raw zeolite A (with
calcination), (b) zeolite A treated with water (without
calcination), (c) zeolite A treated with water (with
calcination), (d) =zeolite A modified with low
PVA(without calcination), (e) zeolite A modified with
low PVA (with calcination),(f) zeolite A modified with
high PVA (without calcination) and (g) zeolite A
modified with high PVA (with calcination).

From particle size analysis (Fig. 6.), it is found that
there was no significant change in the particle size
after calcination, which is also correlated with the
XRD analysis.



S. K. Rout et al.: Effect of modification of Zeolite A using Poly Vinyl Alcohol (PVA)

CONCLUSIONS

It is found in the present study that the
modification of zeolite A using PVA is possible. As
a result of PVA modification, the particle size is
reduced about 43 % from 3.5 pm to 1.5 pm with
better dispersion. The zeolite particles have changed
their shape from cubical to slightly spherical by the
effect of calcination. Further research should be
focussed on the optimisation of the surface
modification to raise the zeolite efficiency for
various applications. The modified zeolite A may be
used for purification of waste water, soil
remediation, as a catalyst, molecular sieve, ion
exchanger, adsorbent and for the removal of CO;
from gas streams.
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letter no 19-17/2008-RE.
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E®EKT OT MOJUDUKALIUSITA HA 3EOJIUT A C TIOMOILTA HA TTOJIMBUHWII-
AJIKOXOJI (PVA)

C.K. Pyr'*, I1. IMagxu?, JI. [Tanna®

Ylenapmamenm no xumus, nayuno-mexnonozuyuen uncmumym, Konapx, Hnous
2Uscredosamencku paseoen yenmuvp, Xati-mex Meduyuncku xonexc ¢ 6oanuya, Mnous

TlocTenmna Ha 12 despyapu, 2015 r.; kopurupana Ha 25 anpw, 2016 T.
(Pesrome)

WzpppiieHa e cTpykTypHa Monudukanms Ha cypos 3eonuT A mipu 80°C ¢ HHCKO- U BHCOKOMOJICKYJICH ITOJIMBUHIIIOB
ankoxoi (PVA). IIpoaykTsT e oXapakTepH3HpaH 4pe3 peHTreHocTpykTypeH ananu3 (XRD), ®ypueposa undpadeppeHa
crektpockorust  (FTIR), momeBo eMHCHOHHA CKaHupama enekTpoHHa Mukpockonus (FESEM), enepruiino
JIMCTIEPCHOHHA peHTreHoBa crekrpockomnus (EDS), TpaHCMHCHOHHA €eKTPOHHA MHKPOCKOIHS ¢ BUCOKA PE3OJHOLIHS
(HRTEM) u o6pa3os ananuszarop (I1A). XRD nokasea, ue monekynute Ha PVA ce 3axBaiuar Ha crenure [6 0 0], [6 2 2],
[6 4 2], [6 4 4], koeTo BOAHM [0 HaMAJISIBaHE HA KPUCTAIMTHUATE pa3MepH Ha MOAU(UpaHus 3eonuT. Kanuiuaupanero npu
600°C He e IOCTaTHUHO 32 OTCTPAHIBAHETO MaKpoMoJieKyiuTe Ha PVA ot crenute Ha 3aoinuTa. FTIR moka3sa noxmkeHu
HHBa Ha IIyM B CIEKTPaJHHTE JUHHU B oOmactra 400-420 cm™ 3a momuduuupanns secomut. ToBa € MHIMKALMSA 3a
W3MNIaXIaHe Ha TOBBPXHOCTTA Ha CypoBHA 3eonuT ciien HaHacstHe Ha PVA. Hameperno e ot FESEM, e ¢dopmaTa Ha
MOAU(HIMPAHUTE YACTHLH cJI1ab0 ce MPOMEHs KbM JIeKo cepuyHH ¢ HamaisBaHe Ha pa3Mepure. EDS morebpiknaBa
NOBHIIABAHETO HAa CBIBPKAHMETO HA KHCIOPOA, IOKaTo chabpxaHueTro Ha Na, Al u Si HamamsaBat cien
Monudummpanero. HRTEM mnokassa, e MomudpukanmsaTa ¢ 3Ha4MMa 3a 3e0JIUTH ¢ BUCOKOMOJIeKyIeH PVA, a pasmepsT
Ha YaCTULMTE HamalsiBa 10 1.5Um. AHanu3bT HA pa3Mepa Ha YaCTHLUTE ITOKa3Ba, Ye cliel MoAU(UKanusTa ¢ HUCKO- H
BHCOKOMOJIEKYJIeH PV A Haii-MHOTO YacTHIM ca ¢ pasMepu B nHTepBana 2-2.5 Um (29 % namanieHHe CrpsMo CYpOBHsI
seomut A) u 1.5-2 pum (43 % nHamaneHue copsMo 3e0iuT A) W Ye HAMA 3HAYMMO H3MEHEHHE B Pa3MEpHTE Cliel
KaJILIMHAPaHE.
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Antioxidant activity of secondary metabolites and mycelium extracts of endophytic
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13 strains of endophytic fungi were isolated from Astragalus monadelphus. The radical scavenging activity assay of
secondary metabolites and mycelium extracts from these strains were investigated. Results showed that secondary
metabolites and mycelium extracts from these strains had significant antioxidant activities. Reducing ability of H401
strain mycelium extracts were stronger than the ethyl acetate extract parts, and its ECso value was 0.0034 mg/mL. Ethyl
acetate parts of H802 strain exhibited strong -OH scavenging effect, the 1Cso value was 0.0384 mg/mL. the DPPH
radical scavenging activity test indicated that endophytic fungi can be a good source of radical scavenger. Besides, the
compounds extracted from H401 secondary metabolites belong to B-sitosterol based on the results of NMR analysis and

literature data.

Key words: Endophytic fungi, Secondary metabolites, Antioxidant activity

INTRODUCTION

Astragalus monadelphus belongs to phylum of
Angiospermae, class of Magnoliopsida, order of
Fabales, family of Leguminosae sp., genus of
Astragalus. It grows at a high altitude of 3000-4000
meters in central and southwest of Gansu Province,
southeast of Qinghai Province, northwest of
Sichuan Province.

Most of researches on the genus Astragalus
previously focused on the identification of its main
chemical compositions. With the development of
biology and molecular biological techniques, more
and more compounds have been separated. Later,
secondary metabolites of genus Astragalus callus
were studied by some scholars. However, the genus
Astragalus endophytic fungi was few reported, and
the relative researches mainly focused on
determination of antimicrobial activities of
endophytic fungi. Zhou et al. [1] isolated
Aspergillus fumigatus from the root of Astragalus
membranaceus?, and the ethyl acetate extract of the
culture exhibited significant antimicrobial activity.
Ma et al. isolated four strains of endophytic fungi
(strains 16, 17, 23 and 75) from A. Mongholicus [2],
but the fourth isolated endophytic fungi did not
produce astragalosides I-1V, flavonoids or
polysaccharides. Due to rich contents of active
constituents such as glucuronic acid, B-sitosterol,
astragalosides,  isoflavone and  asparagines,
Astragalus membranaceus is recognized one of the

* To whom all correspondence should be sent:
E-mail: 412316788@163.com; yangmj@Iut.cn

most important herbs [3].

Endophytic fungi have been known to be a rich
repository of medicinally important compounds
since the discovery of penicillin. Some endophytic
fungi could produce bioactive compounds the same
as their hosts that exemplified by taxol [4],
subglutinol A and B [5], and peptide leucinostatin
A [6]. By now, few study reported that endophytic
fungi isolated from Astragalus monadelphus and
their secondary metabolites. In this work, isolation,
identification and determination of the activities of
the endophytic fungi from Astragalus monadelphus
were investigated.

EXPERIMENTAL
Materials

Plants sample were collected in September 2012
from Longxi County, Gansu Province, China,
identified by Yanlin Professor, Lanzhou University
of technology, and belonged to Astragalus
Monadelphus.

Methods

Isolation of endophytic fungi: The endophytic
fungi were isolated as described by Fernandes et
al.”. The growing mycelia were purified on PDA
plates and then maintained at 4 °C on PDA slopes
for further study.

Fermentation For coarse screening, the
fermentation of endophytic fungi was conducted at
28 °C for two weeks. Then, the culture broth was
centrifuged at 12000 rpm for 10 min. Mycelia were
broken down by ultrasound, dried at 50°C,
powdered. And triple volumes of anhydrous ethanol
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was added in, then the system was heated reflux
extraction for twice, each time 2 h. The
fermentation was successively extracted with the
same volume of ethyl acetate and n-butanol for
three times, respectively. The above ethyl acetate,
n-butanol and ethanol solutions were concentrated
in rotary evaporation at 40°C, 65°C, and 55°C to
obtain  fermentation and mycelia extracts,
respectively.

Antioxidant Activity

The total reducing ability assay Total reducing
ability was determined according to Scherer’s
method [8]. 2.5 mL 0.2 mol/L (pH 6.6) phosphate
buffer and 2.5 mL 1% potassium ferricyanide
solution were in turn added into 2.5 mL different
concentrations of samples. The mixed solution was
kept at 50 °C for 20 min, and then cooled rapidly.
Then 2.5 mL the supernatant, 2.5 mL distilled water
and 0.5 mL 0.1% ferric chloride solution were
respectively added into 2.5 mL 10% trichloroacetic
acid solution, shook well and stewed for 10 min.
The absorbance at 700 nm was measured, with
ascorbic acid being the positive control.

Hydroxyl radical scavenging activity assay
Hydroxyl radical scavenging activity was measured
by the Scherer’s method [9]. The reaction mixture
containing 1 mL FeSO, (6 mM), 1 mL salicylic
acid-ethanol (6 mM), 1 mL H>O; (0.1%), were
mixed with 1 mL various concentrations samples
into 10 mL final reaction volume and incubated for
1 h at 37 °C. The absorbance of the mixture was
measured at 510 nm. Ascorbic acid was taken as the
positive control. Scavenging rate (SR) was
calculated as the formula (1):

SR(%) z{l_M

blank

}xlOO%

(D)

Asample - the absorbance of adding ferrous
sulphate, acid - ethanol absorbance, hydrogen
peroxide, and the same volume of the sample

Acontrot - the absorbance of adding ferrous
sulphate, acid - ethanol absorbance, and the same
volume of the sample, without hydrogen peroxide

Auank - blank solution absorbance values, i.e.,
the absorbance of only adding to join ferrous
sulfate, salicylic acid - ethanol, hydrogen peroxide,
without the sample

1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity assay DPPH radical scavenging
activity was assessed according to Ashley et al. [12],
and Kimura et al. [13]. And the tested samples of n-
butanol extracts from fermentation were added into
2 mL samples with various concentrations, and
were mixed in 2 mL freshly prepared 0.025 mg/mL
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DPPH ethanolic solution. The mixture were kept at
room temperature for 30 min and measured
calorimetrically at 517 nm. The control was
established by ethanol instead of samples. The
DPPH radical scavenging activity of samples was
calculated based on the following equation (2):

Asample - Acontrol

DPPH scavenging effect (%) = {1 }xlOO%

blank

,(2)

Whel’e Acomrol, Asample and Ablank denoted the
absorbance of the control, the sample and DPPH
without samples, respectively

Fermentation, Isolation and structure
determination Secondary metabolites of fungus had
a good antioxidant activity.  Thin-layer
chromatography analysis showed that ethyl acetate
parts of H401 contained rich chemical
compositions. The fungus was cultured in a 25-liter
fermentation system, and selected for further study.
Purification was carried out by column
chromatography. The structures of the compounds
were elucidated primarily by NMR analysis.

RESULTS AND DISCUSION

Isolation of endophytic fungi 13 strains of
endophytic fungi were isolated from Astragalus
monadelphus in this study. Colony morphologies of
some typical strains were shown in Figure 1. And
they were all stored in 20% glycerol at -80 °C.

H302
Fig. 1. Colony morphology of some strains.
Antioxidant Activity

The total reducing ability assay The reducing
abilities of the samples were determined according
to potassium ferricyanide reduction method. The
results (Figure 2a) showed that 39 samples (0.05
mg/mL) have different reducing ability. Two parts
of extracts of the sample H401 have strong
reducing ability with the absorbance values of
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2.555 and 2.565, respectively, which were slightly
lower than that of the positive control (Vc, 2.636).
On the other hand, it could be seen from Figure 2b
that the reducing ability enhanced with the
increasing of the sample’s concentration.
According to half-maximum effective
concentration (ECso), reducing ability of H401
mycelium were stronger than the ethyl acetate
extract parts, and its ECso value was 0.0034 mg/mL
(y=134.73x+0.0361, R?=0.9943), but the value was
still somewhat weak when compared with the
positive control V¢ (ECso value is 0.0019 mg/mL,
y=233.27x+0.0665, R?=0.9975).

Hydroxyl radical scavenging activity assay In
this study, spectrophotometric assay was introduced
to estimate on -OH scavenging activities of the
samples. The results (Figure 3a) illustrated that the
scavenging effects on -OH of 39 samples (0.25
mg/mL) varied, i.e., the scavenging ratios of 3
samples were between 70% and 80%, as to the
ethyl acetate extract parts of H401 and H802, and
mycelium part of H301, the scavenging ratios of 4
samples were noticed more than 80%, in addition,
the scavenging ratios of the mycelium parts of
H302, H601, H802 and H803 were 89.93% which
is higher than the positive control V¢ (89.75%).

The results (Figures 3b, 3c) implied that within
the range of 0.02~0.1 mg/mL, the scavenging
abilities of -OH of the tested materials all enhanced
with the increasing concentration of the samples.

3
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!
8 &

acetate part bart

24
21
w
18
=
15
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Fig. 2a. The reduction abilities of the samples

— — ethyl acetate part
—x— n-butanol part

-—/7

X

/%/;

\

w
212 ——Ve

134

.

04 iéiff///

0 0.002 0.004 0.008 0.008

The concentration of samples (mg/mL)

Fig. 2b. The results of concentration gradient
experiment.
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Fig. 3a. The - OH scavenging ratios of the samples
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Fig. 3b. The -OH scavenging ratios of H401 and
H802 (Ethyl acetate extract parts)
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Fig. 3c. The -OH scavenging ratios of H301, H302,
H601, H802 and H803 (mycelium parts)

The results shown in Table 1 showed that ethyl
acetate extract parts of H802 has relative
strong -OH scavenging effect (ICso value was
0.0384 mg/mL), which was slightly stronger than
the positive control Vc (ICso value was 0.0395
mg/mL). While the -OH scavenging abilities of
other samples were not obvious.

1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity assay The results displayed in
Figure 4a that DPPH- scavenging abilities of 39
samples (0.025 mg/mL) were all over 50%, in
detail, DPPH- scavenging ratio of ethyl acetate
extract of 13 samples were higher than the others,
especially, DPPH- scavenging ratio of ethyl acetate
parts of H101, H301, H302 and H401 were more
than 80%. Among these four samples, the most
predominant one was H401 for its scavenging ratio
reached 98.52%, which was a little higher than the
positive control V¢ (98.4%).
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Table 1. 1Cs values and linear relationship of the samples

Concentration range

Samples (mg/mL) linear relationship ICs0 (Mmg/mL)
ethyl acetate ~ H401 0.02~0.06 y=5.325x+0.2183(R?=0.9224) 0.0529
extract H802 0.02~0.06 y=9.675x+0.1283(R?=0.9973) 0.0384
H301 0.02~0.06 y=5.45x+0.1947(R?=0.9982) 0.0560
H302 0.02~0.1 y=6.74x+0.0365(R?=0.9982) 0.0688
mycelium  H601 0.04~0.1 y=11.02x-0.2469(R?=0.9831) 0.0678
H802 0.04~0.1 y=11.48x-0.3447(R?=0.9841) 0.0738
H803 0.06~0.1 y=15.73x-0.7045(R2=0.9891) 0.0766
control Ve 0.02~0.1 y=5.21x+0.2944(R?=0.9925) 0.0395

ethyl n-
@ Butanol Mycelium
part

Strains

Fig. 4a. The DPPH- scavenging rate of samples.

In general, the abovementioned four samples
exhibited significant antioxidant activities in the
concentration gradient of 0.002, 0.004, 0.006, 0.008,
0.01 mg / mL. The results (Figure 4b) showed that
DPPH- scavenging ratio raised with the increasing
concentration of the samples. Within a certain
range of the concentrations, most of the samples
(except H302) represented an obvious linear
relationship with the scavenging ratio.

100.00%
90.00%
80.00%

x
SR 70.00%
(3) 60.00%
50.00% Hi01
40.00% - Hi0!
30.00% . HI02

20.00% — H401
10.00% —— Ve
0.00%

0 0.001 0002 0003 0004 0005 0006 0007 0008 0008 001

The concentration of samples (mg/mL)

Fig. 4b. The DPPH- scavenging ratios of H101,
H301, H302 and H401 (ethyl acetate extract parts).

Moreover, within the range of 0.002~0.01
mg/mL, both of the DPPH- scavenging ratios of
H401 and V¢ were over 50%. The result of further
study focused on H401 (Figure 4c) illustrated that
within 0.01~0.05 pg/mL, with the increasing of the
concentration of the sample, not only the
DPPH- scavenging ratio enhanced, but also a linear
relationship ~ (y=8.15x+0.3381 R2=0.9844)
appeared. And the 1Cso value was 0.0198 pg/mL,
which was much lower than Vc of 0.0325 pg/mL
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(y=8.86x+0.2112 R?=0.9958).
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0.00%
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Fig. 4c. The DPPH- scavenging ratios of H401 and
Vec.

Fermentation, isolation and structure forecast
In order to obtain and identify the major
components, the crude ethyl acetate extract of H401
was screened and purified by column
chromatography and TLC. However, only one kind
of compound was isolated. The structure was
elucidated primarily based on HRMS and NMR
analyses and confirmed by comparison with
published data. And the biological activities of
Compound 1 (Figure 5) exhibited significant
bioactivities, including antioxidant and anti-
atherogenic effect [15], anti-inflammatory and

antipyretic  activity [16], anthelminthic and
antimutagenic activity [17], immunoregulatory
activity[18].

Fig. 5. The structure of Compound 1.

Compound 1 was obtained as white needle-like
crystals. Its molecular formula was established as
C29Hs00, by ESI-MS (m/z 414 [M*]). The *H-NMR
(600 MHz, CDCl3) data showed & : 3.52 (1H, m,
H-3), 5.35 (1H, m, H-6), 0.68 (3H, s, H-18), 1.03
(3H, s, H-19), 0.93 (3H, d, H-21). While the **C-
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NMR (600 MHz, CDCls) data showed 6 (ppm) :

33.2 (C-1), 33.1 (C-2), 71.8 (C-3), 42.2 (C-4),
140.7 (C-5), 121.7 (C-6), 31.9 (C-7), 31.7 (C-8),
50.1 (C-9), 36.5 (C-10), 21.2 (C-11), 39.7 (C-12),
42.3 (C-13), 56.0 (C-14), 24.3 (C-15), 28.2 (C-16),
55.9 (C-17), 19.4 (C-18), 11.9 (C-19), 36.1 (C-20),
18.8 (C-21), 39.9 (C-22), 26.1 (C-23), 45.8 (C-24),
29.1 (C-25), 19.8 (C-26), 19.0 (C-27), 23.1 (C-28),
11.2 (C-29). Besides, combining with the previous
published data®®, Compound 1 maybe belongs to B-
sitosterol family.

CONCLUSIONS

Endophytic fungi were studied from Astragalus
monadelphus, and 13 strains were isolated and
identified.

The anti-oxidization activities of secondary
metabolites and mycelium  extracts  were
investigated. Results showed that secondary
metabolites and mycelium extracts from these
strains had some promising antioxidant activity.
Reducing ability of H401 mycelium extracts were
stronger than the ethyl acetate extract parts, and its
ECso value is 0.0034 mg/mL, but compared to the
positive control V¢ (ECso value is 0.0019 mg/mL )
is weak. Ethyl acetate parts of H802 has strong -OH
scavenging effect, the 1Cso value is 0.0384 mg/mL,
and less than the positive control V¢ (ICso value is
0.0395mg/mL). Especially, in the DPPH radical
scavenging activity assay, the ICsp value
(0.0198ug/mL) of strain H401 (ethyl acetate part )
is much lower than Ve (0.0325ug/mL). the DPPH
radical scavenging activity test indicated that
endophytic fungi can be a good source of radical
scavenger. Moreover, based on the NMR date and
comparison to literature data, we known that the
compound belong to B-sitosterol. These may offer a
basis for further development and utilization of
endophytic fungi from Astragalus monadelphus.
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AHTHOKCUIAHTHA AKTUBHOCT HA BTOPUYHN METABOJIMTHU 1 MULIEJIAPHU
EKCTPAKTU OT EHAO®UTOBU I'bBMYKU, U3OJIMPAHU OT Astragalus monadelphus

U.T. Yaur', I'.P. Slur?, ®. Vaur?, M.Jix. Slart”, Jix. Jut, C.®. JTo!, M.T". Yanur!, C.JL. Yaur®

YWuunuwe 3a nayxu 3a scusoma u unsicenepcmeo, Texnonoeuuen ynusepcumem 6 Jamuocoy, 730050 Jlanoicoy, Kumaii
2 Unemumym no 6uoenepaus u 6uonpoyecuu mexnono2uu, Kyunzoao, Kumaiicka axademus na nayxume, 266101
Kyuneoao, Kumaii
8 Unemumym no cmonancmeo u papmayesmuuny nayku, Kumaiicka axademus na naykume, 730050 Jlanocoy, Kumai

ITocrbnuna Ha 12 nexemspu, 2014 r.; xopurupana Ha 15 HoemBpu, 2016 .
(Pesrome)

Tpunanecet 1mamMa ot ennoduroBu GyHru ca usonupanu ot Astragalus monadelphus. M3cnensana e akTHBHOCTTA
Ha TEXHUTE BTOPUYHU META0OJIMTH W MHLENIAPHH €KCTPAKTH 3a OTCTpaHsBaHE Ha CBOOOJHM paaukanu. Pesynrarute
MOKa3BaT, Ye Te MpPUTeKaBaT 3HAYMTEHA aHTHOKCHJIAHTHA aKTUBHOCT. PelyKIMOHHATa CriocOOHOCT Ha MUIIETapHUS
excrpakt ot H401 e mo-cuiiHa, OTKOJIKOTO eKCTpakTa ¢ ermianerar, kato nHerosara ECso croitnoct e 0.0034 mg/mL.
ExctpakTpT ¢ ermmanerat Ha mama HB802 mposBsBa cmimHa crmocoOHOCT ma orcrpaHsBa -OH — pamukamm c 1Cso
croitroct ot 0.0384 mg/mL. DPPH-tecThT 3a aHTHpaIUKaIOBa aKTUBHOCT MTOKA3Ba, 4€ eHAOPHUTOBUTE (DYHIH MOTarT Jia
O0pIaT MOOBp M3TOYHHWK 33 AHTH-PAJUKAIIOBH CPEICTBAa. BTOopmuHHTE METa0ONHTH, ekcTpaxupanu oT mmama H401
NPHHAUIKAT KbM Ipymnara Ha B-CHTOCTepolia, KOeTo € ycTaHOBeHO ¢ SIMP-aHami3 u ot IuTepaTypHU JaHHU.
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A series of experiment were carried out on a 60000 m%/h non-catalytic reverse-flow reactor for thermal oxidation of
ultra-low concentration methane. The start-up performance, methane conversion rate, lowest methane concentration of
stable operation, reactor temperature distribution and the yield of super-heated steam were studied. The results show
that the temperature distribution on the cross section of the reactor is quite uniform during the whole process including
the start-up period, while on the section along the direction of flow, a peak temperature appears at the middle, and
temperature falls as it gets farther away from the axis. With the methane concentration at inlet increases from 0.3% to
1.0%, the peak temperature enhances form 990°C to 1066°C, while methane conversion rate almost keeps constant
(about 98.6%). As the flow of the reactor is 60000 m%/h, the lowest inlet methane concentration of stable operation is

0.28%.

Keyword: ultra-low concentration methane; thermal oxidation; non-catalytic reverse-flow reactor.

INTRODUCTION

Methane is a kind of conventional energy, and
also a kind of greenhouse gas. The huge emission
of ventilation air methane (VAM) from coal mine
causes serious environmental problem and results
in a waste of energy. The ultra-low concentration
VAM combustion is difficult to achieve with
traditional methods. Nowadays the oxidation
technologies of ultra-low concentration VAM are
TFRR (thermal reverse-flow reactors) and CFRR
(catalytic reverse-flow reactors) [1]. A series of
theoretical and experimental study have been done
on CFRR [2-8], CFRR achieves relatively low react
temperature, however, the reaction activity of the
catalyst is greatly affected by temperature, the
catalyst is expensive and oxidation process is
complex, all of this limit the application of CFRR.
TFRR is less expensive and complex; however it
needs relatively high reaction temperature. Also,
more  detailed researches on  temperature
distribution and methane conversion rate are
required for stable and reliable operation of TFRR
[9]. While researches on TFRR reported are not
enough. Zheng Bin, etc. carried out a series of
experimental researches on ultra-low concentration
VAM oxidation based on a self-developed pilot
regenerative reverse-flow oxidation reactor [10].
Wang Pengfei, etc. established a one dimensional
single-temperature model of ultra-low
concentration VAM thermal reverse-flow oxidation
reactor as well as fractal systems [11, 12, 13].
However, up to now, there is still not any applying

* To whom all correspondence should be sent:
E-mail: sdutliu@163.com

plant of TFRR is reported.

A 60000m*/h non-catalytic reverse-flow reactor
for thermal oxidation of ultra-low concentration
VAM was proposed, the goal of current paper is to
study its performance, including the start-up
performance, methane conversion rate, lowest
methane concentration of stable operation, and
temperature distribution in the reactor.

EXPERIMENT EQUIPMENT AND
CONDITIONS

The experiments were carried out on a
60000m3/h non-catalytic reverse-flow reactor for
thermal oxidation of ultra-low concentration
methane, the plant mainly consists of oxidation
reactor, heat extraction system, conveying and
mixing system, start-up system, deducting and
dehumidifying system, monitoring and control
system.

Three vertical columns of K-type thermocouples
(which were labeled as left, middle and right) were
fixed on the flow direction to obtain temperature
distribution of oxidation reactor. There were 15
offset temperature measuring point in each column.
The schematic diagram of temperature points
arrangement show in figure 1.

The fuel gas used for start-up is liquefied
petroleum gas. The concentration of ultra-low
concentration methane is between 0.3% and 1.0%,
which is obtained by mixing coal mine draining
methane and VAM from air return ventilation mine
shaft. The water used in the experiments is softened
water produced by a LMZF-12 automatic water
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soften system in Julong coal mine methane periodically, and heat is concentrated at the core of
pumping plant. The soften water is in line with the ceramic regenerator.
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As more and more heat is sent to the reactor,
core temperature increases, and results in the
temperature distribution as mentioned above. This
temperature distribution is quite similar to that
under normal operation conditions, so that the time
cost from start up condition to normal operation
condition can be controlled.

Methane conversion rate

The experiments were carried out in order to
obtain the peak temperature and methane
conversion rate under different inlet methane
concentration. During these experiments flow rate
was 60625+385m?h, concentration of methane was
adjusted from 0.3% to 1.0%, results are shown in
Figure 3.

1080 - - 0.05 4 100
pe B
1060 + t0.04

1040 - . +0.03

¢ 10204 t0.02

Peak Temperature / C

Methane Conversion Rate / %

1000 - - t0.01
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Outlet Concentration of Methane / %

Fig. 3. The effects of methane on peak temperature
and methane conversion

Figure 3 shows that as the increase of methane
more and more heat is released, so that the peak
temperature enhances apparently from 990
°C~1066 °C, meanwhile the outlet methane
concentration shows slightly increase (from 0.004%
to 0.01%), however methane conversion rates under
different inlet methane concentration almost keeps
constant, which are all larger than 98.6%, and
shows an average value of 98.82%. This indicates

that high efficient conversion can be achieved
under relative wide range of inlet methane
concentration.

The lowest methane concentration of stable
operation

Heat released by methane oxidation reaction is
partially kept in the reactor to maintain the reaction,
and the rest heat may be extracted by the inner heat
exchanger. As methane concentration gets too low
to maintain the reaction, the temperature may
decrease gradually until reaction gets its end.
Therefore design of reactor and heat extraction
system plays a significant role on the stable
operation of the plant. In this experiment, the stable
operation condition as following: the flow is about
60000m%h, under a certain inlet methane
concentration, after 2 hours continuous operation
average temperature of the reactor never falls, the
peak temperature is larger than 950°C, and methane
conversion rate is no less than 97%. Table 1 shows
several record of the lowest methane concentration
of stable operation. The results show that as air
flow rate keeps about 60000m%h, the lowest
average methane concentration of stable operation
is 0.28%.

Uniformity of temperature distribution

Experiments on uniformity of temperature
distribution in the reactor were carried out under
different methane concentration, which was
achieved by adjusting the amount of drainage
methane for mixing.

Temperature distribution in Figure 4 under
different methane concentration shows that the
temperature profiles at different location (left,
middle and right) coincide well which reveals the
perfect temperature uniformity.

Tablel. The lowest methane concentration of the plant stable operation.

Lowest methane

Air flow Peak temperature -
Number m¥/h) C) concentration
( %)
1 60258 965 0.27
2 61212 980 0.29
3 60480 976 0.28
4 60650 970 0.28
Average / 0.28
value
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As methane concentration increases, core
temperature of the reactor is enhanced, which
enlarges the extent of high temperature zone and
oxidation zone, and then promotes methane
conversion. However, the increase of outlet
temperature with concentration can be ignored,
which says that the affect of methane concentration
variation on heat loss of exhausted gas is little.

CONCLUSION

A series of experiment were carried out on a
60000m%h non-catalytic reverse-flow reactor for
thermal oxidation of ultra-low concentration
methane. With results, following conclusions can
be obtained:

(1) Temperature distribution on the cross
section of the reactor is quite uniform during start-
up period, while on the section along the direction
of flow, a peak temperature appears at the middle,
and temperature falls as it gets farther away from
the axis, which is quite similar to that under normal
operation conditions, and helps to achieve normal
operation as soon as possible.

(2) The peak temperature enhances apparently
from 990~1066 °C, meanwhile the outlet methane
concentration shows slightly increase (from 0.004%
to 0.01%), however the methane conversion rates
under different inlet methane concentration almost
keeps constant (98.82%), which indicates that high
efficient conversion may achieved under relative
wide range of inlet methane concentration.

(3) As the flow is about 60000m?/h, the lowest
methane concentration of stable operation is 0.28%,
under which average temperature keeps stable, peak
temperature is larger than 950 °C, and methane
conversion rate is no less than 97%

(4) Under normal operation conditions,
temperature profiles at different location (left,
middle and right) coincides well and with the
increase of methane concentration high temperature
zone and oxidation zone is enlarged, while heat loss
of exhausted gas increases little.
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EKCITEPUMEHTAJIHO U3CJIEABAHE HA TEPMHUYHOTO OKNCJIEHUE HA CBPbX-
HNCKHW KOHIEHTPAIITMNY HA METAH B HE-KATAJIMTUYEH PEAKTOP C ObPATEH
I[IOTOK

3. JIut, U. JTw?, 3. Yaurt

YWuunuwe no enepeemura u unoicenepcmeo, Yuueepcumem Ilanoone, Jocunan 250061, Kumaii
2Vuunuwe no mpancnopm u mpancnopmmuo umsicenepcmeo, Texnonozuuen ynusepcumem Llanoonz, 3ubo 255049,
Kumaii

ITocTpnuna Ha 12 nexemBpu, 2014 r.; kopurupana Ha 9 HoemBpH, 2016 T.
(Pesrome)

[IpoBeneHa e cepusi OT EKCIIEPUMEHTH B HEe-KaTaJMTHUYECH PEaKTop ¢ 0OpaTeH MOTOK 3a TEPMUYHOTO OKUCIICHHE Ha
CBPBX-HHCKM KOHLIEHTPAalMM Ha MeTaH 1pu aebutr 60000 m/h. B myckoBus mepuoj ca M3CJIEBaHM CTENEHTa Ha
NpeBpbIlaHe, Hai-HUCKaTa JOMYyCTUMa KOHICHTpAIlMs Ha MeTaHa 3a yCTOHYMBa paboTa, TeMrepaTypHUs npodui u
noOuBa Ha mperpsita mapa. Pesynrtaturte mokasBaT, Ye TEMIIEPaTYpHOTO paslpeleieHHe MO HAalpedyHOTO CeYeHHEe Ha
peakTopa e II0YTH PaBHOMEPHO MO BpeMe Ha LeJMs NPOLec, BKIIOYBAWKU M IYCKOBUS NEPHOJ, AOKATO MO TBIDKHHATA
Ha peakTopa ce HaONIOJaBa MaKCHMaJHa TeMIeparypa, KOsTO CIaja MNo-HaTaThK. [IpuW MOBHIIaBaHe BOJHATA
KoHUeHTpaus Ha MeraHa oT 0.3% mo 1.0% wmakcumanHaTta Temmeparypa ce mokausa oT 990°C mo 1066°C mpm
MOCTOSIHHA cTerneH Ha npeBpbiane (oxoio 98.6%). Ilpu u30panust neOUT Ha ra3a Hail-HUCKAaTa KOHIIEHTPALUs Ha
MeTaH 3a crabmnHa padora e 0.28%.
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Ultrasonic-assisted extraction (UAE) of polysaccharides from Piteguo fruit (Pyrus sinkiangensis) was studied. The
four parameters, i.e., ratio of water to raw material, extraction time, extraction temperature, and ultrasonic power were
optimized by the Box-Behnken design (BBD). The structure of polysaccharide from Piteguo (PTGP) was analyzed
preliminarily by infrared spectrum. Antioxidant activities of PTGP were detected in vitro. The results indicated that the
extraction ratio of crude PTGP was up to 5.16% = 1.81% under the optimized extraction conditions as follows: ratio of
water to raw material 13:1 mL/g, extraction time 66 min, extraction temperature 70 °C and ultrasonic power 230 W,
which is was well matched with the value (5.25%) predicted by the BBD model. Spectroscopic studies illustrated PTGP
was composed of Glc with B-type pyranoid type sugar ring. Moreover, the results of antioxidant activity assay indicated
that PTGP has antioxidant effect in a certain extent, and could be used as a potential natural antioxidant.

Keywords: Piteguo fruit; Polysaccharide; Ultrasonic-assisted extraction; Response surface methodology; Antioxidative

activity

INTRODUCTION

Polysaccharides are polymeric carbohydrate
molecules of long chain monosaccharide units, and
are of plant and algae origin with the exception of
few microbial derived exopolysaccharides [1].
Polysaccharides have important health care
functions such as antitumor activity [2],
radioprotection activity [3], antioxidant activity [4],
et al.. As well as, Federico and others [5] found that
exopolysaccharides play an indispensable role in
enhancing hydraulic conductivity of biological soil
crusts.

Piteguo fruit (PTG), which is originally known as
Pinangguo fruit (Skins fruit), is classified as Pyrus
sinkian-gensis, subfamily Maloideae, family
Rosaceae. According to expert research, it proves to
have strong plant vigor and environmental
adaptation, for it can grow well in poor soil, and
resist common diseases and insects. This kind of
indigenous fruit contains several kinds of essential
amino acids, sugars, crude fiber, vitamins (e.g. C,
B1, B2), tannic acid for human beings and essential
elements such as potassium, calcium, iron, and etc.
It is also reported in traditional Chinese medicine
theory that Piteguo fruit has important health care
functions such as nourishing the stomach,
moistening the lung, quenching thirsty, and etc. So it
is considered as a novel green food with high
nutritional value [6].

In our study, we applied ultrasonic-assisted
extraction procedure  to  extract  crude

* To whom all correspondence should be sent:
E-mail: 412316788@163.com; yangmj@Iut.cn

polysaccharides from Piteguo fruit. Box-Behnken
design (BBD) [7], one type of RSM was introduced
to optimize ultrasonic-assisted extraction technology
condition of crude polysaccharides from Piteguo
fruit and systematically analyze the effects of
extraction parameters on their yields and their
interactions. In addition, the structures and activities
of polysaccharide were analyzed in order to provide
the theoretical basis for application of
polysaccharide from Piteguo fruit and full
development of this kind of undeveloped fruit
resource.

MATERIALS AND METHODS
Materials

Piteguo fruit was picked in Hezheng County,
Linxia Hui Minority Autonomous Prefecture, Gansu
Province in November, 2011. Before eating or
application in this study, Piteguo fruit has to be
treated properly to remove acerbity and become
post-mature. Those soluble tannins distributed in the
special tannin cells can be transformed into insoluble
tannins by COg, alcohol and acetaldehyde produced
from anaerobic fermentation in sealed containers.
After post-maturation, the color of the fruit turns
brown and the pulp feels much softer than the unripe
one. Then, the treated (post-mature) fruits were
transferred and stored at -20 °C for the following
extraction experiments.

Methods

Extraction of crude polysaccharides from
Piteguo fruit with ultrasonic-assisted treatment The
treated Piteguo fruits were washed by distilled water
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and the peels were removed before being cut into
small pieces. The process of crude polysaccharides
extraction from Piteguo fruits by ultrasonic-assisted
treatment was performed in an ultrasonic processor
(KQ-250DB, Kunshan Ultrasonic Instruments Co.,
Ltd, Jiangsu, China). Then, impurity proteins,
vitamins, lipids and other pulp components were
separated by centrifugation in a 50 mL centrifuge
tube [8]. The supernatant was withdrawn,
concentrated in a \vacuum concentrator and
precipitated with 80% ethanol, and dried to get the
crude PTGP by vacuum freeze drying (FD-1A-50,
Boyikang Instruments Co., Ltd, Beijing, China).

Determination of the yield of polysaccharides
from Piteguo fruit and extraction ratio The content
of polysaccharide extracted from Piteguo fruit was
measured by phenol-sulfuric acid method®. The
freeze-dried polysaccharide sample was dissolved
into distilled water, and optical density of this
solution at 485 nm (ODa.gs) was measured. The
content of polysaccharide in this sample was
calculated according to equation of linear regression
(Y=0.0607X-0.0569, R2?=0.9977) based on the
standard curve whose horizontal coordinate and
vertical coordinate denoted the concentration of
glucose (ug/mL) and ODugs, respectively. The
polysaccharide yield could be calculated as
described [9].

Experimental design and statistical analyses In
order to investigate the critical influencing factors in
ultrasonic-assisted extraction, single-factor-test was
employed in this experiment to determine the
preliminary range of the variables including X; (ratio
of water to raw material), X, (extraction time), Xs
(extraction temperature) and X4 (ultrasonic power).
Then, a three-level-four-factor BBD was adopted in
the optimization study for the yields of Piteguo fruit
water-soluble crude polysaccharides. Table 1
represents the coded and non-coded values of the
experimental variables and 21 experimental points.
Five replicates (17-21) were used to evaluate the
pure error. Experimental data shown that response

variables were fitted to a quadratic polynomial
model.

FT-IR spectroscopy Infrared spectrum samples
were prepared by potassium bromide tabletting. The
dried PTGP power and potassium bromide powder
were thoroughly ground. The mixed powder was
made into a transparent sheet with about 1 mm
thickness by a pneumatic tabletting machine. Then
the samples were analyzed by a Fourier transform
infrared spectrometer (Thermo Scientific Nicolet
iN10) at 400 - 4000 cm* with a resolution of 4 cm™.

Determination of antioxidant activities in vitro of
PTGP

Hydroxyl radical scavenging assay The 10 mL
of reaction mixture contained 2 mL of 200 mM
sodium phosphate buffer (pH 7.4), 1.5 mL of 5.0
mM 1, 10-phenanthroline aqueous solution, 1.0 mL
of 7.5 mM FeSOs aqueous solution, 1 mL of 0.1%
H>0O, aqueous solution, 0.1 mL of the PTGP aqueous
solution with different concentration (0.25, 0.5, 0.75,
1.0, 15 20, 25 30, 35 and 4.0mg/mL,
respectively) and distilled water. After incubating at
37 °C for 1 h, the absorbance of the mixture was
measured at 510 nm. The scavenging activity of
hydroxyl radicals production was calculated as
described by Jin et al. [10].

Superoxide radical scavenging assay The
sample was diluted to a different concentration
(0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0
mg/mL) with 50 mM Tris-HCI buffer (pH 8.2).
Secondly, 5.0 mL of 50 mM Tris-HCI buffer (pH
8.2) and 0.1 mL of samples were incubated at 25 °C
for 20 min, then 0.2 mL of 3 mM pyrogallol at the
same temperature were added to the mixture and the
reaction was kept at 25 ‘Cfor 4 min, and the rate of
absorbance change (A/min) of the solution was
measured at 325 nm, with 50 mM phosphate buffer
(pH 7.2) instead of sample as the control. The
scavenging activity of superoxide radical was
calculated according to by the Yuan and Gao [11].

Table 1. Independent variables and their levels used in the response surface design

Variables

Extraction temperature (X1) (°C)
Extraction time (Xz) (min)

Ratio of water to raw material (X3) (mL/g)
Ultrasonic power (Xa) (W)

Levels
-1 0 1
65 70 75
50 60 70
10:1 15:1 20:1
150 200 250
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Effect of scavenging of (DPPH) radicals The
solution of 0.2 mM DPPH in 60% ethanol was
prepared before UV measurements. Then, 3.0 mL of
the samples (0.1, 0.15, 0.20, 0.25, 0.5, 0.75, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 mg/mL) was added to 1.0
mL DPPH, and kept at room temperature for 30 min
in the dark, and the absorbance at 525 nm was then
measured against a blank. Ascorbic acid was used as
positive controls. The scavenging activity of DPPH
radical (%) was calculated according to the Shimada
and others [12].

Determination of reducing power The reducing
power of PTGP was evaluated according to Oyaizu
[13] with necessary modifications. The reaction
mixtures contained 2.5 mL phosphate buffer (pH
6.6, 0.2M), 2.5 mL potassium ferricyanide (1%, w/v)
and PTGP (0.1, 0.15, 0.20, 0.25, 0.5, 0.75, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 mg/mL). After incubating
at 50 ‘Cfor 20 min, 2.5 mL of trichloroacetic acid
(10%, wi/v) was added into the mixture for
terminating the reaction, and then centrifuged at
1500x%g for 10 min. An aliquot of 2.5 mL supernatant
was collected and mixed with 2.5 mL deionized
water and 05 mL FeCls (0.1%, w/v). After
incubating at room temperature for 15 min, the
absorbance at 700 nm of the mixture was measured,
using ascorbic acid as a positive control. Higher
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absorbance of the reaction mixture indicated higher
scavenging activity of free radicals.

Statistical analysis All the data were exhibited as
mean values of three replicate determinations.
Difference was considered to be significant when
p<0.05. Statistical analysis involved use of the
Origin Pro software package 8.5 (Origin Lab Corp.)
and Design Expert software Version 8.0.5 (Stat-Ease
Inc.).

RESULTS AND DISCUSSION

Effect of extraction temperature on extraction
yield of polysaccharides In this experiment, the
effects of different extraction temperature on the
yield of PTPG were studied, while the other
extraction conditions such as the ratio of water to
raw material, extraction time, ultrasonic power were
fixed at 15 mL, 60 min, 150 W respectively. As
shown in Figure 1A, the extraction yield of
polysaccharides continued to increase with the
increasing of extraction temperature and reached at
the peak value (5.76%) when extraction temperature
was 70 °C. However, the yield was noticed to
decrease when the extraction temperature exceeded
70 °C, which may be caused by the degradation of
polysaccharides. Thus, the optimum extraction
temperature was 70 °C according to the results.
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Fig. 1. Effects of different extraction temperature (A), extraction time (B), ratio of water to raw material (C) and
ultrasonic power (D) on extraction yield of polysaccharides. All data were mean values of triplicate. The vertical error
bars represented the standard deviation of each data point (P < 0.05).
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Table 2. Box-Behnken design and the response values for the yields of polysaccharides

X1 X X X4 Extraction
NO. (Extraction (Extraction (Ratio of water to (Ultrasonic ield (%)
temperature, °C)  time, min)  raw material, mL/g) power, W) yie 0
1 1 1 1 -1 411
2 1 1 -1 -1 3.82
3 1 -1 1 1 4.42
4 -1 1 -1 1 431
5 1 -1 -1 1 4.26
6 -1 -1 1 -1 4.35
7 -1 1 1 1 4,72
8 -1 -1 -1 -1 4,22
9 -1 0 0 0 4,57
10 1 0 0 0 5.21
11 0 -1 0 0 5.01
12 0 1 0 0 5.17
13 0 0 -1 0 4,73
14 0 0 1 0 5.08
15 0 0 0 -1 491
16 0 0 0 1 5.17
17 0 0 0 0 5.17
18 0 0 0 0 5.14
19 0 0 0 0 5.16
20 0 0 0 0 5.15
21 0 0 0 0 5.18
Table 3. Analysis of variance testing the fitness of the regression equation
Source SS? DF® MS® F-value p-value
Model 3.89 14 0.28 133.71 <0.0001
X1 0.20 1 0.20 98.64 <0.0001
X2 0.013 1 0.013 6.16 0.0476
X3 0.18 1 0.18 86.48 <0.0001
Xa 0.034 1 0.034 16.28 0.0068
X1X2 0.0007225 1 0.0007225 0.35 0.5768
X1X3 0.001013 1 0.001013 0.49 0.5111
X1X4 0.022 1 0.022 10.41 0.0180
XaoX3 0.021 1 0.021 10.12 0.0190
XaoX4 0.32 1 0.32 151.74 <0.0001
X3X4 0.002813 1 0.002813 1.35 0.2887
X1? 0.26 1 0.26 123.78 <0.0001
X2 0.035 1 0.035 16.92 0.0063
X3? 0.23 1 0.23 112.36 <0.0001
X4? 0.071 1 0.071 34.41 0.0011
Residual 0.012 6 0.002076
Lack of fit 0.011 2 0.005729 22.92 0.0064
Pure error 0.001 4 0.00025
Cor. total 3.90 20

2 Sums of squares P Degree freedom ¢ Mean square R?=0.9968 RZ%¢j=0.9894

Effect of extraction time on extraction yield of
polysaccharides The effects of extraction time on
the yield of PTGP were shown in Figure 1B. Firstly,
the extraction time was set at 30, 40, 50, 60, 70 and
80 min, respectively, while the other extraction
parameters were given as the followings: water
volume 10 mL, ultrasonic power 150 W and
extraction temperature 70 °C. It could be found that
the extraction yield increased as extraction time

lasted from 30 to 60 min, maximized at 60 min, and
then no longer increased.

Effect of ratio of water to raw material on yield
of polysaccharides Different ratio of water to raw
material could significantly affect the extraction
yield. If ratio of water to raw material is too low,
polysaccharides in raw material cannot be
completely extracted up. On the other hand, high
ratio of water to raw material will cause high process
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cost [14, 15]. In this study, the effects of ratio of
water to raw material on extraction yield of PTGP
was investigated. The ratios of water to raw material
were set at 5:1, 10:1, 15:1, 20:1 and 25:1,
respectively, while other extraction parameters were
given as the followings: ultrasonic power 150 W,
extraction time 60 min and extraction temperature 70
°C. It could be founded that the extraction yield of
PTGP continued to increase obviously with the
increasing ratio of water to raw material. But the
extraction yield of PTGP started to increase slowly
after the ratio of water to raw material exceeded 15:1
(Figure 1C).

Effect of ultrasonic power on vyield of
polysaccharides Analogously the effects of
different ultrasonic power on the yield of PTGP were
investigated when the other extraction conditions
such as water volume, extraction time, extraction
temperature were fixed at 15 mL, 60 min,
70°Crespectively. As shown in Figure 1D, the
extraction yield of PTGP increased gradually with
the increasing of ultrasonic power and reached the
maximal value (5.58%) at 200 W, whereas the yield
decreased when the ultrasonic power exceeded
200 W.

Optimization of extraction conditions of
polysaccharides

Predicted model and statistical analysis Four
independent  variables including  extraction
temperature (X1), extraction time (Xy), ratio of water
to raw material (X3), and ultrasonic power (Xa4) were
considered and optimized individually using BBD
design. Table 2 shows the small design matrix
together with the response values obtained. The
yield of PTGP ranged from 3.82 to 5.18%, and
reached maximum with the ratio of water to raw
material of 15 mL/g, at 200 W, 70 °C, and a 60 min
treatment duration. Trials No0.17-21 in Table 2 were
used to determine the experimental error. According
to multiple regression analysis on the experimental
data, the model for the predicted vyield of
polysaccharides (Y) could be expressed by the
guadratic polynomial equation (in the form of coded
values). Statistical testing of the model was
performed in the form of analysis of variance
(ANOVA). The ANOVA for the fitted quadratic
polynomial model of extraction of PTGP was shown
in Table 3. The corresponding variables would be
more significant if the F-value becomes greater and
p-value becomes smaller [16,17]. Values of p-value
less than 0.05 showed model terms were significant.
From this analysis, the F-value of 133.71 and p-
value< 0.0001 indicated the response surface
guadratic model was significant. The quadratic
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regression model showed the value of the
determination coefficient (R?) was 0.9968, which
implied that 99.68% of the variations could be
explained by the fitted model. For a suitable
statistical model, R%g should be close to R? As
shown in Table 3, R%g was 0.9894, which indicated
that only less 1.1% of the total variations could not
be explained by the model. It also implied a high
degree of correlation between the observed and
predicted values. A relatively low value of C.V.
(coefficient of variation) (0.96%) indicated a better
reliability of the experiments values. Significance of
the model was also judged by lack-of-fit test. As
shown in Table 3, F-value and p-value of the lack of
fit were 22.92 and 0.0064, respectively, which
implied that it was significant. The significance of
each coefficient was determined using F-value and
p-value. The results were given in Table 3. It could
be seen that the independent variables (X1, X3, X4),
the interaction terms (X2X4) and all two quadratic
terms (X12, X2?, X5?, X4?) affected the yield of PTGP
very significantly (p<0.01), the effects of other
independent variables (X2) and interaction terms
(X1X4, X2X3) was significant too (p<0.05). The
results also showed that the independent variable X
and Xs; were the most significant factor on the
experimental yield of PTGP.

Analysis of response surface The relationship
between independent and dependent variables was
illustrated by the tri-dimensional representation of
the response surfaces and the two-dimensional
contours generated by the model (shown in Figure
2A-F and 3A-F). Among these four variables
(extraction temperature, extraction time, ratio of
water to raw material and ultrasonic power), when
two variables within the experimental range were
depicted in tri-dimensional surface plots, the third
variable was kept constant at zero level. The shapes
of the contour plots, elliptical or circular, indicated
whether the interactions between the corresponding
variables were significant or not [16]. An elliptical
contour plot means the interactions between the
variables are significant while a circular contour plot
means otherwise.

Figure 2A and 3A represented the effects of
extraction temperature (X1) and extraction time (X2)
on the yield of PTGP. With the increase of extraction
temperature, the vyield increased until gradually
stable. As far as the effect of extraction time was
concerned, the yield initially enhanced as time went
by, then decreased slowly. According to the analysis,
the optimum PTGP yield should be obtained with an
extraction temperature range of 69.5-72.5 °C and an
extraction time range of 55.5-60.0 min, respectively,
and the effect of extraction temperature was more
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significant than that of extraction time. However, the
effect of their interaction was not significant.

The effects of extraction temperature (X;) and
ratio of water to raw material (Xs) on the yield of
PTGP were shown in Figure 2B and 3B,
respectively. It showed that both of the two factors
could affect the yield obviously. the production
enhanced with the increase of extraction temperature
and then remained stable above 70 °C. On the other
hand, as the ratio of water to raw material increased
from 11.5:1 to 15:1, the yield raised with an increase
of extraction temperature from 66.0 to 70 °C.

The conclusions from Figure 2C and 3C
demonstrated that extraction temperature (Xi1) and
ultrasonic power (X4) represented a significant effect
on the yield of PTGP.

When the ratio of water to raw material and

Yield

Yield
o

47

44

25000
2500

20000
1y, 17500 55.00
trag,, 160.00 50,00
e
Dopg,

odw“

o

extraction time were set at 15:1 and 60 min,
respectively, the optimal productivity of PTGP could
be gained with an extraction temperature range of
66-70 °C and ultrasonic power range of 185-220 W,
and the effect of their interaction on the yield was
significant as well as Table. 4 described.

According to Figure 2D and 3D, as the ratio of water
to raw material (Xs) increased in the range from 10:1
to 15:1, PTGP yield increased as well. The curve
tendency did not level off at low ratio, which
indicated that this ratio was well below optimum for
PTPG yield. There was a linear increase of the yield
with extraction time (X2) extended from 50 to 60
min, but yet decreased when more than one hour.
The effect of extraction time was less significant
than the ratio of water to raw material.
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Fig 2. Response surface (3D) showing the effect of different extraction parameters (Xi: extraction temperature, °C;
Xo: extraction time, min; Xs: the ratio of water to raw material, mL/g and Xa: ultrasonic power, W) and their interactions

on the yield of PTGP.
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interactions on the yield of PTGP.

Figure 2E and 3E demonstrated the effects of
extraction time (X2) and ultrasonic power (Xs4) on
PTGP production. Under the condition of extraction
temperature at 70°Cand the ratio of water to raw
material at 15:1, the yield increased slowly with the
extraction time and ultrasonic power increased until
up to a threshold level. However, when extraction
time and ultrasonic power exceeded the threshold
level, the PTGP production decreased due to partial
degradation of polysaccharide, which meant that a
suitable ultrasonic power was important for
extraction of PTGP.

The effects of the ratio of water to raw material
(X3) and ultrasonic power (X4) on the yield of PTGP
could be seen in Figure 2F and 3F. The lower the
ratio of water to material, the lower the PTGP yield.
The PTGP yield increased obviously with the ratio
of water to raw material in the range of 10:1 to 15:1,
then changed little. Similarly, the yield enhanced
before ultrasonic power increased up to a threshold
level of 200 W, but decreased slightly when
ultrasonic power was higher than 200 W. These
results were consistent with the preliminary
experimental results and could determine the
accurate value of the parameter.
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Optimization of extraction parameters and
validation of the model In this study, the model
equation for predicting the optimum response values
was tested by using the selected optimal conditions.
The  predicted optimum  conditions  for
polysaccharides extraction and predicted yield were
given as follows: extraction temperature of 70.7 °C,
extraction time of 66.87 min, the ratio of water to
raw material of 12.23 mL/g and ultrasonic power of
232.52 W, respectively. The maximum predicted
theoretical yield was 5.25189%. Considering the
operability in actual production, the optimal
conditions could be modified as follows: extraction
temperature of 70.0 °C, extraction time of 66 min,
ratio of water to raw material 13 mL /g, ultrasonic
power of 230 W. Under this conditions, the mean
value of PTGP yield 5.16% + 1.81% (n=3) was
obtained. These results of analysis confirmed that
the response model was adequate for the
optimization of extraction process, and the model of
equation as follows was accurate.

Y =5.19 + 0.32X; + 0.08X, + 0.13X5 +
0.13X, — 0.021X;, — 0.011X;5 + 0.12X,, +
0.051X,5 + 0.44X,, + 0.019X5, — 0.32X% —
0.12X2 — 0.3XZ — 0.17X2
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FT-IR analysis The FT-IR spectrum of PTGP was
shown in Figure 4.
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Fig. 4. FT-IR spectrum of PTGP.

A broad band around 3426 cm-1 exhibited O-H
stretch vibration [18,19], a weak peak at 2998 cm-1
was assigned to C-H asymmetric stretch vibration
[20], a peak at 1635 cm-1 was assigned to the
stretching vibrations of the CHO and C=0 bonds
[18], which was a characteristic absorption band of
the bonded water [16,21]. A peak at 1407 cm-1 was
regarded as N-H variable angle vibration, which was
caused by the -NH3. The peak at 1390 cm-1 was for
O-H deformation vibration of CH20-H. Three
stretching peaks at 1240, 1130, and 1060 cm-1
indicated the presence of C-O bonds and pyranose
ring in the polysaccharide [22], and the peak
broadened due to the C-O stretching vibration. Other
stretching peaks 820~950 cm-1 are characteristics
absorptions of D-glucose, D-galactose, D-mannose.
An obvious absorption peak around 890cm-1
showed that the polysaccharide structure contains -
glucan. These signals all indicated that PTGP had the
typical saccharide moiety absorption peaks.

Antioxidant activity of PTGP

Scavenging activity of hydroxyl radical Hydroxyl
radicals are highly reactive and undergo chemistry
that makes them short-lived. On generation in or
exposure of biological systems to these radicals, they
can cause damage to cells, including those in
humans, where they react with DNA, lipids, and
proteins [23]. The result of hydroxyl radical
scavenging activities of the polysaccharide was
given in Figure 5A, which showed that the difference
of scavenging activity between the PTGP with
ascorbic acid as a positive control. The scavenging
activity increased significantly in a concentration-
dependent way at the PTGP concentration range of
0.25-1.5 mg/mL, and achieved maximum

scavenging activity of 60.41% at 1.5 mg/mL, which
was 30.01% less compared with that of 1.5 mg/mL
ascorbic acid (90.42%). Once the value of
concentration exceeded 1.5 mg/mL, neither ascorbic
acid nor PTGP showed any higher scavenging
effects. The results indicated that hydroxyl radicals
scavenging activities of PTGP were not obvious at
the identical concentration.

Scavenging activity of superoxide radicals The
superoxide is a weak oxidant in most organisms, and
biologically quite toxic, which could be generated by
numerous biological and photo chemical reactions.
It could degrade continuously and form other
reactive oxygen species (ROS), which contribute to
the pathogenesis of many diseases [18]. In this study,
scavenging activity of PTGP of superoxide was
compared with ascorbic acid, as shown in Figure 5B.
The scavenging activity increased gradually along
with the concentration. The maximum scavenging
ability (89.67%) was obtained at a concentration of
3.5 mg/mL, while ascorbic acid could achieve the
maximum scavenging activity of 93.56 % at 1.0
mg/mL. The antioxidant activity of the
polysaccharides may be related to monosaccharide
component, molecular size, structure and
conformation [19, 24].

Scavenging activity of DPPH radicals The
methods of scavenging DPPH radical are well
acknowledged and widely applied to determinate the
free radical scavenging ability of many antioxidants
[25, 26, 27]. In this work, DPPH free-radical
scavenging effect of PTGP and ascorbic acid were
measured respectively as shown in Figure 5C. At the
concentration from 0.25 mg/mL to 4.0 mg/mL, the
DPPH radical scavenging activity increased with the
PTGP concentration until the maximum value of
61.23 % at 3.0 mg/mL. Whereas the maximum
scavenging rate of ascorbic acid could reach 84.93
% at 1.0 mg/mL. PTGP scavenging activity of DPPH
radicals was not as strong as ascorbic acid.

Reducing power The reducing power, which is
regarded as the other one of significant activity
indexes, could be assessed by a Fe3*-Fe?* reduction
reaction, and is stronger with higher absorbance
value in this reaction [18]. The reducing power of
PTGP was shown in Figure 5D. The maximum
reducing power of ascorbic acid and PTGP were
obtained at 0.50 mg/mL (absorbance=1.3226) and
3.0 mg/mL (absorbance=0.5867), respectively.
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Fig. 5 Antioxidant activities of PTGP. (A) Scavenging ability of hydroxyl radicals. (B) Scavenging ability of
superoxide anion. (C) Scavenging activity of DPPH radical. (D) Reducing power. Data were shown as mean (n=3).The
vertical bars represented the standard deviation of each data point (P < 0.05).

CONCLUSION

Ultrasonic-assisted extraction procedure was
used to extract the crude polysaccharides from
Piteguo fruit. And Box-Behnken design (BBD) [7]
was introduced to optimize the ultrasonic-assisted
extraction technology condition. The structures and
activities of polysaccharide were analyzed. The
results shown the optimized extraction conditions as
follows: ratio of water to raw material 13:1 mL/g,
extraction time 66 min, extraction temperature 70
°C, and ultrasonic power 230 W, and the extraction
ratio of crude PTGP was up to 5.16% * 1.81%,
which is was well matched with the value (5.25%)
predicted by the BBD model. PTGP was composed
of Glc with B-type pyranoid type sugar ring,
displayed certain antioxidant ability and could be
used as a potential natural antioxidant.
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WU3CJIEABAHE HA EKCTPAKLIUSITA U AHTUOKCUJIAHTHATA AKTUBHOCT
MTOJIM3AXAPUIU OT IJIOJIOBE HA Piteguo

K. Jlued, T.P. SIar?, U.T. Yaur'", M.JIx. Sar'”, C.®. JTo?

! Henapmamenm 3a cnopm u uscnedeanus, Texnonozuuen ynusepcumem 6 Jlanocoy, 730050 Jlanocoy, Kumaii
2 Vuunuwe 3a nayxku 3a scusoma u unscenepcmeo, Texnonozuuen ynusepcumem 6 Jlanoicoy, 730050 Jlausxcoy, Kumaii

Tloctpimna wa 10 maii, 2015 r.; kopurupana Ha 15 Hoemspu, 2016 r.

(Pesrome)

WscnenBana e yntpassykoBara ekcrpakuus (UAE) Ha nonusaxapuau ot miogosete Ha Piteguo (Pyrus sinkiangensis).
Yerupu napaMeThpa (OTHOIIEHHETO BOAa/TBBpaA (a3a, TeMieparypa, BpeMe Ha eKCTPaKIHsl K MOIIHOCT Ha yJITpa3ByKa)
ca onTEMHU3HUpaHH Mo riana Ha Box-Behnken (BBD). CtpykTyparta Ha monu3axapHuauTe ca IpeIBapuTeIHO aHATH3HPaHH
no wuHppauepBenute uMm crektpu. OTkpuTa € iN VIlr0 aHTHOKCHAAHTHAa aKTHBHOCT. Pe3ynTaThte MOKa3BaT, 4e
eKCTPAKIMOHHOTO OTHOIIEHHE Ha cypoBHs miofg € 1o 5.16% + 1.81% mox onTUManmHWUTE YCIOBHUS 3a €KCTPaKIMA:
OTHOIIIEHHE Boa/TBBpaa (asza 13:1 mL/g, Bpeme 3a excrpakuust 66 muH, Temieparypa 70°C 1 MOIIHOCT Ha yATpa3ByKa
230 W, koero mobpe ce chriacyBa c¢bhC croiHocTTa (5.25%) mpensumeHa ot mozena BBD. CrnexkrpockornckoTo
M3CIIe/IBaHe TOKa3Ba, Y€ IUI0J0BeTe ChabpkaT cheaunenus GIc ¢ B- nupanoumen mpscreH. OCBEH TOBa TECTOBETE
MOKa3BaT W3BECTHA AHTHOKCHIAHTHA AKTHBHOCT M Y€ IUIOJIOBETE MOXE Ja C€ H3MOJI3BAT KATO MOTCHI[HATHU
AHTHOKCHJIAHTH.
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the left-hand top. Each table should be referred to in
the text. Column headings should be as short as
possible but they must define units unambiguously.
The units are to be separated from the preceding
symbols by a comma or brackets.

Note: The following format should be used when
figures, equations, etc. are referred to the text
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the word-processing program and the format of the
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the pictures are presented in *.tif, *.jpg, *.cdr or
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“Equation Editor” and chemical reaction schemes
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