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The density functional theory method was used to study the mechanism for the hydrogen transfer from 1-
methylbutyl peroxide [n-CsH;CH(CH3)OOH] to hydroxyl radical. The B3LYP method was used in conjunction with the
6-311++G™** basis set. The geometrical configurations of reactants, products and transition states were fully optimized
on the potential energy surfaces. The activation energies for the hydrogen transfer are in the range from 0.37 to 7.9
kJ/mol. The results suggest that the alkyl s-H is the easiest to transfer in view of both thermodynamics and kinetics. On
the contrary, the y-H transfer requires larger activation energy compared to o- and g-H. All three types of hydrogen
transfers become much easier in the presence of hydroxyl radical compared to the intramolecular hydrogen transfer,
which is in good agreement with the experimental fact that the emulsification of diesel oil and water results in improved

combustion properties.

Keywords: 1-Methylbutyl peroxide, Hydroxyl radical, Intermolecular hydrogen-atom transfer, Density functional
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INTRODUCTION

The diesel engine is still one of the most fuel-
efficient combustion engines at present [1-4].
Diesel emulsion is considered one of the possible
alternative fuels for curtailing the emission
pollution of combustion equipment such as diesel
engines and large power boilers [5-8]. Emulsion
fuels are defined as emulsions of water in fuel with
the typical composition of 5-20% of water,
surfactant and based fuel such as kerosene or diesel.
It is consistently proven that emulsion fuels
significantly lower emissions of hydrocarbons,
carbon monoxide/dioxide and especially hazardous
nitrous oxides and particulate matters [9-12].

Diesel oil primarily consists of hydrocarbons
with n-alkanes being the dominant components. It
converts to self-ignited peroxides of hydrocarbons
prior to complete combustion. The easiness of
formation of hydrocarbon peroxides determines
whether or not the engine is knocking. Of all types
of peroxides, the di-peroxyl hydrocarbons have
been believed to be the precursors of the final
products carbon oxide and water. These di-peroxyl
hydrocarbons are expected to play an important role
in eliminating the diesel engine knocking. The key
steps to produce di-peroxyl hydrocarbons are the
intramolecular hydrogen-atom transfer reactions
[13-16]. However, on the condition of water
existing, the hydroxyl radical that is produced from
water takes part in the process of the formation of
di-peroxyl hydrocarbons (Fig. 1). Hydroxyl radical

* To whom all correspondence should be sent:
E-mail: zhousuqin7803@sina.com

assimilates a hydrogen atom from the mono-
peroxyl hydrocarbon. The process yields the
formation of a carbon radical. Once the products of
alkyl radicals come into being, they are easy to
further react with oxygen to produce di-peroxyl
hydrocarbons. Here, 1-methylbutyl peroxide was
used as the computational model of hydrocarbon
peroxide.

The main objective of this work is to explore
energies and mechanisms for the hydroxyl
assimilating a hydrogen from 1-methylbutyl
peroxide [synonym, 2-pentyl peroxide, chemical
formula n-C3;H,CH(CH3)OOH] as a computational
model.

COMPUTATIONAL METHODS

The molecular structures and energies of the
reaction stationary points were calculated with the
density functional theory (DFT) B3LYP technique
[17-19]. Unrestricted wave function was employed
for the open-shell systems. The geometries of all
species (reactants, transition states and products)
were optimized at the B3LYP/6-311++G** level.
The corresponding vibration frequencies were
calculated at the same level. All located transition
states exhibited one normal imaginary frequency
with a transition vector corresponding to the motion
of a H-atom during the intermolecular H-atom-
transfer process. All calculations were performed
with Gaussian 03 package of programs [20].
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RESULTS AND DISCUSSION
Structures and geometries

Fig. 2 shows the optimized geometries of the
transition states. The imaginary frequencies of TS1,
TS2, TS3 and TS4 are —446.16, —257.60, —823.85
and —240.27 cm?, respectively. The vibrational
normal modes of the four transition states
correspond to the wagging of a hydrogen atom
towards the hydroxyl radical. On going from the
reactant to TS, one of the C-H bonds elongates
toward the hydroxyl radical. The O---H lengths of
partially formed water moiety in TS1, TS2, TS3
and TS4 are 1.412 A, 1.460 A, 1.333 A and 1.444
A, respectively. The lengths of the C-H bonds
associated with the transfer of a H atom are 1.188
A 1167 A, 1.211 A and 1.172 A, for TS1, TS2,
TS3 and TS4, respectively. The lengths of these C—
H bonds are increased by about 10% compared to
their corresponding C-H bond lengths in the
reactants. The structure of TS2 differs more from
that of its product than that of the other three TS.
However, there is a six-membered ring with an
intramolecular hydrogen bond in TS2, which
attributes it with lower activation energy as
discussed below.

Change of energy

The hydroxyl radical approaches the alkyl
hydrogen atoms, resulting in the formation of TS1-
TS4. Table 1 collects the total energies, zero point
vibrational energies and relative energies at the
B3LYP/6-311++G** level. The relative energy,
after being corrected for the zero point vibrational
energy, refers to the corresponding reactant, i.e., the
complex of 1-methylbutyl peroxide and hydroxyl
radical. The relative energy is the energy barrier
needed to be overcome during the intermolecular
hydrogen transfer reaction. As can be seen from
Table 1 and Fig. 3, for o-H, the methylene
hydrogen is energetically favorable to be
transferred in comparison with methyl hydrogen. In
other words, the a-H transfer from methylene to
hydroxyl results in the largest energy release. All
four reactions are firstly endothermic to overcome
the energy barrier from the reactants to the
transition states. But these reactions are exothermic
from the reactants to the products. The activation
energy of 0.37 kJ/mol for reaction (2) is the lowest
one, that is, the alkyl B-H is the easiest to transfer.
The B-H transfer is a favorable process in view of
both thermodynamics and kinetics. On the contrary,
the reaction (4) of alkyl y-H transfer requires the
largest activation energy. Table 1 also lists the
relative energies of the transition states for the
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corresponding intrahydrogen transfers. f-H is the
easiest to transfer in the process of intramolecular
hydrogen transfer in comparison with a-H and y-H.
Notably, B-H is also the easiest to transfer assisted
by hydroxyl in comparison of a-H and vy-H.
However, all types of H transfer become much
easier in the presence of hydroxyl radical. This
finding can explain the fact that the combustion of
diesel oil is accelerated by the addition of small
amounts of water.

Atomic Mulliken charge and spin density

As can be seen from Table 2, the Mulliken
charges on Cs;, C,, Cs and C; atoms for TS1, TS2,
TS3 and TS4, respectively, decrease (more
negatively charged) in comparison with those of the
reactant. However, their corresponding charges on
Cs, Cy, Cs and C; atoms increase on going from
reactant to products. It is interesting to note that the
Cs and C, atoms, for P1 and P2, respectively, are
positively charged with 0.3 a.u.; on the contrary,
the Cs and C; atoms, for P3 and P4, respectively,
are negatively charged with —0.4 a.u. This large
difference of charges is due to the Cs and C; atoms
being at the end of the carbon chain. There are less
hyper-conjugation effects between the single
electron on the end carbon and its neighbor C-H
bond. More electron charges (negative charges) are
built up on O7 on going from reactants to products.
And much more electron charges (negative
charges) are built up on Og on going from reactants
to products.

The electrons on the transferred hydrogen atoms
are attracted by the hydroxyl oxygen atom in the
reaction process. On going from the reactants to
their corresponding TS1-TS4, the Mulliken charges
on the transferred Hi; atom increase dramatically,
since its electrons are shared by both neighbor
carbon and oxygen atoms. On going from the TS1-
TS3 to their corresponding products P1-P3, the
Mulliken charges on the transferred Hi; atom
decrease just slightly. Although the
electronegativity of oxygen is larger than that of
carbon, the transferred Hi: atom is closer to carbon
than to oxygen.

Table 3 lists the spin densities of hydroxyl
atoms, transferred hydrogen atom and its neighbor
carbon. The total spin density of hydroxyl for the
reactant is 1.0 a.u. However, on going from reactant
to TS1-TS4, the spin densities of hydroxyl oxygen
atoms decrease by about 0.3 a.u., but those of the
carbon atoms increase from near zero to 0.3-0.4 a.u.
This indicates that a hydrogen atom is partially
transferred from carbon to hydroxyl oxygen.
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Fig. 1. Intermolecular hydrogen-atom transfer from 1-methylbutyl peroxide to hydroxyl radical for hydrogen at
different positions.
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Fig. 2. Optimized structures of transition states (bond length in Angstrém, bond angle in degree).

Table 1. Total energies (E, in Hartree), zero point vibrational energies (Evi, in kJ/mol) and relative energies (AE, in
kJ/mol) at the B3LYP level ?

Species E Evib AE AE® Species E Evib AE¢
Reactant® —423.997945 468.80 0.00 — P1 _347557871  400.87 —-60.52
TS1 —423.993055 458.61 2.65 140.41 P2 —347.559594 39939 _66.52
TS2 —423.994906 461.19 0.37 90.02 P3 —347.551672 39932 _45.79
TS3 -423.990191  456.34 7.90 152.10 P4 —347.554205  399.76  -52.00
TS4 _423.989281 458.27 12.22 100.76 H20 —76.458531 55.87 —

@ AE were corrected with zero-point vibrational energy. Relative energy refers to the corresponding reactant, i.e., the
complex of 1-methylbutyl peroxide and hydroxyl radical. ® Complex of 2-pentyl peroxide and hydroxyl radical.
Relative energies of transition states for the corresponding intrahydrogen transfers from Ref. [4]. ¢ Energy of water is
included.
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Table 2. Atomic Mulliken charges along the reaction pathways at the B3LYP/6-311++G** level.
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Atom Reactant TS1 TS2 TS3 TS4 P1 P2 P3 P4
C1 -0.625 -0.604 -0.644 -0.635 -0.644 -0.453 -0.755 -0.620 -0.386
Cz 0.054 -0.100  -0.100  -0.040  -0.100  -0.442 0.318 -0.046  -0.136
Cs -0.336 -0.397  -0451  -0.297  -0.451 0.331 -0.424  -0.490  -0.313
Cs -0.130 -0.183 0.029 -0.114 0.029 -0.326 -0.122 0.152 -0.023
Cs -0.585 -0.576 -0.615 -0.634 -0.615 -0.652 -0.592 -0.473 -0.607
Os -0.088 -0.067  -0.090  -0.009  -0.090 -0.044 -0.056 -0.066  -0.059
Or -0.188 -0.192  -0.197  -0.258  -0.197  -0.214  -0.207 -0.198  -0.198
Os -0.248 -0.318 -0.358 -0.367 -0.358 -0.502 -0.502 -0.502 -0.502

Hu @ 0.097-0.189 0.361 0.333 0.301 0.239 0.251 0.251 0.251 0.251

2 Refers to the transferred hydrogen atom.

Table 3. Atomic spin densities for the transferred hydrogen atom and its neighbor atoms along the reaction

pathways at the B3LYP/6-311++G** level.

Atom @ Reactant TS1 TS2 TS3 TS4 P1 P2 P3 P4
Os 1.021 0.685 0.721 0.629 0.712 0.000 0.000 0.000 0.000
Hio -0.021 -0.003 0.001 0.002 -0.011 0.000 0.000 0.000 0.000
C -0.005-0.002 0.344 0.293 0.410 0.300 1.018 1.095 1117 1.156
H 0.00 -0.020  -0.023  -0.028  -0.016 0.000 0.000 0.000 0.000

2 H and C atoms refer to the transferred hydrogen atom and its neighbor carbon, respectively.
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Fig. 3. Energy changes along the reaction pathway at
B3LYP/6-311++G** level.

All the spin density primarily locates on the
carbon atom in the products. This clearly indicates
that it is the hydrogen radical that transfers from the
carbon atom to the hydroxyl oxygen atoms with
water as a leaving moiety.

CONCLUSIONS

The reactions of hydrogen atom migration from
one of the C—H of 1-methylbutyl peroxide to
hydroxyl radical were investigated by the DFT-
B3LYP method. Transition states with six-
membered rings were formed in the process of 3-H
transfer when the hydrogen atom migrates from the
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methylene group to hydroxyl radical. The six-
membered ring facilitates the formation of
transition state. The atomic charges and spin
distribution on the radical seem to be adequate in
helping to understand the trends of the
intermolecular hydrogen transfer. The B-H is easier
to transfer than the a- and y-H. The hydroxyl
radical greatly facilitates all three types of hydrogen
transfer. This presents a rational explanation of the
fact that the combustion of diesel oil is accelerated
by the addition of small amounts of water.
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MEXAHW3BM HA [TIPEHOCA HA BOJOPO/] OT 1-METUJI-BY TWJIOB [IEPOKCUJI KbM
XUJAPOKCHUJIEH PAJIUKAJL

C. K. Koy, X. B. Kyait, I. X. Ty, B. 30y, A. P. JIn

Dakynmem no umdcenepra xumus, Texnonoeuuen uncmumym Xyatiun, Xyasm, 223003, KHP
Tlocrprmna na 4 HoemBpH, 2014 1.; mpuera Ha 28 nekemBpH, 2015 .
(Pesrome)

Wznon3ean e DFT-meTonsT 3a a ce u3ciaeBa MeXaHU3Ma Ha IIPEHOCca Ha BOAOPOA OT |-MeTwiI-OyTHIIOB IEepOKCUT
[n-CsH;CH(CH3)OOH] xbM xumpokcuieH paaukan. Vsnomssan ¢ B3LYP-mertombT 3aeano ¢ 6asucHa mpexa 6-
311++G**. T'eomerpuuHaTa KOHGUTYpalys Ha peareHTUTe, NPOJYKTUTE M MPEXOJHUTE CHCTOSHUS Ca ONTUMU3UPAHH
Ha MOBBPXHOCTHTE Ha MOTEHIMAIIHATA €HEeprusi. AKTHBUpAIIUTE €HEPruy Ha MPEHOC Ha BOJOpOJa ca B MHTEpBaJa OT
0.37 no 7.9 kJ/mol. Pe3ynrature nokassat, ue f-H e Haii-eceH 3a nmpeHOC OT TePMOJMHAMHMYHA U KMHETHYHA IJIeJHA
Touka. OOpaTHO, MpeHochT y-H M3HCKBA MO-TOEMH aKTHBHpALIU eHepruu cupsamo a- and S-H. Tesu Tpu THa npeHoc
Ha BOJIOPOJ C€ M3BBPIIBAT IO-JIECHO B NMPHCHCTBUE HA XHIPOKCHIHU PAIUKAIH, OTKOJIKOTO BBTPEIIHO-MOJEKYITHHS
IIPEHOC, KOETO € B A00pO ChIVIacHe C EKCIIEPUMEHTATHHS (aKT, 4ye eMyJICH(HKaAIATa Ha U3eJI0BO TOPUBO BHB BOJA
BOJIH JIO TT0-J00pH TOPUBHM KauecTBa.
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Two ammonium ionic liquids as efficient catalysts for the one-pot green synthesis of
3,4,5-substituted furan-2(5H)-ones
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An efficient and environmentally friendly method for one-pot preparation of 3,4,5-substituted furan-2(5H)-ones is
described by condensation of aromatic aldehydes, aromatic amines and dialkyl acetylenedicarboxylates under solvent-
free conditions using ammonium ionic liquids as catalysts. This synthetic approach benefits from cleaner reaction
profiles, use of easily available, inexpensive, recyclable and environmentally benign catalyst, high yields, and simple

experimental and work-up procedures.

Keywords: Ammonium ionic liquids ([EtzNH2][HSO4], [EtsNH][HSO4]), Multi-component reaction, Green chemistry,

Furan-2(5H)-ones.

INTRODUCTION

2(5H)-Furanones are attractive for organic
chemists since they are key structural elements in
many biologically active natural products [1]. They
are abundant in nature and recently have been
widely used as plant-growth regulators, antiulcer
agents, and fish-growth promoters [2]. Attempts are
ongoing to develop new synthetic approaches for
the efficient preparation of natural products
containing furanone ring units (Figure 1
freelingyne 1, tetrenoline 2, and sarcophine 3)
because of their importance in biological activities
such as antibacterial, antifungal, antimicrobial,
antiviral, anticancer, anti-inflamatory, antipsoriasis,
and anti—phospholipase A2 activities [3]. The wide
range of application of compounds containing the
butenolide ring results in considerable attention
toward the synthesis of these compounds.

Recently, a multi-component reaction (MCR) of
aromatic  amines, aldehydes and dialkyl
acetylenedicarboxylate has been used for the
synthesis of furan-2(5H)-ones. Multi-component
reactions offer an efficient and powerful mode of
synthesis of complex structures, which is a
convenient route for the synthesis of new drugs and
chemical compounds by the combination of various
starting materials [4].

Narayana et al. applied B-cyclodextrin for the
synthesis of 2(5H)-furanone by condensation of
anilines, aldehydes and diethyl
acetylenedicarboxylate in a one pot three-

* To whom all correspondence should be sent:
E-mail: mt_maghsoodlou@chem.usb.ac.ir ,
mt_maghsoodlou@yahoo.com
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component reaction [5]. Other synthetic methods
have also been developed by employing nano-ZnO
[6], AI(HSO4)3 [7], KOH [8] and SnCl,.2H,0 [9].

lonic liquids (ILs) are considerably popular
among chemists since they have some specific
characteristics such as very low vapor pressure,
non-explosiveness, thermal stability in a wide
temperature range and environmental safety, which
make them a green alternative to conventional
organic solvents [10-13].

ILs are categorized in a wide range such as
acidic ILs, basic ILs, metal-containing ILs,
guanidinium ILs, chiral ILs, and ILs containing OH
groups [14]. Because of their usefulness,
preparation and application of various kinds of
ionic liquids in chemical processes have been
quickly developed. Of the many different kinds of
ILs available, the Bronsted acidic ILs offer the
greatest potential for the development of
environmentally friendly acid catalysts for organic
synthesis [15,16]. Combination of a Bronsted acid
and a Bronsted base produces protic ionic liquids
[17]. Protic ionic liquid such as [EtsNH][HSO.] has
been used by Li as a catalyst and green solvent for
the cracking reactions of dialkoxypropanes [18].

In continuation of our research [19-22], herein
we present the ionic liquids ([Etz2NH2][HSO4] and
[EtsNH][HSO4]) as catalysts in a simple and
efficient method for the synthesis of 4,5-substituted
furan-2(5H)-ones by one-pot condensation of
aromatic aldehydes, aromatic amines and dialkyl
acetylenedicarboxylates under solvent-free
conditions.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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H H

Freelingvne 1

Tetrenoline 2

Sarcophine 3

Fig. 1. Natural products containing a furanone ring fragment.

EXPERIMENTAL
General

Melting points and IR spectra of all compounds
were measured on an Electrothermal 9100
apparatus and a JASCO FTIR 460 Plus
spectrometer, respectively. The *H and *C NMR
spectra were obtained on a Bruker DRX-400
Avance instrument with CDCI; as a solvent. All
reagents and solvents were purchased from Fluka
and Merck and were used without further
purification.

Preparation of diethylamine hydrogen sulfate
[Etz2NH2][HSO4]

In an ice bath, 0.5 mol sulfuric acid was added
dropwise to the solution of diethylamine (0.5 mol
diethylamine in 150 mL chloroform) under
vigorous stirring. After completion of the reaction,
the chloroform was removed on a rotary
evaporator. Finally, after cooling the ionic liquid a
white solid was obtained. This white crystalline
powder was dried in high vacuum at 50°C
overnight (>99% yield) [23].

Preparation of triethylamine hydrogen sulfate
[EtsNH][HSO4]

Solution of sulfuric acid 98% (19.6 g, 0.2 mol)
in water was dropped into triethylamine (20.2 g, 0.2
mol) under stirring at 60 °C for 1 h. Afterwards, the
reaction mixture was stirred for another 1 h at 70
°C to ensure completion of the reaction. Finally, in
order to remove the traces of water, the residue was
heated at 80°C in high vacuum until the weight of
the residue remained constant [24].

General procedure for the synthesis of 3,4,5-
substituted furan-2(5H)-one derivatives

The mixture of aldehyde (1.0 mmol), amine (1.0
mmol), dialkylacetylenedicarboxylate (1.0 mmol)
and 40 mol % of the ionic liquids [EtzNH2][HSO4]
and [EtsNH][HSO.] was stirred for 10-15 minutes
at 70-80°C. After completion of the reaction
monitored by thin-layer chromatography (TLC), the
reaction mixture was filtrated and washed with
water/ethanol (3x3 mL) to purify the product and

separate the catalyst. The analytical and spectral
data for the unknown products (4p and 4q) are
represented below:

t-Butyl-2,5-dihydro-5-oxo-2-(4-bromophenyl)-4-
(phenylamino)furan-3-carboxylate (4p)

White powder; m.p. 169-172 °C; IR (KBr): v
3208, 1716, 1677, 1596, 1499 cm™; H NMR
(CDCls, 400 MHz): 6=1.39 (s, 9H, 3xMe), 5.65 (s,
1H, Hoenzyiic), 7.09-7.14 (m, 3H, Ha), 7.27-7.31 (m,
2H, Har), 7.38-7.41 (m, 2H, Har), 7.34-7.45 (m, 2H,
Har), 9.32 (brs, 1H, NH); *C NMR (CDCls;, 100
MHz): 6=28.0 (3xMe), 61.0 (Choenzyiic), 83.5
(OCMes), 114.0, 122.3, 122.4, 125.9, 129.0, 129.3,
131.6, 134.5, 136.0 and 156.9 (Car and C=C), 162.7
and 164.8 (C=0).

t-Butyl-2,5-dihydro-5-oxo-2-phenyl-4-(3-
nitrophenylamino)furan-3-carboxylate (4q)

White powder; m.p. 165-168 °C; IR (KBr): v
3142, 1715, 1681, 1531, 1456 cm?; 'H NMR
(CDCls, 400 MHz): 6=1.37 (s, 9H, 3xMe), 5.76 (s,
1H, Hoenzyiic), 7.24-7.32 (m, 5H, Ha/), 7.64 (t, 1H,
J=8.0 Hz, Ha/), 7.93 (ddd, J=8.0 ,2.0, 0.8 Hz, 1H,
Har), 8.09 (ddd, J=8.4 ,2.4, 0.8 Hz, 1H, Ha), 8.32
(t, 1H, J=2.4 Hz, Ha), 9.40 (brs, 1H, NH); BC
NMR (CDCl;, 100 MHz): 6= *¥C NMR (CDCls,
100 MHz): 6=27.9 (3xMe), 61.3 (Coenzyiic), 83.8
(OCMe3), 115.1, 115.9, 119.9, 127.3, 127.5, 128.8,
128.9, 129.8, 134.4, 137.6, 148.3 and 156.9 (Car
and C=C), 163.1 and 164.9 (C=0).

RESULTS AND DISCUSSION

To examine the effect of catalyst loading and
temperature on the three-component condensation
reaction of 4,5-substituted furan-2(5H)-ones, the
reaction of aromatic aldehydes, aromatic amines
and dialkyl acetylenedicarboxylates was selected as
a model in the presence of the ionic liquids,
diethylamine hydrogen sulfate [EtzNH2][HSO4] and
triethylammonium hydrogensulfate
([EtsNH][HSO4]) as catalysts (Table 1). Different
amounts of diethylamine hydrogensulfate and
triethylammonium hydrogensulfate were applied as
catalysts (15, 20, 30, 40, 50 and 55 mol %) at
various temperatures (45, 50, 60, 70, 80, 90 and100
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°C) (Table 1). As the Table shows, the addition of
40 mol % of acidic ionic liquid catalyst at 80 and
70 °C results in a corresponding product within 15
min with 85 % yield. Afterwards, the three-
component condensation reaction of aromatic
aldehydes, aromatic amines and dialkyl
acetylenedicarboxylates was investigated under
optimized conditions for preparation of 4,5-
substituted furan-2(5H)-one derivatives (Table 2).
To better understanding the effect of the
substituent, diverse substituted aldehydes were used

to synthesize the desired products in high to
excellent yields using the ammonium ionic liquids
([Etz2NH2][HSO4], [EtsNH][HSO4]) as catalysts
(Table 2).

The proposed speculative mechanism for the
formation 4 is shown in Scheme 2. The mechanism
can proceed through Michael addition, iminium-
enamine tautomerization and y-lactonization
[25,26].

Table 1. Optimization of reaction conditions in the presence of different amounts of ionic liquids, A: diethylamine
sulfate [EtoNH2][HSO.] B: triethylamine sulfate [EtsNH][HSO4] as catalysts at different temperatures 2

0- -H
)OJ\ . E\ . I((;OZCH3 Ammonium ionic liquids ~ H3CO ( _ N=Ph
PR "H  Ph" H : solvent-free ph g0
CO,CHs

Entry Catalyst/mol % Temperature/ °C Time/min Isolated Yield/ %
A B A B A B A B

1 15 15 80 70 15 15 36 49
2 15 15 80 70 20 20 57 55
3 20 20 80 70 15 15 65 67
4 30 30 80 70 15 15 83 81
5 40 40 80 70 15 15 85 85
6 50 50 80 70 15 15 87 83
7 55 55 80 70 15 15 88 83
8 30 40 45 45 20 20 56 46
9 30 40 50 50 20 20 57 50
10 30 40 60 60 15 15 61 73
11 30 40 70 70 15 15 74 81
12 30 40 80 80 15 15 83 77
13 30 40 90 90 15 15 66 72
14 30 40 100 100 15 15 70 70
15 30 40 80 70 5 5 66 61
16 30 40 80 70 10 10 78 79
17 30 40 80 70 15 15 83 81
18 30 40 80 70 20 20 80 77

@ Reaction conditions: benzaldehyde (1.0 mmol), aniline (1.0 mmol), diethyl acetylenedicarboxylate (1.0 mmol)
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Table 2. Synthesis of furan-2(5H)-one derivatives in the presence of ammonium ionic liquids, A: diethylammonium

hydrogensulfate [Et,NH;][HSO4] B: triethylammonium hydrogensulfate [EtsNH][HSO,] as catalysts.

1 0
Entry Art Ar? R Products Isz\lated Ylekg % Ref.
1 Ph Ph CHs 4a 88 85 7
2 4-Me- CgH4 Ph CHs 4b 80 76 7
3 3-NO;- CeH4 Ph CHs 4c 81 78 7
4 4-NO2-CsH4 Ph CHs 4d 89 85 19
5 4-OMe- CgH4 Ph CHs 4e 88 87 19
6 Ph 4-F-CgH4 CHs 4f 71 67 19
7 Ph 4-Cl-CgH4 CHs 4q 72 69 19
8 Ph 3-NO2-CsH4 CHs 4h 79 78 19
9 Ph Ph CH3CH: 4i 89 85 5
10 Ph 4-Me-CgHa4 CHsCH: 4j 90 87 5
11 4-Me-CgHa4 Ph CHsCH: 4k 85 82 5
12 4-ClI-CgH4 Ph CHsCH: 4m 91 89 5
13 4-OMe-CgH4 Ph CHsCH: 4n 90 85 5
14 1- naphtyl Ph CHsCH: 40 64 63 5
15 4-Br-CeH4 Ph t-Bu 4p 86 81 a
Ph-C¢H4 3-NO,-CeH4 t-Bu 4q 80 76 a
@ New compounds synthesized in this work.
0--H
/ N‘Arz
COR o RO
0 H ' Ammonium ionic liquids —
Joe A -
1 2- 1N~ 1 0
AroHoATH G solvent free, 70-80°C A0
CO,R
1 ) 4
3
Ammonium ionic liquids: [Et,NH,][HSO,], [EtsNH][HSO,]
Scheme 1. Synthesis of 3,4,5-substituted furan-2(5H)-one derivative.
0 9
RO 0]
R 1
O_/< H,N - Ar2 RO 0 H Ar H H
(__C \ 2 1 —AI’2
\\C \_/ 3 H ~_ _N-Ar? 1 Ar /%
0] 0
i - Li 0
RO RO 0 lonic Liquid C) RO
A B
RO.__0O
RO._0O OR
N N-Ar H H 0 HN - Ar2
Ar M Al AN N-AP _
0 i ; Y
0 Iminium-enamine HO” A 1
© ro tautomerization RO 0 -ROH AT g7 70
B
C 4

Scheme 2. Proposed mechanism for the formation of furan-2(5H)-one derivatives.
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CONCLUSION

In summary, a simple method for the
preparation of furan-2(5H)-one derivatives in
solvent-free  conditions via one-pot three-
component reaction from commonly available
starting materials was ben developed. The products
can be easily collected by filtration.
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University of Sistan and Baluchestan.
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ABE AMOHUEBU MOHHU TEYHOCTU KATO E®GEKTUBHU KATAJIU3ATOPU 3A
EJHOCTAJJUMHA 3EJIEHA CUHTE3A HA 3,4,5-3AMECTEHU ®YPAH-2(5H)-OHU

C. Canaxu®, M.T. Makcymury?, H. Xazepu!, M. Jlamkapu?, P. Jlyctmoxamamu®, A. Kanunyp?, @.
dapxaamyp?, A. llomkaen’

Ulenapmamenm no xumus, Hayuen gpaxynimem, Ynusepcumem ¢ Cucman u banywecman, 3axedan, Upan
2Hayuen ¢paxynmem, Benasim, Upanwaxp, Hpan

[Mocremuna Ha 9 centemBpy, 2014 r.; mpuera Ha 16 centemspu, 2015 r.

(Pestome)

Omncana e eqHOCTa/IMiHA M €KOJIOTHYHO ChBMECTHMa KOHJCH3AIMsl Ha apOMaTHH aJIeXUJ{, apOMaTHH aMHHU U
JHANKII-aleTUIICH-TUKapOOKCUIaTH 3a cuHTe3ara Ha 3,4,5-3amectenu ¢ypan-2(5H)-onu 6e3 pa3TBOpUTEN ¢ aMOHHEBH
HOHHM TEYHOCTH KaTo KaTalu3aTopH. T03M MOAXOM MMa MPEJUMCTBATa HA YUCTH PEAKIIMOHHH MTPOQHIIH, U3II0JI3BAHETO
Ha JIECHO JIOCTBITHH, €BTUHH, PELUKINPYEMH U €KOJOTHYHO ChbBMECTUMH KaTalnu3aToOpu U MPOCTa MpPOLEeaypa.
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Convenient approach for the one-pot, three-component synthesis of 1-
(benzothiazolylamino)methyl-2-naphthol using fumaric acid as a green catalyst
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One-pot, efficient three-component condensation of aldehydes, 2-naphthol, and 2-aminobenzothiazole in the
presence of fumaric acid as an effective catalyst for the synthesis of 1-(benzothiazolylamino)methyl-2-naphthol
derivatives under thermal and solvent-free conditions is described. The present approach of this methodology offers
several advantages such as mild conditions, high yields, clean reaction profiles, operational simplicity, and

environmentally benign and simple work-up procedures.

Keywords: Green protocol, 1-(Benzothiazolylamino)methyl-2-naphthol, Multi-component reaction, Fumaric acid,

Solvent-free conditions.

INTRODUCTION

Multicomponent condensation reactions have a
wide range of applicability in the field of synthetic
organic chemistry. They constitute an especially
attractive synthetic strategy because they provide
easy and rapid access to large libraries of organic
compounds with diverse substitution patterns.
Being one-pot reactions, they are easier to carry out
than multistep syntheses, and the products are
formed in a single step. Diversity can be achieved
simply by varying the components [1]. In the past
few years, combinatorial methods using
multicomponent reactions have been closely
examined as fast and convenient solutions for the
synthesis of diverse classes of compounds [2].
Recently, this strategy became important in drug
discovery in the context of synthesis of biologically
active compounds. This method increases the
efficiency of the reactions and decreases the
number of laboratory operations along with
solvents and chemicals used. It also reduces
reaction time and increases the yield of products in
comparison with normal multistep methods [3].

2-Aminobenzothiazoles are unique scaffolds
that are widely used in medicinal and biological
chemistry [4]. Their diverse functions range from
electron transfer facilitation in the firefly luciferin
cycle [5], through antitumor [6], and antidiabetic
activity [7] to Alzheimer’s disease tracer (8) and
anticancer agent in pharmaceutical chemistry [9].

* To whom all correspondence should be sent:
E-mail: mt_maghsoodlou@chem.usb.ac.ir ,
mt_maghsoodlou@yahoo.com

Also, benzothiazoles are commercially important as
reactive dyes [10], hair dyes [11], agrochemical
fungicides, insecticides, acaricides, herbicides,
plant desiccants and defoliants [12].

Fumaric acid (C4H4O4) is an organic acid widely
found in nature, and is a component of organic
biosynthesis in humans. Chemically, it is an
unsaturated dicarboxylic acid. It exists as white or
nearly white crystals, odorless, with a very tart
taste. Fumaric acid is generally nontoxic and
nonirritant. Fumaric acid has been used in food and
beverage products since the 1940s. Food research
shows that fumaric acid can improve quality and
reduce the costs of many food and beverage
products. It is non-hygroscopic (absorbs no
moisture). In the cosmetic industry, it is used as a
bath salt cleaning agent for dentures. It is also used
in animal feeds. Fumaric acid is used in oral
pharmaceutical formulations and clinically in the
treatment of psoriasis.

Because of the above-mentioned properties of 2-
aminobenzothiazole and fumaric acid and as a part
of our ongoing program on multi-component
reactions [13,14], herein we present an eco-
friendly, simple and efficient method for the
synthesis of  1-(benzothiazolylamino)methyl-2-
naphthol compounds via a one-pot three-component
reaction using 2-naphthol, 2-aminobenzothiazole
and aromatic aldehydes in the presence of fumaric
acid under solvent-free conditions (Scheme 1).

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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0
OH “ s
CO™ (7 )
/& N
R
1 2
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Fumaric acid (0.20 mmol)

solvent-free, 80 °C

4a-t

Scheme 1. Fumaric acid catalyzed synthesis of 1-(benzothiazolylamino)methyl-2-naphthols 4a-t.

EXPERIMENTAL
General

Melting points and IR spectra were measured on
an Electrothermal 9100 apparatus and a JASCO FT/
IR- 460 plus spectrometer, respectively. The *H and
13C NMR spectra were obtained on a Bruker DRX-
400 Avance instrument with DMSO as a solvent.
All reagents and solvents were purchased from
Fluka and Merck and were used without further
purification.

Typical procedure for the synthesis of 1-amidoalkyl
-2-naphthols (4a-t)

Fumaric acid (0.20 mmol, 0.023 g) was added
into a mixture of benzaldehyde (1.0 mmol), 2-
naphthol (1.0 mmol) and 2-aminobenzothiazole
(1.0 mmol), then the reaction mixture was stirred at
80 °C for the appropriate time (Table 1). After
completion of the reaction (monitored by TLC), the
reaction mixture was washed with H,O (3 x 10
mL). As the catalyst is soluble in water, it was
removed from the reaction mixture. Then, the
residue was recrystallized from EtOH.

1-((Benzo[d]thiazol-2-ylamino)(2,5-
dimethoxyphenyl)methyl)naphthalen-2-ol (4s)

Yield: 90 %; m.p. 209-211 °C; IR (KBr, cm™):
3368 (N-H), 3060 (O-H), 1628 (C=N), 'H NMR
(400 MHz, DMSO-ds): & = 3.50 and 3.64 (2s, 6H,
20CHs), 6.76 (d, 1H, J=8.4 Hz, Ha,), 6.84 (d, 1H,
J=8.8 Hz, Ha), 6.98 (d, 1H, J=7.2 Hz, Ha), 7.15-
7.45(m, 7TH, Har1Hoenyic), 7.63 (d, 1H, J=7.6 Hz,
Ha), 7.71 (d, 1H, J=8.8 Hz, Ha), 7.77 (d, 1H,
J=8Hz, Ha), 8.26 (d, 1H, J=8.4 Hz, Ha), 8.61
(brs, 1H, NH), 9.92 (S, 1H, OH). *C NMR (100
MHz, DMSO-dg): 6 = 50.56, 55.69, 56.44, 111.64,
112.41, 116.22, 118.46, 118.72, 119.06, 121.22,
121.26, 122.66, 123.89, 125.82, 126.39, 128.70,
128.80, 129.51, 131.07, 131.70, 133.06, 151.37,
152.74, 153.24, 153.81, 166.14.
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1-((Benzo[d]thiazol-2-ylamino)(2-hydroxy-3-
methoxyphenyl)methyl)naphthalen-2-ol (4t)

Yield: (92%); m.p. 200-202 °C ; IR (KBr, cm™):
3366 (N-H), 3141 (O-H), 1632 (C=N); 'H NMR
(400 MHz, DMSO-ds): & = 3.74 (S, 3H, OCHas),
6.67 (t, 1H, J=7.6 Hz, Ha/), 6.82 (d, 1H, J=7.6 Hz,
Har), 6.96 (t, 1H, J=7.6 Hz, Ha/), 7.01 (d, 1H, J=7.2
Hz, Har), 7.14-7.40 (m, 6H, Har,1Hpenzyiic), 7.61 (d,
1H, J=7.2 Hz, Ha/), 7.71 (d, 1H, J=8 Hz, Ha/), 7.76
(d, 1H, J=8 Hz, Has), 8.18 (d, 1H, J=8.4 Hz, Ha/),
8.64 and 8.79 (brs, 2H, NH and OH), 9.95 (brs, 1H,
OH). **C NMR (100 MHz, DMSO-ds): § = 50.90,
56.12, 56.27, 110.81, 118.29, 118.53, 118.86,
119.16, 121.13, 121.24, 122.66, 123.43, 125.81,
126.42, 128.82, 129.30, 130.96, 132.17, 133.22,
144.29, 147.79, 151.68, 152.69, 153.66, 166.27.

RESULTS AND DISCUSSION

Our initial aim was to develop an efficient one-
pot procedure for the synthesis of 1-
(benzothiazolylamino)methyl-2-naphthol
derivatives through the reaction of 2-naphthol, 2-
aminobenzothiazole and aldehydes in the presence
of fumaric acid. To find out the optimum amount of
fumaric acid, the reaction was carried out by
varying the quantity of catalyst. The maximum
yield was obtained when 0.20 mmol of catalyst was
used (Table 1). Further increase in the amount of
fumaric acid did not have any significant effect on
the product yield. The results are summarized in
Table 1. As shown in Table 1, the shortest time and
best yield were achieved at 80 °C.

In order to evaluate the generality of the process,
several examples illustrating the present method for
the synthesis of 1-(benzothiazolylamino)methyl-2-
naphthols (4) were studied (Table 2). The reactions
of 2-naphthol with various aromatic aldehydes and
2-aminobenzothiazole were carried out in the
presence of 0.20 mmol fumaric acid at 80°C. In all
reactions, good to excellent yields were obtained at
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short reaction times (4-15 min). Using these
optimized reaction conditions, the generality of the
reaction was examined using several types of
aldehydes. As shown in Table 2, the direct three-
component reaction worked well with a variety of
aryl aldehydes including those bearing electron-
withdrawing and electron-donating groups, and the
desired compounds were obtained in good yields.
However, the vyield of product was lower in

comparison with aryl aldehydes containing
electron-withdrawing substituents (Table 2).

The products were identified by IR, *H NMR
and 3C NMR spectroscopy. The *H NMR spectrum
of 4s exhibited a multiplet at 6 = 7.15-7.45 for the 7
aromatic hydrogens and benzylic hydrogen and two
singlets at 6 = 8.61 and & =9.92 for the NH and OH
groups, respectively.

Table 1. Optimization of catalyst for the synthesis of 1-(benzothiazolylamino)methyl-2-naphthols.?

Entry Catalyst (mmol) Temperature (°C) Time (min)  Isolated Yield (%)
1 Fumaric acid (0.10) 80 15 78
2 Fumaric acid (0.15) 80 14 84
3 Fumaric acid (0.20) 80 12 93
4 Fumaric acid (0.30) 80 9 87
5 Fumaric acid (0.20) 50 60 10
6 Fumaric acid (0.20) 60 20 35
7 Fumaric acid (0.20) 100 10 52

aReaction conditions: 2-naphthol (1.0 mmol), 2-aminobenzothiazole (1.0 mmol) and benzaldehyde (1.0 mmol) in the

presence of catalyst at different temperatures.

Table 2. Synthesis of 1-(benzothiazolylamino)methyl-2-naphthol derivatives

Entry R Time (min)  Yield (%)? Product M.p. (lit. m.p.) (°C)[Ref.]
1 4-NO, 15 52 4a 188-190 (189-191)[15]
2 4-Cl 4 89 4b 208-210(209-210)[16]
3 3-NO2 5 50 4c 190-192( 191-194)[17]
4 2,4-Cl; 5 82 4d 204-206(206-207)[15]
5 3-MeO 5 89 de 185-187(184-186)[17]
6 4-Me 10 92 4f 183-185(182-183)[16]
7 2-Cl 4 88 4g 187-189(189-190)[15]
8 2,4-(MeO); 9 89 4h 162-164(161-163)[17]
9 4-OMe 7 92 4i 173-175(175-176)[16]
10 2-NO; 15 58 4j 212-214(215-216)[15]
11 2,6-Cl; 7 86 4k 194-196(193-195)[20]
12 3-Br 4 90 4 200-202(202-204)[17]
13 4-Br 4 90 4m 200-202(200-202)[20]
14 4-F 11 82 4n 175-177(176-178)[17]
15 5-Br,2-HO 7 90 40 181-183(183-185)[20]
16 Thienyl 8 90 4p 190-192(191-193)[20]
17 2,3-(Me0) 10 93 4q 200-202(201-203)[20]
18 H 8 89 4r 202-204(202-203)[15]
19 2,5-(MeO); 10 90 4s 209-211°
20 5- Me0O,2-HO 6 92 4t 200-202°

b New compounds synthesized in this work. All known products reported previously in the literature were
characterized by comparison of m.p., IR and NMR spectra with those of authentic samples.
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CONCLUSION

In summary, an efficient method for the
synthesis of 1-(benzothiazolylamino)methyl-2-
naphthol derivatives is described. The reactions
were carried out under solvent-free conditions with
short reaction times and gave the corresponding
products in good yields. The present methodology
offers several advantages such as good Yyields,
simple procedure, shorter reaction times, clean
reaction conditions. Moreover, the products were
purified without chromatography.
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VJIOBEH IOAXO/ 3A EJJHOCTAIUMHA TPU-KOMITOHEHTHA CUHTE3A HA 1-
(PEH30TUA30JIAMNHO) METUJI-2-HA®TOJI C ®YMAPOBA KHNCEJIMHA KATO 3EJIEH
KATAJIU3ATOP

M.T. Makcyany?, M. Kapumal, M. Jlamkapu?, 5. Axpom?, H. Xazepu®

Y lenapmamenm no xumus, Hayuen paxynmem, Yuueepcumem ¢ Cucman u Barywecman, 3axedan, Hpan
2 Hayuen gpaxynmem, Benasm, Upanwaxp, Upan

[Mocternmia Ha 24 aBrycT, 2014 r.; mpuera Ha 16 cenremBpy, 2015 1.

(Pesrome)

Omnmcana e egHOCTaIWifHA TPHU-KOMIIOHEHTHAa KOHICH3AaIMsA HA aJAeXuad, 2-HaTon M 2-aMHHOOEH30THA30J 3a
cuHTe3ara Ha 1-(0EH30THA30JIaMHHO) METHJI-2-HA(TOJIOBM MPOM3BOAHM C (yMmMapoBa KHCEIMHA KaTto e(eKTHBEH
KaTaJu3aTtop NpPU BHUCOKA TeMIepaTypa M B OTChCTBHETO Ha pa3TBopuTesl. TO3M MOAXOA THpeliara HIKOJKO
npeauMcTBa: MEKHU YCIIOBHSA, BHUCOKH }IO6I/IBI/I, YUCT PCaKIMOHCH HpO(i)I/IJ'l, OIi€paTuBHA IPOCTOTA, CKOJOTHYHO

CbBMECTHMaA U IPOCTA Mpoueaypa.
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BTPPC-catalyzed one-pot synthesis of 1,4-dihydropyridine derivatives via Hantzsh
condensation under solvent-free conditions
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Benzyltriphenylphosphonium chloride (BTPPC) catalyzed efficient Hantzsch reaction via three-component coupling
reactions of aldehydes, ethyl acetoacetate and ammonium acetate under solvent-free conditions is described for the
preparation of 1,4-dihydropyridine derivatives. The process presented here is operationally simple, environmentally

benign, inexpensive and gives good to excellent yields.

Keywords: Hantzsch reaction, BTPPC, Solvent free, Three-component coupling.

INTRODUCTION

Five- and six-member heterocyclic compounds
are important constituents that often exist in
biologically active natural products and synthetic
compounds of medicinal interest [1-4]. Among
these compounds, 1,4-dihydropyridine (1,4-DHP)
heterocyclic rings are a common feature of various
bioactive compounds such as vasodilator,
bronchodilator, anti-atherosclerotic, anti-cancer and
anti-diabetic agents [5-8]. Furthermore, 1,4-DHPs
have several other medicinal applications which
include neuroprotecting [9] and cerebral anti-
ischemic  properties for the treatment of
Alzheimer’s disease [10,11]. Classical method used
for the synthesis of these compounds is one-pot
condensation of aldehyde with ethyl acetoacetate
and ammonia in acetic acid or in refluxing alcohol
[12]. This method suffers from several
disadvantages such as long reaction time, harsh
refluxing conditions, excessive use of volatile
organic solvents and low vyields. In recent years,
due to the importance of 1,4-DHPs, the attention to
the synthesis of 1,4-DHPs increased. Different
approaches for the synthesis of 1,4-dihydropyridine
derivatives using various catalysts, such as
cellulose-sulfuric acid [13] triphenylphosphine [14]
iron () trifluoroacetate [15], ionic liquid
[tbmim]CI,/AICI; [16], nickel nanoparticles [17],
aluminium phosphate [18], titanium dioxide
nanoparticles [19], diphenylammonium triflate
[20], visible light [21], melamine trisulfonic acid
[22], Cu(OTf), [23], Fex(S04)3.xHO [24],
Fes0,@SiO, nanoparticles [25], p-TSA [26] and
hydrotalcites or hydrotalcite-like materials [27]

* To whom all correspondence should be sent:
E-mail: alikarami58@yahoo.com

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

have been reported.

Unfortunately, many of these reported methods
suffer from major or minor limitations such as the
use of expensive reagents, low yields, long reaction
times, tedious work-up procedures or the use of
hazardous and volatile organic solvents. Thus, the
search for new reagents and methods is still of
growing importance.

Herein, we report a simple, efficient and cost-
effective one-pot method for the synthesis of DHPs
from ethyl acetoacetate, ammonium acetate and an
aldehyde, using the BTPPC catalyst (Scheme 1).

RESULTS AND DISCUSSION

Initially, benzaldehyde was used to react with
ethyl acetoacetate and ammonium acetate in the
presence of 15 mol% BTPPC in various solvents
like EtOH, THF, CHCI;, CH3CN and DMF at
reflux temperature in order to optimize the reaction
conditions (Table 1, entries 1-5). The reaction was
studied under solvent-free conditions too.

It was found that the best results were obtained

with 15 mol% BTPPC under solvent-free
conditions (Table 1, entry 6). The reaction was
completed within 30 min and the expected product
was obtained in a 90% vyield.
Next, we studied the effect of temperature on the
model reaction. The reaction was studied at various
temperatures like room temperature, 60, 100 and
130 °C. The yield of the product increased up to
100°C. After 100°C, the increase in the temperature
did not lead to an increase in the yield.

Therefore, our optimized conditions were: 15
mol% of BTPPC, solvent-free at 100 °C, Table 2.
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0] Ar O Ph ~-

Ph—PJr—(C:ZI—Ph
0 o Q BTPPC (15 mol%) EtO ] OFEt LB
P 2 )J\/U\ + NHOAc ————— Ph "2
A SH * HC OFEt Solvent-Free H,C N~ ~CH, BTPPC

100 °C

Scheme 1. Synthesis of 1,4-dihydropyridine derivatives using BTPPC under solvent-free conditions.

Table 1. Synthesis of 2,6-dimethyl-4-(phenyl)-1,4-dihydropyridine-3,5-diethylcarboxylate from benzaldehyde, ethyl
acetoacetate and ammonium acetate catalyzed by BTPPC under various conditions @,

Entry Solvent Amount of Catalyst (mol %) Time (h) Yield (%)°
1 EtOH 15 5 48
2 THF 15 5 43
3 CHCls 15 5 45
4 CH:CN 15 5 55
5 DMF 15 5 38
6 None 15 0.5 90

2 Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (2 mmol) and ammonium acetate (1.5 mmol), the
amount of solvent used for entries 1-5 was 5 mL.
b Isolated yields.

Table 2. Optimisation of temperature using BTPPC (15 mol%) as catalyst 2.

Entry Temperature (°C) Time (h) Yield (%)°
1 r.t 5 -
2 60 1 78
3 100 0.5 90
4 130 0.5 90

@ Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (2 mmol) and ammonium aceate (1.5 mmol),
under solvent-free conditions.
b Isolated yields.

Table 3. Synthesis of 1,4-dihydropyridine derivatives using aldehyde, ethyl acetoacetate and ammonium acetate in
the presence of BTPPC (15 mol%) under solvent-free conditions @.

Entry Ar-H Product Yield Time  M.p. [Lit. m.p.
(%) (min) °c]
CHO
1 90 30 158 [158-
160]%
CHO
2 75 40 138-140 [140-
1427?°
OMe

Table 3 continues on the next page
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Table 3 — continuation

CHO
3 @ 75
NO,
CHO
4 ©/ 79
OH
CHO
5 ©/ 80
NO,
OMe
CHO
6 /©/ 87
CH,0
CHO
7 /©/ 80
HO

45

35

40

30

38

117-119 [118]%

179-181 [180-
182]°

159-161 [161-
163]%

160-162 [158-
160]%

230-232 [229-
232]%°

Table 3 continues on the next page
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Table 3 — continuation

84 35  139-140 [137-
139)%

CHO
9 84 35 143-145 [144-
1453
Cl
CHO
10 82 35 164-166 [160-
162]%
Br
CHO
11 82 35 130-132 [130-
131]3
O,N
CHO
12 85 35 160-162 [156-
158]%
MeO
OMe

13 87 30 161-163(160-

162)2

/\

o~ ~CHO

@ Reaction conditions: aldehyde (1 mmol), ethyl acetoacetate (2 mmol) and ammonium acetate (1.5 mmol), under
solvent-free conditions at 100 °C.
b Isolated yields.
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A series of 14-dihydropyridines were
synthesized by using diverse aldehydes, ethyl
acetoacetate and ammonium acetate in the presence
of BTPPC (15 mol%) as a catalyst under solvent-
free conditions (Table 3).

As shown in Table 3, the reaction proceeds
equally well irrespective of the nature of the
carbonyl compounds (aromatic, heteroaromatic) to
afford the corresponding products in excellent
yields (75-90%). The catalytic system works well.
It is noteworthy to mention that the effect of the
nature of the substituents on the aromatic ring
showed no obvious effect on the conversion,
because they were obtained in high vyields in
relatively short reaction times.

The mechanism of this reaction in the presence
of BTPPC is similar to that of Hantzsh reaction
mechanism. BTPPC may increase the electrophilic
character of the carbonyl carbon of the aldehydes
by forming intermolecular bonds between the
phosphonium cations and the carbonyl oxygen of
the aldehydes.

CONCLUSIONS

In conclusion, BTPPC was found to be an
efficient catalyst in the one-pot reaction of
aldehydes, ethyl acetoacetate and ammonium
acetate to afford 1,4-dihydropyridines.

The low cost, availability, low toxicity and
stability of the catalyst under normal temperatures
and pressures, good to excellent yields of products
and short reaction times make this methodology a
valid contribution to the existing processes in the
field of 4-substituted-1,4-dihydropyridines
derivatives synthesis.

EXPERIMENTAL
Chemicals and Apparatus

All chemicals were obtained from Merck and
Fluka Companies. The melting points were
measured using an Electrothermal 1A 9100 digital
melting point apparatus. The IR spectra were
recorded on a Bruker (4000-400 cm?)
spectrometer. *H NMR spectra were recorded on a
400 MHz spectrometer using TMS as internal
standard.

General Procedure

A mixture of aldehyde (1 mmol), ethyl
acetoacetate (2 mmol), and ammonium acetate (1.5
mmol) was stirred at 100 “C in the presence of
BTPPC (15 mol%) for the appropriate time. After
completing the reaction, as indicated by TLC, the
reaction mixture was dissolved in ethanol and

poured into water. The resulting precipitate was
filtered and purified by recrystallization from
ethanol to afford the desired compound in pure
form. All products were identified by comparison
of their physical and spectroscopic data with those
reported for authentic samples.

Diethyl 1,4-dihydro-2,6-dimethyl-4-
phenylpyridine-3,5-dicarboxylate (Entry 1, Table
3): IR (KBr): ymax 3342, 1689, 1651, 1491, 1218,
1127, 704cm™. 'HNMR (400 MHz, DMSO-ds,
d/ppm): 1.12 (t, J= 7.2 Hz, 6H), 2.25 (s, 6H), 3.98
(m, 4H), 4.85 (s, 1H), 7.21-7.07 (m, 5H), 8.80 (s,
1H). 3CNMR (100 MHz, DMSO-ds, 8/ppm): 14.2,
19.5, 39.6, 59.7, 104.1, 126.1, 127.8, 128.0, 143.9,
143.7, 167.6.

1,4-Dihydro-2,6-dimethyl-4-(4-methoxyphenyl)
pyridine-3,5-dicarboxylate (Entry 6, Table 3): IR
(KBr): ymax 3342, 2983, 1694, 1491cm™. 'HNMR
(400 MHz, CDCls, 8/ppm): 1.24 (t, J= 7.2 Hz, 6H),
2.33 (s, 6H), 3.76 (s, 3H), 4.01 (m, 4H), 4.94 (s,
1H), 5.70 (s, 1H), 6.76 (d, J= 8.8 Hz, 2H), 7.21 (d,
J= 8.8 Hz, 2H). ¥CNMR (100 MHz, CDClIs,
o/ppm): 14.2, 19.5, 38.7, 55.1, 59.7, 104.3, 113.1,
128.9, 140.3, 143.5, 157.8, 167.7.

Diethyl 1,4-dihydro-2,6-dimethyl-4-(4-
nitrophenyl)pyridine-3,5-dicarboxylate (Entry 11,
Table 3): IR (KBr): ymax 3326, 1694, 1646, 1523,
1346, 1218, 1116, 704cm™ HNMR (400 MHz,
CDCls, é/ppm): 1.23 (t, J= 7.2 Hz, 6H), 2.37 (s,
6H), 4.11 (m, 4H), 5.10 (s, 1H), 5.79 (s, 1H), 7.46
(d, J= 8.4 Hz, 2H), 8.10 (d, J= 8.4 Hz, 2H).
BCNMR (100 MHz, CDCls, &/ppm): 14.2, 19.6,
40.1, 60.0, 103.2, 123.3, 128.9, 144.6, 146.3, 155.1,
167.0.

Diethyl 1,4-dihydro-2,6-dimethyl-4-(3,4-
dimethoxyphenyl)pyridine-3,5-dicarboxylate
(Entry 12, Table 3): *HNMR (400 MHz, DMSO-
ds, 8/ppm): 1.15 (t, J= 7.2 Hz, 6H), 2.25 (s, 6H),
3.67 (s, 6H), 4.10-3.90 (m, 4H), 4.79 (s, 1H), 6.63
(dd, J= 8.4 Hz, 2.0 Hz, 1H) 6.73 (d, J= 2 Hz, 1H),
6.79 (d, J= 8.4 Hz, 1H), 8.77 (s, 1H). *CNMR (100
MHz, DMSO-ds, &/ppm): 14.7, 18.6, 38.7, 55.7,
55.8,59.4, 102.4, 111.9, 112.1, 119.6, 141.4, 145.5,
1475, 148.3, 167.5.
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Chromium(V1) removal from water by using polyaniline biocomposites with
Madhuca longifolia and Szygium cumini leaves
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Biocomposites of polyaniline with Madhuca longifolia (PANI/ML) and Szygium cumini (PANI/SC) were
synthesized, characterized and used for batch-wise adsorption of Cr(VI) from water. Optimum conditions for
PANI/ML: 20 min contact time, adsorbent dose 0.3 g in 50 mL solution of Cr(V1), 50° C temperature and pH 2; and for
PANI/SC: 80 min contact time, adsorbent dose 0.1 g in 50 mL solution of Cr(VI), 10° C temperature and pH 5.
Langmuir isotherm shows that chemisorptive monolayer removal of Cr(VI) has occurred on the composite binding
sites. 13.334 mg/g is the maximum adsorption capacity of PANI/ML, in case of PANI/SC it is 4 mg/g. AG® negative
value confirms the feasibility and spontaneity of the adsorption process. Freundlich isotherm tells about
heterogeneously distributed sites and physio-sorptive metal ion removal. For PANI/ML and PANI/SC the constant Kg
values are 0.019 and 0.005, respectively. Results revealed that PANI/ML is a better ecofriendly biocomposite for

Cr(VI) removal from water as compared to PANI/SC.

Keyword: Cr(VI), Polyaniline composites, ecofriendly, leaves, water.

INTRODUCTION

In Pakistan uncontrolled industrialization has
become the main cause of environmental
degradation. Industrial effluents which contain
hazardous substances and heavy metals are
disposed either into water bodies or onto open land
directly or indirectly. Through different routes these
hazardous substances enter and disturb the lifecycle
and also cause diseases, e.g, cancer [1]. One of
these toxic substances is chromium which is present
in aqueous systems in trivalent and hexavalent
form. Different industries, for example metal
finishing, pigments, glass, inks, dyes, certain glues
and ceramics use chromium [2]. Heavy metals are
not biodegradable and bring high level toxicity to
the environment [3].

The French chemist Vauquelin discovered
chromium in 1798 [4]. Cr(VI) is more poisonous
than Cr(111) [5]. Cr (VI) compounds are responsible
for many clinical problems. Its retention and
inhalation can cause asthma, nasal septum
perforation, pneumonitis, bronchitis, liver and
larynx inflammation, and bronchogenic carcinoma
[6-8]. For Cr(VI) removal, adsorption on activated
carbon is a very efficient process but it is very
expensive [9]. In the last decades, metal ion
adsorption by conducting polymers as PANI and
polythiophene has been reported [10]. Among
conducting polymers polyaniline (PANI) is very
efficient. Abundant amine and imine groups in it

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

can chelate metal ions [8]. In this research work,
polyaniline composites with plant leaves of
Szygium cumini (Jamun) PANI/SC, and Madhuca
longifolia (Mahva) PANI/ML were prepared and
used for Cr(VI) adsorption in batch mode.

EXPERIMENTAL WORK

Instruments used were: Digital balance, Chiller
apparatus Caoran CAN-7000-B, FT-IR
spectrophotometer, atomic absorption
spectrophotometer (Perkin Elmer Aanalyst 100).
Chemicals used were: aniline monomer, anhydrous
ferric chloride, HCI (AnalaR), DMF (PRS Panreac),
acetone (BDH). Aniline was purified by distillation
before use. The middle fraction of the distillate was
collected, kept under nitrogen atmosphere and
stored in a refrigerator. Aniline polymerization was
carried out as already reported [7].

Synthesis of PANI composites with Szygium cumini,
Madhuca longifolia leaves

The composites were prepared in a similar way
as already reported [11] and characterized by
UV/Visible spectroscopy and FT-IR.

Preparation of stock solution and standards for
adsorption studies of Cr (VI):

For a stock solution of 1000 ppm, 2.82 g of
potassium dichromate was dissolved in 1000 ml of
water and further standards were prepared by
dilution.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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ADSORPTION STUDIES

The adsorption studies of Cr(VI) were carried
out in batch mode separately for both composites as
described earlier [7]. The percent removal of
Cr(VI) ions was calculated by:

Adsorption %age = [(Cix-Crin)/Cin] X 100
where Ci, is the initial concentration of Cr(V1), Crin
is Cr(V1) concentration after adsorption.

RESULTS AND DISCUSSION
UV/VISIBLE spectroscopic analysis

PANI and its composites were analyzed after
dissolution in dimethyl formamide and their spectra
were taken. The Amax Of PANI and its composites
are given in Table 1. Absorption at Amaxa 330 nm is
due to a = — 7* transition of aniline in the benzenoid
ring [11]. Absorption at 645 nm is due to an
excitonic transition of benzenoid to quinonoid ring.
Presence of two peaks in the UV/Vis spectra shows
that two non equivalent rings, benzenoid and
quinonoid, are present in the polymer chain.

FT-IR Characterization

FT-IR was used to characterize PANI and its
composites (PANI/ML, PANI/SC) and relevant
peaks are given in Table 2 [12]. By comparing the
FT-IR spectra of PANI and its composites
(PANI/ML, PANI/SC) it was observed that the

Table 1. Amax of PANI and its composites

band (due to amino group (N-H) [13] stretching
frequency) for PANI at 3431 cm™ is shifted to 3425
cm?® in case of PANI/ML and PANI/SC. The
absorption band at 1571 cm is due to benzenoid to
quinonoid rings nitrogen bond, because of
benzenoid to quinonoid transition. In case of
PANI/ML it is shifted to 1584 cm™ and in case of
PANI/SC - to 1575 cm™. Peaks due to secondary
amine stretching [14] are shifted from 1293 cm™
(PANI) to 1288 cm?® (PANI/ML) and 1266 cm*
(PANI/SC). Bands in the range of 1571-1116 cm
are due to the conductive nature of PANI.

CONDUCTIVITY MEASUREMENTS

The conductivity of PANI and its composites
was measured by the Four Probe Method using
Keithley 4200-SCS. The conductivity of polymers
depends upon their size, type of monomer, doping
level, shape, and interaction between filler
molecules. Temperature dependent conductivity
measurements were carried out with the samples at
room temperature. Results in Table 3 show that
PANI/ML is less conductive than PANI/SC. Its
lower conductivity is due to the poorer connectivity
between grinded leaves and polymer due to which
its compactness and packing density decrease,
because of the presence of chains of polymer not
supported by leave particles, so conductivity also
decreases [11].

xmaxl

7\fmax2

Sample Absorbance Absorbance
(nm) (nm)
PANI 330 0.376 645 .285
PANI/SC 330 0.373 635 227
PANI/ML 325 0.327 645 169
Table 2. FT-IR analysis of PANI and its composites
Vibrational Reference PANI PANI/ML PANI/SC
Assi absorption band 1 1 1
ssignment (cm ) (cm™) (cm™) (cm™)
N-H Stretching 3426 3431 3425 3425
N=Q=N 1577 1571 1583 1575
N=B=N 1489 1493 1499 1499
-C=N Stretching 1295 1293 1288 1266
Aromatic C-N-C 1121 1116 1132 1132
Table 3. Conductivity, resistivity and thickness of PANI and its composites.
Sr. Samples Thickness Resistivity Conductivity
No. (cm) (Q) (S/cm)
1. PANI 0.014 60.3613 16.5669 x 103
2. PANI/ML 0.0172 1.6495x10° 606.2393 x 106
3. PANI/SC 0.0188 76.42753 1.3084x 1072
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Fig.1. I-V Plots by PANI and its composites.
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Fig.2. Comparison of conductivity of PANI and its
composites.

BATCH ADSORPTION EXPERIMENTS
ADSORBENT DOSE

The effect of various adsorbent doses was
studied for the percent removal of Cr(VI) metal.
The results are given in Fig.3. The maximum
percent removal of Cr (V1) was observed with 0.1 g
of PANI/SC (89.52% removal) and 0.3 g of
PANI/ML (91.03% removal). The results revealed
that preventing the PANI/ML particles from
aggregation and exposing Cr(VI) towards available
active sites for adsorption showed greater
efficiency in its removal. In case of PANI/ML
adsorption firstly increases and then decreases
because of adsorbent particles coagulation, due to
which the number of sites available for adsorption
decreases [12].

CONTACT TIME

Adsorption phenomenon is time dependent. The
effect of different time intervals on the percent
removal of Cr (VI) by PANI/ML and PANI/SC was
observed. Results are shown in Fig.4. The
maximum percent removal value was 82 % for
PANI/SC composite for 80 min, and 88.236 % for
PANI/ML composite for 20 min. The reduced time
interval for maximum removal of Cr(VI) using
PANI/ML composite showed that it has more
adsorption sites which are available for adsorption
of metal ions. After the maximum removal of Cr
(VI), the adsorption decreased with increase in

contact time because all available sites were
occupied [13]. PANI/ML was more appropriate for
removal of Cr (V1) than PANI/SC.

METAL SOLUTION pH

The results of the pH study are shown in Fig.5.
Solution pH is responsible for the type and ionic
state of functional groups present on the sorbing
material and the ionic state of chromium. Cr(VI) is
converted to Cr(lll) in acidic medium, which is
further converted to Cr(OH)?* and Cr(OH).*, that
can interact with -NH, N=Q=N and N=B=N
functional groups of PANI composites [14-18]. The
Cr(VI) adsorption mechanism on the composites
may be an exchange between the CI- and Cr,Or
anions [19,21]. The maximum percent removal
value was 88.666 % for PANI/SC composite at pH
5 and 91.03 % for PANI/ML composite at pH 2.
PANI/ML was more appropriate for removal of
Cr(V1) than PANI/SC.

TEMPERATURE

The adsorption of Cr (VI) was studied at various
temperatures ranging from 10 to 10 C on
PANI/ML and PANI/SC (Fig.6). The maximum
percent removal of Cr(VI) was observed at 10 °C
using PANI/SC and at 50 C using PANI/ML
composite. The percent removal values were
85.655 and 87.161% for PANI/SC and PANI/ML
composites, respectively. The results showed that
PANI/ML was more appropriate for removal of
Cr(VI1) than PANI/SC.

ADSORPTION ISOTHERMS

The Langmuir and Freundlich isotherms for
PANI/ML and PANI/SC are shown in Tables 4 and
5, respectively.

Table 4. Langmuir isothermal parameters

Adsor Slope Intercept R®" gm b AGe R
bent (mg/g) (L/mg) (KJ/mol)

PANI/ML 13.27 0.075 0.91213.334 0.005 -13.1290.7
PANI/SC 13.99 0.250 0.979 4.0 0.017 -10.096 0.5

Table 5. Freundlich isothermal parameters

Adsorbent Slope Intercept R? Ke n

PANI/ML 1.730 1.710 0.853 0.019 0.578
PANI/SC  1.749 2.272 0.862 0.005 0.571

Langmuir isotherm indicated that monolayer
chemisorptive removal of Cr(VI) ions has occurred
on the homogeneously distributed composites’
binding sites [22-24]. It is predominant over the
Freundlich model. This means that chemisorption is
predominant over physisorption, as indicated by the
greater R? value of Langmuir than Freundlich.
Maximum adsorption capacity (gm) values for
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PANI/ML and PANI/SC are 13.34 and 4 mg/g,
respectively.

The negative sign of AG° showed that the
adsorption process is feasible and spontaneous.
Results revealed that PANI/ML shows better
adsorption than PANI/SC, where 'n' and 'K¢' are
Freundlich isotherm constants. 'Kr value was 0.019
and 0.005 for PANI/ML and PANI/SC,
respectively. For Cr(VI) ions the value of 'n' was
0.578 for PANI/SC and 0.571 for PANI/JL.
Separation factor R value is between 0 and 1,
indicating the favorability of this process [23]. At
higher values of ‘n’ the affinity and heterogeneity
of adsorbent sites will be greater.
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Fig. 3. Comparative graph of PANI/ML and
PANI/SC showing the effect of adsorbent dose on the %
adsorption of Cr(VI).
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CONCLUSIONS

Polyaniline composites PANI/ML and PANI/SC
were synthesized, characterized and wused as
adsorbents for Cr(VI) removal from water. It was
observed that PANI composite formation enhanced
the adsorption capacity due to morphology
modification and prevention of polyaniline particles
aggregation. The batch experiments showed that
Langmuir adsorption isothermal model is better
fitted during adsorption of Cr(VI), which suggested
that chemisorption occurred during removal of
Cr(VI). The negative value of AG® confirmed the
spontaneity and feasibility of the adsorption
process. The observed trend of adsorption is

PANI/ML > PANI/SC.

Results revealed that polyaniline composites
with Syzygium cumini (PANI/SC), and Madhuca
longifolia (PANI/ML) are good adsorbents for
removal of Cr(VI).

REFERENCES

1. S.A. Khan, Riaz-ur-Rehman, M. Ali Khan, Waste
Manag., 15, 271 (1995).

2. C. Namasivayam, R.T. Yamuna, Chemosphere, 30,
561 (1995).

3. RK. Gupta, R.A. Singh, S.S. Dubey, Sep. Purif.
Tech., 38, 225 (2004)

4. AK. Shanker, C.Cervantes, H. Loza-Tavera, S.
Avudainayagam, Env. Int., 31, 739 (2005).

5. M.R. Samani, S.M. Borghei, A.Olad, M.J. Chaichi, J.
Hazard. Mat., 184, 248 (2010).

6. J. Kotas, Z. Stasicka, Env. Poll., 107, 263 (2000).

7. F.Kanwal, R.Rehman, J. Anwar , M. Saeed, J. Chem.
Soc. Pak., 34,1134 (2012).

8. Q. Li, L. Sun, Y. Zhang, Y. Qian, J. Zhai,
Desalination, 266, 188 (2011).

9. E. Malkoc, Y. Nuhoglu, M. Dundar, J. Hazard.
Mat.,B, 138, 142 (2006).

10. A.G Yavuz, E. Dincturk-Atalay, A.Uygun, F. Gode,
E. Aslan, Desalination, 279, 325, (2011).



F. Kanwal et al.: Chromium(VI) removal from water by using polyaniline biocomposites with Madhuca longifolia and ...

11.F.Kanwal, A. Batool, S. Rasool, S. Naseem, R.
Rehman, Asian J. Chem., 26, 7519 (2014).

12.K.Y. Xu, X. Zheng, C.L. Li and W.L. She, Phys.
Rev., 71, 066604 (2005).

13.J.B. Pendry, AJ. Holden, W.J. Stewart, 1. Youngs,
Phys. Rev. Lett., 76, 4773 (1996).

14.L. Ai, J. Jiang, R. Zhang, Syn Mat, 160, 762 (2010).

15. A.Olad, A. Rashidzadeh, Iranian J. Chem. Eng., 5,
45 (2008).

16.0.V.Dalgov, D.A Kirzh, E.G.Maksimov, Rev. Mod.
Phys., 53, 81, (1981).

17.P.A.Kumar, S.Chakraborty, M.Ray, J. Chem. Eng.,
141, 130 (2008).

18.J.Anwar, U.Shafique, W.Zaman, M.Salman,
Z.Hussain, M.Saleem, N.Shahid, S.Mahboob,
S.Ghafoor, M.Akram, R.Rehman, N. Jamil, Green
Chem. Lett. Revs., 3, 239 (2010).

19.Y.Zhang, Q.Li, L.Sun, R.Tang, J.Zhai, J. Hazard.
Mat., 175, 404 (2010).

20.F.Kanwal, R. Rehman, J. Anwar, T. Mahmud,
EJEAFChe. 10, 2972, (2011).

21.R.Rehman, J. Anwar, T. Mahmud, J. Chem. Soc.
Pak., 34, 460 (2012).

22.Li. X, M. Zhong, J. Sep. Sci., 31, 2839, (2008).

23.F. Kanwal, R.Rehman, J. Anwar and T. Mahmud, J.
Chil. Chem. Soc., 57, 1058 (2012).

24.J. Anwar, U. Shafique, M. Salman, W. Zaman, S.
Anwar, J. Hazard. Mat., 171, 797 (2009).

OTCTPAHSIBAHE HA XPOM (VI) OT BOAU C U3ITIOJI3BBAHETO HA TTOJIMAHUJIIMHOBU
BUOKOMIIO3UTHU C JIMCTA OT Madhuca longifolia 1 Szygium cumini

@. Kansaun, P. Pexman™, C. Pacyn, K. Jlnakar
Hucmumym no xumus, Yuusepcumem ua Ilynooca6, Jlaxop-54590, [lakucman
IMoctermna Ha 12 nekemspu, 2014 r.; kopurupana Ha 26 dpepyapu, 2016 r.
(Pesrome)

CunTe3upanu ca GHoKoMmo3uTH OT monuanmnnH ¢ srcra ot Madhuca longifolia (PANI/ML) u Szygium cumini
(PANI/SC). Te ca oxapakTepu3HpaHU W H3MOJ3BaHU 3a nepuoandHa ajacopbuus na Cr(VI) or Boma. OntumanHute
ycmosus 32 PANI/ML ca: konTakTHO Bpeme 20 MuH., 1o3a axcopbent 0.3 r 8 50 mL paszrop wa Cr(VI), 50° C u pH 2.
3a PANI/SC: xonTaktHO Bpeme 80 MuH., 1o3a agcopbent 0.1 r B 50 mL pazreop Ha Cr(VI), 10° C u pH 5. C nomorira
Ha u30TepMaTa Ha JIaHrMroMp € IoKa3aHo, Ye OTCTPAaHSIBAHETO Ha XpOMa CTaBa uYpe3 MOHOMOJIEKYIISIpHA XeMHCOPOIHs
BBPXY aKTUBHHTE IICHTPOBE Ha ajcopOeHTa. MakcumanHuAT ancopOiuoneH kamanuteT Ha PANI/ML e 13.334 mg/g,
nmokaro 3a PANI/SC toit e 4 mg/g. Otpunarennata croiiHocT Ha AG® OTBBpIKIaBa HAASKIHOCTTA H CIOHTAHHOCTTA Ha
agcopOonHus nporec. M3otepmara Ha Freundlich cBunerencTsa 3a XxeTeporeHHO pa3noNIoKeHN aKTHBHH LIEHTPOBE U
¢u3naHOTO OTCTpaHsBaHe Ha MetanHuTe HoHM. CtoitHOcTHTEe Ha KF 32 PANI/ML 1 PANI/SC ca cvotBetHO 0.019 1
0.005. Pesynrature nokassat, ue PANI/ML e exoorudHo mo-mo0bp OHOKOMITO3HT 3a oTcTpansBaHeto Ha Cr(VI) ot
BoAH crpsimo 6uokommosuta PANI/SC.
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Prolonged exposure to sunlight or solar simulated UV irradiation (SSUV) leads to oxidative stress in tissues. The
literature data concerning the effect of this factor on hypothyroidism are controversial. The aim of this study was to
investigate the influence of hypothyroidism and UV radiation on free radicals formation in rat’s liver. After one week of
adaptation, hypothyroid model was developed in 4 weeks, by continuous administration of 0.01% 6-n-propyl-2-
thiouracil in the drinking water of male Wistar-Albino rats. Hypothyroidism was confirmed by the significant reduction
of blood free thyroxin (approximately 0.44 ng/l, while 18 ng/l in the controls). The model was also proved by the loss of
both appetite and body weight gain of the hypothyroid rats. During the 6-th week of the experiment, half of the PTU
treated rats were irradiated with SSUV lamp for 60 min, divided into 4 portions with respective 15 min breaks. After
decapitation, the accumulation of free radicals in rats’ livers was measured spectrophotometrically using MTT-assay.
Data were presented as percentage of the corresponding data for controls.

Alone, SSUV irradiation increased, while hypothyroidism decreased the free radicals accumulation in the rat liver.
This was in agreement with the literature data about the individual effects of these factors on the oxidative stress. When
the SSUV irradiation was applied on the hypothyroid rats, the relative increase of the free radicals in the liver was much
higher than that in the livers of SSUV irradiated normothyroid animals.

Key words: hypothyroidism, UV radiation, free radicals, liver
increased free radicals production [16,17], although

the interrelation is complicated. The oxidative
stress in subclinical hypothyroidism has been

INTRODUCTION

Prolonged exposure to sun or solar simulated

UV (SSUV) irradiation leads to accumulation of
free radicals in the skin [1], immune suppression
and synthesis of excessive proinflammatory
cytokines, all resulting in oxidative stress in
different tissues [2,3]. The sunburn and UV-
radiation are major factors for set-up and
development of UV-initiated diseases [4-7].
Clinical, biochemical and histological observations
showed that both humans and animals develop
hypothyroidism during long lasting spaceflight [8].
This has been associated with effects of sub-
apoptotic doses of UVC [9], which compromised
thyrocytes proliferation and the expression of genes
involved in thyroid hormones production.

Thyroid hormones are involved in setting of the
basal metabolic rates in the liver [10] and in
decreasing of the oxidative stress-induced toxicity
both in animals and humans [11,12]. But literature
data about oxidative stress levels in hypothyroidism
are controversial. Thyroid dysfunction was
associated with enhanced oxidative stress [13] due
to reduced antioxidant defense [14,15] and

* To whom all correspondence should be sent:
E-mail: m_traykova@mail.bg
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associated with secondary hypercholesterolemia to
thyroid dysfunction, but not to the hypothyroidism
per se [18]. Other experimental data proved that the
decreased metabolic rates due to hypothyroidism
can diminish the tissue damages, opposing the
deleterious effects of both increased free radicals
and incapacitated antioxidant defense [19-21].

As thyroid hormones are involved in the control
over the oxidative stress in a very complex manner,
and the pre-exposition to solar (or solar simulated)
UV radiation tends to initiate oxidative stress in
tissues, the question arises about the effect of the
prolonged exposition to sun or SSUV radiation on
individuals with hypothyroidism.

In the present work, the effect of systemic pre-
exposition to SSUV radiation on the free radicals
production in the liver of hypothyroid rat model
was estimated. The aim of the study was to monitor
the individual and mutual effects of SSUV and
hypothyroidism on the free radicals accumulation
in the liver, and to compare this parameter with the
corresponding level for the control animals. The
accumulation of free radicals in a tissue is among
the major factors for developing of the oxidative
stress, later resulting in tissue damage. The free
radicals accumulation was monitored by using

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:m_traykova@mail.bg

M.L. Valcheva-Traykova, G.S. Bocheva: Effect of ultraviolet radiation on the free radicals formation in hypothyroid rat’s liver

spectrophotometric method, with MTT as a marker
molecule. The activity of xanthine oxidase was
estimated using uric acid as a marker.

MATERIALS AND METHODS

Animal model: 30 male Wistar albino rats of
body weight 135+5 g were separated in 4 groups
named C (control), UV (normothyroid rats exposed
to SSUV), PTU (hypothyroid rats) and PTU+UV
(hypothyroid rats exposed to SSUV), housed in
transparent standard containers. All animals were
treated in agreement with the General regulations
for treatment of experimental animals, established
by the Ethic Committee at the Medical University
of Sofia, in agreement with the “Guide to the care
and use of Experimental Animal Care” (Canadian
Council on Animal Care Guidelines, 1984).

After one week of adaptation, the groups PTU
and PTU+UV were provided with 0.01% (w/w)
aqueous solution of 6-n-propyl-2-thiouracil (Sigma-
Aldrich), ad libitum for 5 weeks. The water and
food consumptions were measured everyday, at the
same hour, and data were used to calculate the
average daily food and water consumption of one
animal of a group. The body weight of the rats was
measured two times per week, and the weekly body
weight gain of an animal in a group was estimated.
The average daily dose of 6-n-propyl-2-thiouracil
consumed by the model animals was 16+3
mg/kgsw. At the end of the fourth week of the
experiment, FT, was measured for each group.
During the 5-th week, the normothyroid UV group
and the hypothyroid PTU+UV group were exposed
to ultraviolet radiation, by using UV lamp (type
“Helios” 125W, IBORA, Bulgaria). The lamp
combined UV (180 — 400 nm) and IR sources
adjusted to mimic sunlight. The SSUV source was
positioned at a distance of one meter from the
animals’ cage. The two groups were irradiated for
15 min four times per day, with periods of 15 min
pause between sessions.

Preparation of the supernatanta: After the 7-th
day of SSUV-exposure all animals were
decapitated under anesthesia (Urethane, 2 mg/100 g
BW). Livers were extracted and homogenized in
sonified ice-cold PBS (50 mM, pH 7.45) solution of
0.04% BHT (for preventing the autooxidation with
oxygen in the air). The homogenates were prepared
using “Mechanik Prezsizna” type 302 homogenizer,
at a speed of 2500 rpm and 20 vertical movements
of the vessel. After centrifugation at 4°C and 2500
rpm for 10 min in a centrifuge (JERNETZKI K24),
the supernatanta was collected and stored in ice-
cold bath.

The amount of proteins in the supernatanta was
determined as described by Stoscheck [22].

Xanthine oxidase activity assessment: The
activity of xanthine oxidase was determined by
measuring the relative change of the absorbance at
293 nm due to transformation of xanthine to uric
acid, in a quartz cuvette, as previously described
[23]. Briefly, one milliliter of the cuvette contained
0.02 ml xanthine solution, 0.02 ml supernatanta,
and 0.96 ml PBS, against reference cuvette
containing PBS. The blank measurement was
performed by estimation of the relative change of
the absorbance at 293 nm in a sample in PBS alone,
with reference cuvette containing PBS. The amount
of uric acid formed in the cuvette for one minute
was calculated after subtracting the relative change
of the absorbance at 293 nm measured in the blank
sample. The activity of xanthine oxidase was
calculated in mU/mg proteins, one unit of the
enzyme being the amount needed to convert 1
umole of xanthine to uric acid for one minute at
25°C. To assess the effect of the treatment on the
xanthine oxidase activity, the latter was presented
as a percentage of this for the control group.

Measurement of the free radicals accumulation:
The accumulation of free radicals in the liver
supernatanta was evaluated using a marker
molecule named MTT (Nitroblue tetrazolium
bromide; Sigma-Aldrich) [23,24]. In presence of
free radicals MTT transforms to formazan [25],
with characteristic absorbance at 578 nm [25,26].
Recently, MTT has been successfully used in
evaluations of free radicals accumulation in
presence of pharmaceuticals [24,27], plant extracts
[28,29] and animal tissues [30], proving to be very
efficient and cheap. One ml of the cuvette
contained 0.02 ml liver supernatanta, 0.02 ml
xanthine, 0.1 ml MTT and PBS. The relative
change of the absorbance at 576 nm was monitored
for 5 min. The amount of MTT formazan formed
for one minute in the presence of supernatanta,
containing 1 mg proteins was calculated, and then
data were presented as percentage of these for the
control animals.

Statistical analysis. All parameters were
presented as percentages of the corresponding
parameter for the control animals. The activity of
the xanthine oxidase and the formation of MTT-
formazan were treated as two factors, each of them
having four levels (“control”, ‘“hypothyroid”,
“SSUV- irradiated”, and “hypothyroid and SSUV-
irradiated”).

The statistical significance of the mean values
and standard deviations for each factor were
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analyzed using Bartlett test, followed by ANOVA
and Bonferoni post-test.

RESULTS

The hypothyroidism was achieved at the end of
the 4-th week, as proved by both low free thyroxin
(0.44+0.31 ng/l compared with 18.41+0.28 ng/l for
the controls), loss of appetite, as well as by the loss
of weight gain (p<0.01, Figure 1).

300 -

250 - ,/’é’/—{ )

cd

2004 '/
: b

%

150 - —— 3
T o4
100 +

50 1

BW, % of 1-st week

0
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Fig. 1. Effect of 6-n-propyl-2-thiouracil on the body
weight gain (BW, % of the 1-st week) of the
experimental animals: 1 (0)- body weight of the control
norm thyroid animals (group C); 2 (O)- body weight of
the normothyroid rats exposed to SSUV-radiation (group
UV); 3 (A)- body weight of the hypothyroid animals
(group PTU); 4 (<)- body weight of the hypothyroid
animals exposed to SSUV-radiation for one week (group
PTU+UV).

In agreement with literature [31-33], the loss of
the body weight gain was associated with the
decreased appetite of the animals, due to drastically
decreased thyroid hormones levels.

Our data, presented in Figure 1, suggested that
the hypothyroidism was the main factor for the loss
of body weight gain (p<0.001). The SSUV
exposure resulted in a slight but statistically
significant (p<0.05) additional body weight loss for
the normothyroid group.

When applied alone, SSUV treatment increased,
while 6-n-propyl-2-thiouracil decreased the activity
of xanthine oxidase, compared with the control
group (Figure 2).

The activity of xanthine oxidase in the livers of
the hypothyroid rats (group PTU) was (47+4)% of
this in the livers of the control animals. This
decrease could be related with the decreased overall
metabolic rates of the animals due to 6-n-propyl-2-
thiouracil-induced hypothyroidism [18, 20,21].

After one week of SSUV irradiation, the
xanthine oxidase activity in the liver relatively
increased to (115+1)% and (170+2)% for
normothyroid and hypothyroid rats, respectively,
compared to this in the livers of the corresponding
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untreated groups. In accordance with previously
published data, this increased activity can be
explained with adaptation-related oxidative stress
[2,3].
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Fig. 2. Effects of SSUV-radiation and

hypothyroidism alone and in combination on the activity
of xanthine oxidase (|:|) and on the production of
MTT- formazan () in the liver homogenate of the
model animals: Control — control group, PTU-
hypothyroid rats, UV- normothyroid rats exposed to
SSUV-radiation for 1 week, PTU+UV- hypothyroid rats
irradiated for 1 week with SSUV. Data are presented as
percentages of the corresponding parameters for the
control group (* - p<0.05, **- p<0.01, *** - p<0.001).

However, we found, that even after SSUV
exposure, the activity of xanthine oxidase in the
livers of the group PTU+UV was still significantly
lower than this of the control group. Statistical
analysis suggested that in the hypothyroid-induced
suppressed metabolism, the effect of the SSUV
induced adaptive oxidative stress (p<0.001) due to
the domination of xanthine oxidase activity in the
rat liver.

The formation of MTT-formazan in the liver
was enhanced due to SSUV irradiation to (148+3)
%. In the hypothyroid state, the MTT-formazan
decreased to (35+£17) % in comparison with control
animals. The SSUV exposure resulted in relatively
more MTT-formazan in livers of normothyroid
(148+3) % and hypothyroid (182+11) % rats,
compared with the corresponding SSUV- untreated
groups. The statistically significant (p<0.001)
collective effect of SSUV and hypothyroidism on
the MTT-formazan in the rat livers (64+11) %,
compared to this of the control group (100+17) %
indicated the prevailing impact of the SSUV.

DISCUSSION

As the MTT-formazan was formed by
interaction of MTT with free radicals [23-30], its
appearance in presence of our model systems
indicated free radicals formation. In our
investigation, the formation of free radicals in the
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liver supernatanta was prompted by addition of
xanthine to the system. The increased content of
xanthine provided enough substrate for xanthine
oxidase to produce uric acid and reactive oxygen
species [34,35].

Our study proved that, if applied alone, the 6-n-
propyl-2-thiouracil-induced hypothyroidism
decreased, while the SSUV-radiation increased the
xanthine oxidase activity and free radicals liver
accumulation. The former effect was associated
with the decreased metabolic rates in the
hypothyroid rats, while the latter was associated
with adaptive UV-radiation induced oxidative
stress.

The effects of the SSUV radiation on both
xanthine oxidase activity and free radicals
accumulation were stronger within the hypothyroid
than within the normothyroid rats.

CONCLUSIONS

1. SSUV irradiation and hypothyroidism alone
result in opposite effects on the oxidative stress in
rat’s liver: the former increases, while the latter
decreases the free radicals accumulation in the liver
tissue.

2. The SSUV treatment of hypothyroid rats
resulted in less free radicals in their livers than
these accumulated in the livers of normothyroid
animals.

3. The relative increase of the oxidative stress in
the hypothyroid rat’s liver is higher than this in the
normothyroid animal.
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E®EKT HA VJIITPABUOJIETOBOTO OBJIIOUBAHE BbPXY ObPA3YBAHETO HA
CBObOHU PAINKAIJIN B YEPEH APOb HA IINIBXOBE C XUIIOTUPEOUIN3BM

M. JI. Beiuesa-Tpaiikosal, I'. C. Bouepa?

Kamedpa no meduyuncka gusuxa u 6uogusuxa, Meouyuncku gaxyrmem, Meouyuncku Yuusepcumem —
Cogus, yn. 30pase 2, 1431 Coghus, bvreapusa
"Kamedpa no ¢papmaxonozus u moxcuxonozus, Meouyuncku gpaxynmem, Meduyuncku Ynusepcumem —
Codgus, yn. 3opase 2, 1431 Cogus, bvreapus

MMonyuena Ha 27 despyapu 2015 r., npuera ua 3 centemspu 2015 .
(Pestome)

[IpoabmkuTeTHOTO 0OTBbYBAHE HA 3/IpaBU ThKaHU ChC CUMYIJHpPaHa CIbHUEBA yaTpaBuoseToBa paauaius (CCYBP)
BOJM OKHUCIHUTEICH cTpec B TsaX. JlureparypHure naHHU 3a edekra Ha TO3U (AKTOp MPH XUIOTHPCOUIM3BM Ca
npotuBopeuuBu. Llen Ha ToBa u3cieaBaHe Oe Ja ce MPOyYH BIMSHUETO Ha XUMOTHpeouansMa u YB paauanusata BbpXy
00pa3yBaHETO Ha CBOOOJHHM pajuKaiu B uepeH apo0 Ha rurbX. CrieJl eIHOCeIMHYHA ajanTalis Ha MBXKKH Oenu
IUTBXOBE OT JIMHUATA BUCTap, XHIIOTHPEOHIN3MBT y TAX Oellle OCTHTHAT Ype3 XpPOHWYHO agMuHuCTpupane Ha 0.01%
6-n-nponmi-2-THoypanu (MPOMUII) B MUTEHHATa UM BoAa 3a 4 ceAMHUIN. XHUIOTHPCOUAM3MBT O¢ TOTBBPACH OT
3HAYUTEIHOTO HAaMaJeHHWE Ha THPOKCHMHA B KPBBTa Ha MOAENHHUTE >KUBOTHH (okomo 0.44 ur/m, mpu 18 Hr/m 3a
HOPMOTHUPEOUJHUTE IUTBXOBE). XHUIIOTUPCOUAUIMBT O€ MOTBBPJCH M OT 3ary0bara Ha ameTut, U OT 3a0aBeHOTO
OTHOCHTEITHO HapacTBaHE Ha TEJIECHOTO TETJI0 Ha MOJCIHUTE KUBOTHH.

IIpe3 mectara ceamulla Ha ONMUTA, MOJIOBUHATA OT TPETUPAHHUTE C MPOMMIIUI IIHXOBE 0sXa OONBUBAHH C JIAMIIA,
cuMynMpaiia cibHueBa YB paguanus B npoabipkeHne Ha 60 MUHYTH, TPYNIUpPaHd B 4 paBHU MHTEpBaJIa, C MEXIUHHU
MIPEKBCBAHUS OT MO 15 MUHYTH.

Crnen gexanuTHpaHe Ha ONMUTHUTE KUBOTHU, HATPYNBAHETO HA CBOOOJHU PAJAMKAIN B YepHHUS ApoO Oe m3cieaBaHo
cnekrpodoToMeTprudHo, ¢ npuinaranero Ha MTT-meroauka. Pesynrarute 3a MonenHara rpyna 0sixa npeicTaBeHH KaTo
MIPOLIEHT OT ChOTBETHUTE JJAHHU 32 KOHTPOJHATA TPyIIa.

[punoxenn nootnenno, CCYBP yBenuuaBaiie, OOKaTO XUINOTUPEOWIU3MBT HaMalsBallle HATPYNBAHETO Ha
cBOOOJIHY paiiKajd B 4epeH qpod Ha mrbX. To3u pe3yarat O6e B ChIIIaCHe C JINTEPATYPHUTE TaHHU 33 MHIUBUIYAITHUTE
epexT Ha Te3u (akTopH BBPXY okuciautenaHus crpec. Crnen npuinarane Ha CCYBP BbpXy XHITOTHPEOUIHHU TLTHXOBE,
HATPYTBAaHETO Ha CBOOOIHU paJWKadd B YepHHS MM ApoO Oemre MHOTO MO-TONSIMO OT TOBa B HYEpHHSA ApPoO Ha
TPETHUPAHU I10 CHINHS HAYUH HOPMOTHUPECOUIHH KUBOTHH.
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H3sPW1,040 (PW12) encapsulated on cotton-like mesoporous (CLM) silica as an
efficient, reusable nano photocatalyst for the decolorization of Rhodamine B
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Cotton-like mesoporous silica (CLM) was prepared by sol-gel technology. PW1,-containing cotton-like mesoporous
silica system (PW1,@CLM) was studied with regard to its performance towards photodecolorization of Rhodamine B
(RhB) dye solutions. The surface properties of the functionalized catalyst were analyzed by a series of characterization
techniques like FTIR, XRD, N, adsorption—desorption, UV-vis and TEM. The photoefficiency of PW1,@CLM towards
photodecolorization of RhB was investigated in a photocatalytic reactor using UV lamp as a light source.

Keywords: Supported photocatalyst; Encapsulation method; cotton-like mesoporous (CLM) silica; Rhodamine B.

INTRODUCTION

Azo dye containing waste water released into
water bodies without decolorization is toxic to the
ecosystem and also has significant influence on
human health. Therefore, such pollutants have to be
treated prior to discharging into the environment.
They can be efficiently eliminated by
photocatalytic decolorization, as an advanced
oxidation process [1,2]. Rhodamine B (RhB) is a
highly water soluble, basic red dye of the xanthene
class. It is widely used as a colorant in textiles and
food stuffs, and is also a well-known fluorescent
water tracer. RhB is highly soluble in water and
organic solvents, and its color is fluorescent bluish-
red. This compound is now banned from use in
foods and cosmetics because it has been found to be
potentially toxic and carcinogenic. So the
photodecolorization of RhB is important with
regard to the purification of dye effluents [3,4].
Many catalysts such as PbMoO: [5], MgFe204/TiO,
[6], TiO, bilayer films [7], TiO./AC [8] and
GdVO4/g-CsNs [9] have been developed for
degradation of RhB.

The photo-oxidation efficiency of POMs is
comparable to that of the semiconductor TiO, [10-
12]. Incorporation of H3PWi12,04 (PWi2) into a
silica matrix to prepare insoluble POMs with
mesoporous  structure has been used in
photocatalytic reactions [13-15].

It is well known that the size, morphology, and
structure of mesoporous materials significantly
influence their physical and chemical properties
and, therefore, their applications [16]. Recently,

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

much effort has been devoted to developing novel
approaches for tailoring the structure of
mesoporous  materials to  have  specific
morphologies, which is an important goal of
material scientists. Studies have shown that
combinations of various micelle interactions have
led to the development of helical rods [17], helical
fibers [18], shells [19], hollow or solid spheres
[20,21], and faceted rhombododecahedra [22].
Based on this idea, a series of mesoporous materials
with special morphologies, including solid spheres,
hollow spheres and leaf shapes have been
synthesized  using  different  dual-template
combinations [23-26].

The focus of the present work is to synthesize
PW1,@CLM and apply it in the
photodecolorization of RhB (C.l.No: 45170,
formula weight=479.02, structure shown in Fig. 1),
using UV irradiation. The effect of different
parameters like initial dye concentration, catalyst
loading, pH of the medium, temperature of the dye
solution on the photodecolorization of RhB were
studied in detail.

Fig. 1. Structure of Rhodamine B (RhB).

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Preparation of CLM

LSM was synthesized using dodecylamine
(DDA, 1.17 g) and F127 (0.5 g) as templates. The
templates were dissolved in a mixture of ethanol
(12 mL) and water (23 mL) under stirring for 30
min. TEOS (5 mL) was then added and the mixture
was stirred for 24 h at ambient temperature. The
solid product was recovered by filtration, then dried
for 4 h at 110 °C and calcined for 4 h at 350 °C
[27].

Preparation of PW1,@CLM

The supported PW. catalyst was prepared under
hydrothermal conditions. In a typical process, a 50
mg portion of PWi, was dissolved in deionized
water and impregnated dropwise into 100 mg
support (CLM) in 25 ml distilled water. The
mixture was added to a Teflon container and kept
under static conditions at 493 K for 8 h. The
resulting solid was dried at 110 °C for 4 h and
calcined at 350 °C for 4 h. According to elemental
analysis, the loading was 27 wt% (Fig.2).

EtOH + H20 TEOS Filtration

F127

Cotton-like Mesoporous (CLM)

H3PW 2040
(encapsulation)
PW,;,@CLM

Fig. 2. Preparation of CLM and PW:,@CLM

RESULTS AND DISCUSSION
Physico-chemical characterization

The surface properties of PW,@CLM were
analyzed by a series of characterization techniques
like FTIR, XRD, N, adsorption—desorption, UV-vis

and TEM.

100
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Fig. 3. FT-IR spectrum of PW1,@CLM.

FT-IR spectroscopy proved to be a powerful
technique for studying the surface interaction
between HPA and organic and inorganic supports.
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Fig. 3 presents the FT-IR spectrum in the skeletal
region of 4000-400 cm? for the PW;,@CLM
materials. In the spectrum of the parent CLM silica,
a main band at 1090 cm™ with a shoulder at 1201
cm? is observed that is due to asymmetric Si—O-Si
stretching modes. Also, the corresponding
symmetric stretching bands are observed at 812 and
961 cm [21]. The FT-IR spectrum of PW1,@CLM
indicates that most of the characteristic bands of the
parent Keggin structure, which could be found in
the PW1, fingerprint region (1250-500 cm), are
not shown or appeared in the same assignable
position of the bands corresponding to the ordered
mesoporous silica host materials [28].

Fig.4 shows the XRD patterns of the parent
CLM and PW,@CLM in the low angle region (20
= 0.6-8%). The main diffraction peak for CLM and
PW1,@CLM is observed at 20=3.93 and 20=4.02,
respectively. For PW,@CLM systems, on low-
angle X-ray diffraction, a slight shift of the primary
peak to higher 26 values, with a corresponding
decrease in the peak intensity was also noted. The
shift of the primary peak to higher scattering angles
can be taken as an indication of a slight decrease in
the sphere diameters, possibly due to a contraction
of their frameworks with increasing PW1, loading
during the calcination procedure. For PW1,@CLM,
the intensities of the reflections decrease, indicating
that the adopted synthesis procedure leads to less
ordered materials than traditional CLM [29].
However, the arrangement of the CLM framework
was still well retained after incorporation of PWiy,
as can be seen from the TEM and N adsorption
data.

Intensity

e PW12/CLM
T T T T T T
1 2 3 4 5 6 ¥4 8
20(Degree)

Fig.4. XRD patterns of CLM and PW1,@CLM.

The TEM image of the PW1,@CLM sample is
shown in Fig. 5. The synthesized cotton-like
mesoporous material clearly displayed a cotton
shape and worm-like porous structure [27]. The
same morphology was obtained for PW1,@CLM.
TEM analyses indicate that the wrinkled porous
structure of the CLM is robust enough to survive
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the PWi. incorporation process and so offers an
excellent matrix to support highly dispersed PWy,
species. The places with darker contrast could be
assigned to the presence of PWi, particles with
different dispersion. The small dark spots in the
image could be ascribed to PW. particles, probably
located in the PW1,@CLM cavities. The larger dark
areas over the cavities most likely correspond to
PW3, agglomerates on the external surface.

Fig. 5. TEM image of PW1,@CLM.

Structural properties of CLM and PW:,@CLM
are listed in Table 1. CLM showed BET surface
area of 1255 m?/g and pore volume of 1.21 cm?/g.
After PW1, modification, the nitrogen adsorption
isotherm (Fig. 6) became an even line and the
adsorbed volume decreased distinctly, suggesting
the occupation of the pore by PWi,. BET surface
area and pore volume of PWy3,@CLM samples
decreased which confirms that PWi, has occupied
the channels in CLM.

Two main absorptions are present in the
DRUV-vis spectrum of pure PWy,: the first one is
centered at 255 nm, and is attributed to the oxygen-—
tungsten charge-transfer absorption band for
Keggin anions [30]. The second broad absorption in
the PWa, is centered at 360 nm with a shoulder at
345 nm. For PW1,@CLM (Fig. 7), these bands are
clearly observed, and since pure nano-SiO; shows
no UV absorption peak, therefore, these results
indicated that a primary Keggin structure has been
introduced into the nanostructure framework.
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Fig. 6. Ny-adsorption-desorption isotherms of
PW1,@CLM.
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Fig. 7. DRUV-vis spectrum of PW,@CLM.
Photocatalytic activity

After characterizing PW1.@CLM, the obtained
material was used for the photocatalytic
decolorization of a 40 ppm RhB dye solution
containing 1 g L photocatalyst under UV
irradiation at wvaried conditions. A negligible
decrease in the concentration of dye was observed
under irradiation in the absence of photocatalyst or
in the presence of photocatalyst without a light
source. It is evident from the following results that
the photolysis of the RhB solution in the presence
of photocatalyst leads to the disappearance of the
compound. In the absence of -catalyst, direct
photolysis of RhB was very slow and no
appreciable photodecolorization, about 7 %, was
observed during 60 min of UV irradiation, while in
the presence of catalyst, the percentage of dye
degraded after 60 min ranged from 7% to 92%.

Table 1. Texture parameters of CLM and PW1,@CLM samples.

Texture parameters (N, adsorption)

Material Surface area (m?/g) Pore volume (cm®/g)*P Pore diameter (nm)
CLM 1255 1.21 3.3
PW1,@CLM 380 0.96 1.8

aTotal pore volume measured at p/po = 0.99.

®Pore volume and pore size (by BJH method) determined from N, adsorption at 77K.
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Effect of photocatalyst dosage

The effect of the amount of PW1,@CLM on the
photodecolorization of RhB versus time is shown in
Fig. 8a. It was observed that the decolorization
percentage increased with increasing the amount of
photocatalyst, reached the highest value (0.40 g L™
of the photocatalyst) and then decreased. The
reason for this decrease is thought to be the fact that
when the concentration of the catalyst rises, the
solid particles increasingly block the penetration of
the photons.

So, the overall number of photons that can reach
the catalyst particles and the production of OH
radicals decrease with the loading of the catalyst.
Another reason may be the decolorization of solid
particles while using large amounts of catalyst [31].
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Fig. 8. (a) Effect of PW;,@CLM dosage on
decolorization efficiency; initial RhB concentration, 11
mgL?; initial pH, 9; (b) Effect of initial dye
concentration on RhB decolorization efficiency; 0.40 g
L? of the catalyst; initial solution pH= 9.

Effect of the initial dye concentration

After optimizing the photocatalyst dosage, the
effect of initial dye concentration ranging from 3 to
13 mg L* on the photodecolorization of RhB was
investigated. The obtained results are shown in Fig.
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8b. It can Dbe seen that the rate of
photodecolorization increases with increasing dye
concentration up to 11 mg L. This may be due to
the fact that as the dye concentration was increased,
more dye molecules were available for consecutive
decolorization. The rate of photodecolorization was
found to decrease with further increase in dye
concentration, i.e., above 11 mgL™. The reason for
this decrease is attributed to the shielding effect of
the dye at high concentration that retards the
penetration of light to the dye molecules deposited
over the catalyst surface.

Influence of pH

The effect of pH in the range of 1-11 on RhB
dye decolorization efficiency versus time is
presented in Fig. 9. The pH value of the original
solution of RhB is 9. Dilute hydrochloric acid
solution or potassium hydroxide solution was used
to tune the pH value when necessary. The initial
concentration of RhB solution and dosage of the
photocatalyst were kept at 11 mg.L™* and 0.40
g.L™%, respectively. Cationic dyes, such as RhB,
undergo efficient degradation in the presence of
PW1,@CLM under UV—-Vis irradiation in alkaline
media. These observations suggest that the charge
characteristics of the dye substrates greatly
influence their degradation. The effect of pH on the
degradation of dyes in the presence of SiO; has
been explained on the basis of point of zero charge
(pHpzc) of SiO; particles. The pHy.c of SiO- particles
is 5.5 [32]. Thus, SiO: is positively charged in
acidic solution (pH<5.5) and negatively charged in
alkaline solution. According to this explanation and
because of electrostatic interactions, cationic dyes
(Rh.B) should be degraded at alkaline solution (Fig.
9). In alkaline solutions, the interaction between
catalyst surface (Si—O-) and dye [specifically the
nitrogen group, such as RhB, (Fig. 1)] favors the
adsorption of the dye on the surface and
accordingly, the photocatalytic activity increases
[33].

Reusability of the catalyst

In our experiments, the stability and reusability
of the photocatalyst were examined by repetitive
use of the catalyst. After the dye was degraded in
the first cycle, the photocatalyst was removed by
filtration, washed several times with deionized
water and dried at 90 and 350 °C for 2 h. This
recovered catalyst was used again with the same
concentration of RhB solution. The decomposition
of RhB in the second cycle was almost as fast as in
the first run. The fourth run of the decolorization of
RhB showed no significant loss of photoactivity of
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the catalyst, which indicated the considerable
stability of the photocatalyst under the present
conditions.

1wy

80 1

60

40 1

Degradation (%)

20

©o s 1 15 2 2 3
Time (min)
Fig. 9. Influence of solution pH on the RhB dye
decolorization; 0.40 g L™ of the catalyst; initial RhB
concentration, 11 mgL™.

Comparison of PWp@CLM with recently
reported catalysts [5-9] for degradation of RhB
shows that the photocatalytic activity of
PW1,@CLM seems to be comparable with that of
other known catalysts.

CONCLUSIONS

The results of this research demonstrated that
PW1,@CLM is an efficient catalyst for the
photodegredation of RhB. The results of the UV-
Vis spectral changes indicate that the photocatalytic
process can be used for complete decolorization
and mineralization of RhB in the presence of
PW1,@CLM in a photochemical reactor.
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H3PW 12040 (PW12) KATICYJIMPAH B ITAMYKO-TIOJAOBEH ME30ITIOPHO3EH CUJIUIIUEB
JMOKCH/L (CLM) KATO E®EKTUBEH 1 MHOI'OKPATHO VYIIOTPEBABAH HAHO-
OOTOKATAJIM3ATOP 3A OBE3LUBETABAHETO HA RHODAMINE B

P. ®azaenu
Henapmamenm no xumus, Knon Illaxpesa, Ucnamcku ynusepcumem ,, Azao*, 86145-311, Upan
Ioctenuna Ha 26 suyapu, 2015 r.; kopurupana Ha 3 ¢pBepyapu, 2016 r.
(Pestome)

[purotBeH e mamyko-nonobeH me3onopso3eH cuiuueB nuokcun (CLM) mo 3on-ren texHonorus. M3cnensana e
PWio-chabpikaiiia cucTeMa ¢ maMyko-momo0eH Me3onopboseH cuinueB auokcun (PWi@CLM) no oTHOlueHHEe Ha
doTo-xumuuHOTO 06e3uBeTsBane Ha Rhodamine B (RhB) B Garpminu pa3tBopu. [IoBbpXHOCTHHTE CBOMCTBA HA TO3U
KaTajM3aTop ca aHajiu3upaHu ¢ pasnuunu TexHukH, kato FTIR, XRD, N2 axcopbuwus/necopouus, UV-Vis u TEM.
EdexrusrocrTa crpsivo PW12@CLM ¢oto-o63uBersBaneTo Ha RhB e uscnensana BbB (HOTO-KaTaIUTHIEH PEAKTOP C
UV-namMia KaTo CBETIIMHEH U3TOYHHK.
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Simple, convenient, and green synthetic protocols are developed for the one-pot synthesis of 2,3-disubstituted
quinazolin-4(1H)-ones through one-pot condensation of arylaldehydes, isatoic anhydride and ammonium acetate in the
presence of ZrOCIl,-MCM-41 as a highly efficient novel nanocatalyst/nanoreactor under sonication. The main
advantages of this protocol include short reaction times, practical simplicity, high yields, recyclable catalysts, safety,

and cheapness of benign solvents.

Keywords: ZrOCl,-MCM-41, Nanocatalyst, Ultrasound

Multicomponent reactions, Solvent-free conditions

INTRODUCTION

Quinazolin-4-ones are pharmacologically the
most important classes of heterocyclic compounds
and occur widely in natural products such as
rutaecarpine (Figure 1) [1]. These compounds
possess versatile types of biological activities; some
of these are well known for their anticancer [2,3],
antitubercular [4], antibacterial [5], antifungal [6],
anti-HIV [7], antihelminthic [8], anti-inflammatory
[9] and antihypertensive activities [10].

=

Fig. 1. Structure of rutaecarpine

Multicomponent reactions (MCRs) leading to
interesting heterocyclic scaffolds are particularly
useful for the creation of diverse chemical libraries
of drug-like molecules for biological screening
[11]. Some reported synthetic routes include the

* To whom all correspondence should be sent:
E-mail: amani_a@sums.ac.ir, amani@sutech.ac.ir;
amani@chemist.com

irradiation, 2,3-Dihydroquinazolinone, Heterocycles,

reaction of isatoic anhydride and aldehydes with
ammonium acetate or primary amine in the
presence of various reagents or catalysts [12-28].

Recently, we have reported the preparation of
2,3-disubstituted quinazolin-4(3H)-ones via multi-
component reactions [29]. Now, a three-component
one-step synthesis of 2,3-dihydroquinazolin-4(1H)-
ones has been designed. For this, the use of ZrOCl;
incorporated in MCM-41, which is relatively non-
toxic and inexpensive, was at the centre of our
study. In the course of our work on the application
of zirconium containing MCM-41 in different
organic reactions, we have found it as an effective
promoter  for the preparation of 2,3-
dihydroquinazolin-4(1H)-ones.

Zirconia is a special transition metal oxide that
is widely used in catalytic processes as a catalyst, a
support, and a promoter [30]. However, its
relatively low surface area (usually below 50 m?
g") limits the number of active sites [31]. Ordered
mesoporous silicas with a tunable pore structure
and tailored composition have  received
considerable interest with broad application ranging
from adsorption [32], gas separation [33], and
catalysis [34] to biological uses [35]. Some
properties of these materials are: mechanically
stable structure, high surface area, and large,
ordered pores with narrow size distribution of an

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 395
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inorganic backbone. Therefore, it would be
reasonable to consider these materials as numerous
combined nanosized vessels of the same properties.
One of the best-known nanosized inorganic
backbones is MCM-41, which is a structurally well
ordered mesoporous material with a narrow pore
size distribution between 1.5 and 10 nm, depending
on the surfactant cation and a very high surface area
of up to 1500 m? g* [36]. While several types of
solid sulfonic acids, based on ordered mesoporous
silicas, have been created in recent years [34], there
have been only a few reports of their applications as
catalysts in chemical transformations. Herein, we
report the preparation of ZrOCl.-MCM-41 as a new
modified Lewis acid.

The application of ultrasonic irradiation in
reactions using heterogeneous catalysts is a
promising technique. Compared with traditional
methods, the procedure is more convenient and can
be carried out in a shorter reaction time and milder
conditions under ultrasound irradiation to give a
higher yield of products. Sonication accelerates the
reaction by providing driving energy by cavitation
and formation and collapse of bubbles (production
of high pressure and high temperature) and ensures
a better contact, increasing the reaction rate and
selectivity [37]. Our efforts for development of new
green synthetic methods for various heterocyclic
compounds prompted us to investigate the utility of
ZrOCl,-MCM-41 as a heterogeneous nanocatalyst
under  sonication to  afford  substituted
quinazolinones.

Therefore, we present a versatile procedure for
the selective production of mono and di-substituted
2,3-dihydroquinazolin-4(1H)-ones in the presence
of ZrOCI-MCM-41 employing three-component
reactions of isatoic anhydride with aldehydes and
primary amines (or ammonium salts) (Scheme 1).

EXPERIMENTAL

Reagents
All the chemicals used were of analytical grade (E.
Merck or Fluka).

Apparatus

Nanocatalyst: A  Philips X'pert powder
diffractometer system with Cu-Ka (A=1.541A)

(0]

+ ArCHO + NH,OAC —mM8M >
H,0,40°C US.
N

N O
H

1 2 3

radiation was used for the X-ray studies. Nitrogen
sorption studies were made with a Quantachrome
NOVA instrument and scanning electron
micrographs were recorded using a Philips
microscope XL30. FT-IR spectra were obtained
using a Bruker FT-IR spectrophotometer model
Vector-22.  Thermogravimetric  analysis  was
performed on a Rheometric Scientific model STA-
1500.

Products: Melting points were measured on a
Buchi B-540 apparatus. IR spectra were obtained
on an ABB Bomem Model FTLA200-100
spectrophotometer. *H and *C NMR spectra were
recorded on a Bruker Avance DRX-300
spectrometer at 300 and 75 MHz, using TMS as an
internal standard. Mass spectra were obtained on a
Shimadzu QP 1100 EX with an ionization potential
of 70 eV.

Preparation of Mesoporous Zirconium Silicate

Five different samples of mesoporous zirconium
silicate were prepared by mixing sodium silicate as
a silicon source, zirconium oxychloride as a
zirconium source, and cetyltrimethylammonium
bromide (CTMABrI) as a surfactant under non-
thermal conditions. In a typical procedure, 0.6 g of
CTMABr was added in 23 g of demineralized
water, the mixture was stirred at 3270 H for 15 min
(140 rpm), after that 3 g of sodium silicate was
added to the mixture and it was further stirred for
30 min. The pH value was adjusted at 9 by adding
sulfuric acid (2M). Then a solution of ZrOCl,.8H.0O
(0.45 g in 50 mL demineralized water) was
dropwise added. The stirring was continued for 4 h.
A bulky white precipitate was formed. It was
filtered, washed five times with demineralized
water, and dried in an air oven at 50°C for 48 h. A
small portion of this material was calcined at 600
°C for 6 h. The material was digested in 0.1M
HNO; for 24 h and then washed with demineralized
water. The samples prepared had Si/Zr molar ratios:
10; 20; 40; and 80. They were marked as:
ZrXxMCM-41 where x indicated the Si/Zr molar
ratio and MCM-41 indicated a hexagonal ordered
mesoporous silicate.

ZrOCl,-MCM-41 NH

Scheme 1. Synthesis of new substituted 2,3-dihydroquinazolinones.
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Table 1. Synthesis of 2-aryl substituted 2,3-dihydroquinazoline-4(1H)-ones in the presence of ZrOCl,-MCM-41.

M.P. (C)
Z Time Yield
3 Found Reported [Ref]
Ar Product (min) (%)2
CHO o
QO Clr
1 N N wnopn 43 8 87 300-302 310-312[29]
NO, H
CHO o
Cr
2 N N 4-PhCH,0-4Ph (4b) 5 79 238-240 238-240[29]
OCH,Ph H
CHO o
NH
3 N PN CIPh (4c) 10 75 207-208 207-208[29]
cl H
CHO o
NH
4 N PN aneopn  (4d) 15 75 183-184 183-184[29]
OMe H
CHO 0
NH
5 N N Ph (4e) 20 86 225-226 225-226[29]
H
CHO o
NH
6 N PN 4-Meph (4f) 25 70 228-230 229-231[29]
Me H
CHO 0
O O
! NO, H)\g_Nozph (49) 8 87 180-182 180-182[29]

3solated yields

General Procedure for the Synthesis of 2, 3-
Dihydroquinazolin-4(1H)-ones
A mixture of 0.163 g isatoic anhydride (1 mmol),
aromatic aldehyde (1 mmol), and ammonium
acetate (1.2 mmol) was added to 5 mg of ZrOCl,-
MCM-41(Zr/Si molar ratio 0.27) and water (5 mL)
and the temperature was then raised to 40 °C and
maintained under ultrasonic irradiation (25 kHz) for
the appropriate time (Table 1). When the reaction
was complete (TLC; n-hexane-EtOAc, 2:1) the
water was evaporated, CHCls:methanol (10 mL,
3:1) was added. The mixture was stirred for at least
10 min and the solid catalyst was separated by

filtration. The mixture was evaporated in vacuum;
the residues were purified by recrystallization from
EtOH.

General Procedure for the Synthesis of 2, 3-
Dihydroquinazolin-4(1H)-ones

A mixture of 0.163 g isatoic anhydride (1
mmol), aromatic aldehyde (1 mmol), and
ammonium acetate (1.2 mmol) was added to 5 mg
of ZrOCl,-MCM-41(Zr/Si molar ratio 0.27) and
water (5 mL) and the temperature was then raised
to 40 °C and maintained under ultrasonic irradiation
(25 kHz) for the appropriate time (Table 1). When
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the reaction was complete (TLC; n-hexane—-EtOAc,
2:1) the water was evaporated and CHClz:methanol
(10 mL, 3:1) was added. The mixture was stirred
for at least 10 min and the solid catalyst was
separated by filtration. The mixture was evaporated
in vacuum; the residues were purified by
recrystallization from EtOH.

_ Compound 4a

IR (KBr): » = 3360, 3345, 3065, 1679, 1608
cm!; 'H-NMR (300 MHz, DMSO-dg), &: 7.56(t,
J=6/0 Hz, 1H, 1CH), 7.86(m, 3H, 2CH, 1NH),
8.16(d, J=6/0 Hz, 1H, CH), 8.39(m, 5H, CH),
12.8(s, 1H, NH) ppm; BC-NMR (75 MHz, DMSO-
de), 8: 65.5, 121.2, 123.6, 125.9, 127.7, 129.3,
134.8, 138.6, 148.3, 149.0, 150.8, 162.1 ppm; MS,
m/z (regulatory intensity): 50(45), 76(50), 92(29),
119(97.5), 192(24), 221(43), 267(100),
269(2.5)[M™].

_ Compound 4d

IR (KBr): » =3291, 3178, 3060, 2931, 2829, 1663
cm!; *H-NMR (300 MHz, DMSO-ds), §: 3.84-
3.9(s, 3H, CHa), 4.34(s, 1H, NH), 5.72(s, 1H, NH),
5.86(s, 1H, CH), 6.65-6.8(d, J=8.0 Hz, 1H, CH,
Ph), 6.88-7.00(m, 3H, CH, Ph), 7.31-7.36(d,
J=7.8Hz, 1H, CH, Ph), 7.51-7.53(d, J= 8.6 Hz, 2H,
CH, Ph), 7.93-7.96(d, J=7.7Hz, 1H, CH, Ph) ppm.

_ Compound 4g

IR (KBr): » = 3350, 3245, 3050, 2910, 1608
cm™!; IH-NMR (300 MHz, DMSO-ds), : 5.93(s,
1H, CH), 6.66(t, J= 6.0Hz, 1H, CH), 6.77(d,
J=6.0Hz, 1H, CH), 7.26(d, t, J:=1.2Hz, J,=9.0Hz,
1H, CH), 7.33(s, 1H, NH), 7.59(d, J=9.0Hz, CH),
7.83(m, 1H, CH), 7.92(d, 1H, J=9.0Hz, CH),
8.19(d, J=6.0Hz, 1H), 8.34(s, 1H, CH), 8.54(s, 1H,
NH) ppm; BC-NMR (75 MHz, DMSO-de), 8: 65.1,
114.6, 114.9, 117.5, 121.6, 122.7, 123.3, 125.9,
127.4, 131.3, 133.4, 133.6, 134.7, 144.3, 147.3,
147.7, 163.3 ppm; MS, m/z (regulatory intensity):
50(15), 92(35), 119(29), 120(40), 147(100),
221(15), 269(6.7) [M+].

RESULTS AND DISCUSSION

In continuation of our search for application of
functionalized ordered mesoporous silicas [38], our
attempt was focused on the application of novel
nanoreactors for ultrasound assisted synthesis of
substituted quinazolinones. These Lewis acidic
nanoporous zirconium silicates were prepared with
various mole ratios of Si/Zr. Infrared spectra of
these nanocatalysts were measured by a standard
KBr disc technique. The FT-IR spectrum of the
Zr10OMCM-41 nanocatalyst shown in Fig. 2 is
closely similar to that of mesoporous molecular
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sieves which also show a series of bands that are
characteristic of the SiO4 tetrahedron and its
modification by introduction of metal ions [39].
The spectrum shows five main absorption bands in
the regions 3000-3700, 1055-1090, 960-970, 790—
850, 440-465 cm™. The band in the region 1055—
1090 cm? is due to the internal asymmetric
stretching mode of SiO; (TO4) skeleton, the
strongest band in the spectra of silicates [40]. The
peak in the region 960-970 cm? is generally
considered as a proof for the incorporation of a
heteroatom into the framework [41]. Camblor et al.
have proposed that the band at 960 cm™ is due to
the Si-O stretching vibrations of the Si-OH groups
present.

The SEM image of the mesoporous ZrlOMCM-
41 was taken using gold coating during 2 minutes
for high magnification and is shown in Fig. 3. The
SEM image of the mesoporous Zrl0MCM-41
exhibits uniform spherical crystallites ~0.4-0.8 mm
in size.

XRD analysis was performed from 1.5° (20) to
10.0° (20) at a scan rate of 0.02° (20)/sec. The
XRD patterns after calcination of the synthesized
zirconium silicate samples are presented in Fig. 4.
There is a strong diffraction at 206 smaller than 3°
along with the presence of small peaks, which
confirms the formation of mesoporous materials
[42].

The thermogravimetric analysis of these
nanocatalysts was performed from ambient
temperature to 900°C at a heating rate of 10°C/min.
The thermograms of the nanocatalysts are presented
in Fig. 5. The thermograms of the uncalcined
samples show a gradual weight loss up to 900°C.
The TGA curve of the samples shows five steps of
weight loss (35-130, 130-300, 300-380, 380-480,
and 480-600 °C). The weight loss is ~4.0% in the
first step and is due to desorption of the
physisorbed water in the pores of the uncalcined
samples. The weight losses in the second (~20.0%)
and third (~7.0%) steps are mainly associated with
oxidative decomposition of templates; in the fourth
step, the weight loss (~7.0%) is due to removal of
coke formed in the previous steps by the
decomposition of templates. In the final step, the
weight loss (~2.0%) is mainly due to the loss of
water formed by condensation of the silanol groups.

In the present communication, we report a
simple and ecofriendly synthesis of 2-aryl
substituted 2,3-dihydroquinazoline-4(1H)-ones by
treatment of isatoic anhydride, aromatic aldehyde,
and ammonium acetate in the presence of ZrOCl,-
MCM-41 as catalyst under ultrasound irradiation
(Scheme 1).
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Fig. 2. FT-IR spectrum of the synthesized ZrOCl,-MCM-41.
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Fig. 4. XRD patterns of the synthesized ZrOClI,-
MCM-41land MCM-41

The results showed that the reaction without
ultrasound irradiation needs very long time and
gives relatively low vyields. Thus, it seemed that
ultrasound irradiation played the main role in

enhancement of the reaction rate and the

combination of ultrasound and ZrOCl,-MCM-41

was found to be ideal for the faster synthesis in

high yield.
0 A

—%— ZrlOMCM-41
—a— Zr20MCM-41
—— ZrdOMCM-41
—+— Zr80MCM-41

0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 5. TGA curve of the of the synthesized ZrOCl,-
MCM-41 and MCM-41.

A variety of aldehydes including heterocyclic
and aromatic aldehydes, possessing both electron-
donating and electron-withdrawing groups, were
employed for the formation of 2,3-
dihydroquinazolin-4(1H)-ones. In all cases, the
yields were excellent (Scheme 1, Table 1). Among
the various benzaldehydes tested, the reaction
worked well with electron-donating groups (Me,
MeO) (entries 6 and 4, Table 1), as well as
electron-withdrawing groups (NO,, CI) (entries 1
and 3, Table 1) giving various 2,3-
dihydroquinazolin-4(1H)-ones in 75-87% yields.

We have found that ZrOCl,-MCM-41 is an
effective eco-friendly and efficient promoter for the
synthesis of 2,3-dihydroquinazolin-4(1H)-ones. A
plausible mechanistic pathway to 2-aryl-substituted
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2,3-dihydroquinazolin-4(1H)-ones is illustrated in
Scheme 2. In the initial step, the reaction of isatoic
anhydride (1), and ammonium acetate (2) within
the ZrOCI-MCM-41 tunnels, together with
decarboxylation, gives 2-aminobenzamide (5). The
intermediate (3) is formed through nucleophilic
attack of the amino group in 2-aminobenzamide at
the activated carbonyl group in the aldehyde by
ZrOCl».8H,0 as a supported catalyst. Also part of

Scheme 2. Proposed reaction mechanism

CONCLUSION

In conclusion, a simple green method for the
synthesis of a novel class of the quinazolinone
family is developed. ZrOCI-MCM-41 is an
efficient nanoreactor for the synthesis of 2,3-
dihydroquinazolinones. The method offers several
advantages, such as avoiding toxic solvents or
catalysts, simple work-up procedure without using
any chromatographic method, and improved yields.
Starting  materials are  inexpensive  and
commercially available. We believe that many
biologically active derivatives could be synthesized
by this multi-component reaction with high atomic
economy.
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the amide in the imine intermediate (5) is converted
into its tautomer in the presence of the catalyst.
Then the Schiff base intermediate (6) is produced
by intermediate (5) dehydration. The intramolecular
nucleophilic addition reaction between the amide
group nitrogen and the activated Schiff base carbon
gives intermediate (7), which is followed by a 1,5-
proton transfer giving the products.

H,H

HH
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HOB EKOJIOTMTYHO CBbBMECTUM METO/] 3A CUHTE3A HA 2,3-
JUXNAPOXNHA3OJINH-4(1H)-OHU BB BOJJHA CPEJIA T1PU YJITPABBYKOBO
BB3JIECTBUE, U3IIOJI3BAVKH ZrOCl.-MCM-41 KATO BUCOKOE®EKTHUBEH
HAHOKATAJIM3ATOP/HAHOPEAKTOP

AM. Amaan'?%* 10. I'acemu'?, A. Capapnamaku’, K. 3omopomuan®, E. Mupsaen?, b. 3ape?, X. Cedepuan®

Ylenapmamenm no meduyuncku narnomexnono2uu, Yauauuwe 3a Ho6U MEOUYUHCKU HAVKU U MEXHO02UU, VHueepcumem
3a meouyuncku Hayku 6 [llupas, Upan
2Hscnedosamencku papmayesmuuen yenmuvp, Yuueepcumem 3a meouyuncku nayku 6 Ilupas, Upan
3 flenapmamenm no xumus, Texnonozuuen ynusepcumem, Lllupas, Upan
lenapmamenm no meduyurncka GuomexHoro2us, Yuunuue no MooepHa MeOUYUHa U mexHoio2us, Ynueepcumen 3a
meouyuncku Hayku 6 Hlupas, Hpan
SUscnedosamencku yenmup no ungexyuosnu borecmu, Yuueepcumem 3a meduyuncku nayku é Ilupas, Upan
SUscredosamencku uncmumym no aopenu nayku u mexnono2uu, Texepan, Upan

[Tocrpnuna Ha 26 aBrycr, 2015 r.; kopurupasa Ha 25 centemBpH, 2015 1.
(Pesrome)

ITpocty, ynoOHu 1 ,,3eI€HA" pELENTypH ca pa3padOTEHH 3a €IHOCTaANHHATA CHHTE3a Ha 2,3 -ANXUAPOXUHA30JINH-
4(1H)-onu ype3 KOHACH3ALMA Ha apHIAIACXUII, H3aTHHOB aHXUIPHUI 1 aMOHHEB arieTat B pucheTBue Ha ZrOCls-
MCM-41 kaTo BHCOKOE()EKTUBEH HAHOKATAIN3aTOP/HAHOPEAKTOP IPH YATPa3BYKOBO JeiicTBre. [ TaBHNTE IpeInMcTBa
Ha METOJIa ca KpPaTKUTE BpeMeHa, BUCOKUTE JOOUBH, PELUKIUPAHHUS KaTaIN3aTop, 0€30aCHOCTTA M HUCKATa IieHa Ha

pasTBOPUTEIS.

402


http://novinu.sums.ac.ir/english-site/department/medical-nanotechnology.html

Bulgarian Chemical Communications, Volume 48, Number3 (pp. 403— 413) 2016

Spectroscopic studies of charge-transfer complexes of 2,3-dichloro-5,6-dicyano-p-
benzo-quinone with p-nitroaniline
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The charge-transfer complexes of the donor p-nitroaniline (PNA) with the acceptor 2, 3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) were studied spectrophotometrically in various solvents such as CH,Cl,, CHCIs, and CCl, at
different temperatures. Two charge-transfer bands were observed in each case. The results indicate that the formation of
the CT-complex in a less polar solvent is comparatively high. The stoichiometry of the CT-complex was found to be
1:1. The physical parameters of the CT-complex were evaluated by the Benesi—Hildebrand equation. The data are
discussed in terms of the formation constant (Kcr), molar extinction coefficient (ecr), standard free energy (AG°),
oscillator strength (f), transition dipole moment (uen), resonance energy (Rn) and ionization potential (Ip). The results
indicate that the formation constant (Kcr) for the complex is dependent upon the nature of electron acceptor, donor and
polarity of solvents used. The formation of the complex was confirmed by UV-visible, FT-IR, and H-NMR
techniques. The possible structure of the CT-complex between DDQ and PNA was proposed.

Keywords: Charge-transfer complex; 2, 3-dichloro-5, 6-dicyano-p-benzo-quinone (DDQ); p-nitro aniline (PNA); UV-

Visible, FT-IR, tH-NMR.

INTRODUCTION

Various aromatic molecules can behave as

electron donors and form molecular complexes
with electron acceptor molecules such as halogens,
nitro compounds and quinines [1-2]. Extensive
works have been carried out to elucidate the nature
of intermolecular interactions in these molecular
complexes. Mulliken has developed the theory of
the intermolecular CT interactions, which has been
successfully applied to the interpretation of the
absorption bands characteristic of molecular
complexes in various systems [3]. DDQ is a strong
electron acceptor having electron affinity of 1.9 e.v.
[4].
In the present paper, spectrophotometric studies
were carried out for CT complexes of DDQ with p-
nitroaniline, special attention being paid to the
appearance of two CT bands. Orgel first reported
two bands in the case of methylbenzene complexes
of chloranil and 1, 2, 5-trinitrobenzene [5]. Orgel
related the two ionization potentials of the donor
molecules to the frequencies of the CT bands.

This paper presents studies of the charge-
transfer interaction between DDQ and p-
nitroaniline in both liquid and solid states. The aim
of the work is to determine the reaction
stoichiometry, the nature of bonding between DDQ
and PNA, and also some physical parameters. In

* To whom all correspondence should be sent:
E-mail: afagahmad212@gmail.com;
neetisingh72@gmail.com

addition, the nature and structure of the reaction
product (CT—complex) in both solution and solid
states can be estimated using spectroscopic
techniques like FT-IR, 'H NMR and UV-Vis
electronic absorption to obtain the stoichiometry,
molecular structure and nature of interaction for the
CT-complexes [6-9].

EXPERIMENTAL
Materials

Analytical grade (AR) chemicals were used
throughout. 2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ) and p-nitro aniline (PNA)
were obtained from Sigma Aldrich, (CDH).
Dichloromethane (Merck), chloroform (Merck) and
carbon tetrachloride (Merck) were used without
further purification.

Preparation of standard solutions

Solutions of the donor of different
concentrations, 0.01M, 0.02M, 0.03M, 0.04M, and
0.05M, were prepared in different volumetric flasks
by dissolving accurately weighed amounts of p-
nitro aniline in different solvents such as carbon
tetrachloride, chloroform and dichloromethane.

A standard solution of the acceptor, DDQ
(0.01M) was prepared by dissolving accurately
weighed amounts of the acceptor in the above
solvents in different volumetric flasks.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Synthesis of solid CT- complex

Analar R grade samples of DDQ and p-nitroaniline
were employed for the synthesis of the title
compound. Equimolar solutions of the two
reactants were separately prepared in methanol and
mixed together. The resulting solution was stirred
well for about thirty min.

The precipitated adduct was filtered off at the
pump and repeatedly recrystallised from methanol
to enhance the degree of purity of the synthesized
compound.

Analyses

The electronic absorption spectra of the donor P-
nitroaniline, acceptor DDQ and the resulting
complex in dichloromethane, chloroform and
carbon tetrachloride were recorded at different
temperatures, i.e. 20°C, 25°C and 30°C in the
visible range 200 nm-600 nm using a UV- visible
spectrophotometer Perkin-Elmer- A-850 with a 1
cm quartz cell path length. The FT-IR spectra of the
reactants and the resulting CT-complex were
recorded with the help of the FT-IR spectrometer
INTERSPEC- 2020 (spectra lab U.K)) in KBr
pellets. The *H NMR spectrum of the CT-complex
was measured in acetone using Bruker Advance Il
400 NMR spectrometer.

RESULTS AND DISCUSSION
Observation of CT- bands

3-ml volumes of the donor and the acceptor
were scanned separately by spectrophotometric
titration [10] at their wavelengths of maximum
absorption: 280 nm for DDQ, 400 nm for PNA, 320
nm for the blank solvent (dichloromethane) and 440
nm and 560 nm for the CT-complex of 0.01M PNA
and 0.01M DDQ in dichloromethane, as shown in
Fig 1. The reaction mixture of the donor (10 ml)
and the acceptor (10 ml) in the different solvents,
viz., carbon tetrachloride, chloroform and
dichloromethane, formed a yellow colored charge
transfer complex. The complex for each of the
reaction mixtures was let to standing overnight at
different temperatures i.e. 20°C, 25°C and 30°C to
form a stable complex before analysis at the
maximum absorbance 440 nm and 560 nm for
dichloromethane, 430 nm and 550 nm for
chloroform and 420 nm and 540 nm for carbon
tetrachloride.

The concentration of the donor in the reaction
mixture was kept higher than that of the acceptor,
[Do]>> [Ao] [11, 12] and changed over a wide range
of concentrations from 0.01M to 0.5M while the
concentration of the m-acceptor (DDQ) was kept
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fixed [11] at 0.01M in each solvent; these produced
solutions with donor: acceptor molar ratios varying
from 1:1 to 50:1, these concentration ratios were
used to obtain a straight line diagram for
determination of the formation constants of the CT-
complex.

The spectra of the solutions of 0.01M PNA, and
0.01M DDQ in different solvents were recorded
with solvents used as a reference, the longest
wavelength peak was considered as the CT—peak
[13]. The changes of the absorption intensity to
higher values for all complexes in this study when
adding the donor were detected and investigated, as
shown in Table 5. These measurements were based
on the CT-absorption bands exhibited in the spectra
of the above mentioned systems given in Figs. 2- 4.
In all systems studied the absorption spectra are of
similar nature except for the position of the
absorption maxima (Act) of the complexes. The
CT-complex absorption spectra were analyzed by
fitting to the Gaussian function

y = Yo+ [A/ w\ (1/2))] exp [-2 (X- Xc)2W7]

where x and y denote wavelength and absorbance,
respectively. The results of the Gaussian analysis
for all systems under study are shown in Table 1.
The wavelengths of these new absorption maxima
(Act = X¢) and the corresponding transition energies
(hv) are summarized in Tables 2-4.

Determination of the ionization potentials of the
donor

The ionization potentials of the donor (Ip) in the
charge transfer complexes were calculated using
the empirical equation derived by Aloisi and
Piganatro [14]

Io (6V) = 5.76 + 1.53 x10 ver (1)

where ver is the wave number in cm? of the
complex determined in different solvents, viz.,
carbon tetrachloride, chloroform and
dichloromethane. The data are summarized in
Tables 2-4.

Determination of oscillator strength, (f), and
transition dipole moment, (LEN)

From the CT-absorption spectra, one can
determine the oscillator strength. The oscillator
strength f is estimated using the formula

f=432x10%]ecrdv  (2)
where Jecrdv is the area under the curve of the
extinction coefficient of the absorption band in
question vs. frequency. To a first approximation
f=4.32x10%¢cr Aviz (3)
where ect IS the maximum extinction coefficient of
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the band and Aviy is the half-width, i.e., the width
of the band at half the maximum extinction. The
observed oscillator strengths of the CT-bands are
summarized in Tables 2-4.

The extinction coefficient is related to the
transition dipole by

HEN = 0.0952 [SCT AV1/2/AV]1/2 (4)

where Av = v at eCT and pen IS defined as

| yex) iriyg dt. uEN for the complexes of PNA
with DDQ is given in Tables 2-4.

Determination of resonance energy (Rn)

Briegleb and Czekalla [15] theoretically derived
the relation

ger =7.7x 10 / [hver/ [Ra] — 3.5 1, (5)

where ect is the molar extinction coefficient of the
complex at the maximum of the CT absorption, vcr
is the frequency of the CT-peak and Ry is the
resonance energy of the complex in the ground
state, which is obviously a contributing factor to the
stability constant of the complex (a ground state
property). The values of Ry for the complexes
under study are given in Tables 2-4.

Table 1. Gaussian curve analysis for the CTC in the spectra of DDQ with PNA in different polar solvents.

Complex Solvent Temperature W Xc Yo
DDQ
0 34,75 +
+ CH:Cl: 20°C 95.74+15.05 419.37 0.8232+0.0235
6.66
PNA
DDQ
0 28.28 £
+ CHCI3 20°C 67.84+9.66 42156  0.9350+0.0197
4.52
PNA
DDQ 0 3242 +
+ CCl, 20°C 49.17+6.18 423.69 1.042+0.0290
4.69
PNA
Table 2. CT-complex absorption maxima (ACT), transition energies (hvcT), of the DDQ+PNA complexes,

experimentally determined values of ionization potentials (ID), oscillator strength (f), dipole moments («EN), and

resonance energies (RN) of the complexes in dichloromethane.

Aet

Solvent (nm)

Complex Temp.

fx10®

EN Rn hver
(Debye)  (ev) () @) AG

DDQ
+ CH.CI; 20°C
PNA

DDQ
+ CH.Cl,  20°C
PNA

419.37nm

549.17nm

DDQ
+ CH.CI; 25°C
PNA

423.39nm

DDQ
+ CH.Cl, 25°C
PNA

558.46nm

DDQ
+ CH.Cl,  30°C
PNA

428.15nm

DDQ
+ CH.Cl,  30°C
PNA

530.30nm

3.63x10°

3.48x10°

2.36x10°

1.73x10°

2.64x10°

6.58x10°

0.892  0.00671 2.96 9.40  13.408

0.757  0.00370 2.26 854 14721

0.912 0.00694 293  9.37

13.465

0.775 0.00381 2.22 8.49 14778

0.934  0.00720 2.90 9.32

13.636

0.798  0.00425 2.34 8.63  14.492
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Table 3. CT-complex absorption maxima (ACT), transition energies (hvCcT), of the DDQ+PNA
complexes, experimentally determined values of ionization potentials (ID), oscillator strength (f), dipole moments
(#EN), and resonance energies (RN) of the complexes in chloroform.

AcT 5 HEN Rn hver
Complex Solvent  Temp. (nm) fx10 (Debye) (&) (&) In(ev) AG

DDQ
+ CHCl;  20°C  42156nm 2.65x10° 0905 0.00690 2.95 9.38  13.808
PNA
DDQ
+ CHCI;  20°C  563.95nm 2.42x10° 0.801  0.00403 220 847  14.549
PNA
DDQ
+ CHCl;  25°C  425.36nm  1.93.x10° 0914  0.00695 2.92 935  14.549
PNA

DDQ
+ CHCI;  25°C  575.23nm  6.75x10°  0.736  0.00334 2.16 840  15.120
PNA

DDQ
+ CHCl;  30°C  425.23nm 2.13x10% 0930 0.00718 292 935 14.778
PNA

DDQ
+ CHCI;  30°C  579.73nm  7.57x10° 0752  0.00345 2.14 839  15.006
PNA

Table 4. CT-complex absorption maxima (ACT), transition energies (hvCT), of the DDQ+PNA complexes,
experimentally determined values of ionization potentials (ID), oscillator strength (f), dipole moments («EN), and
resonance energies (RN) of the complexes in carbon tetrachloride

AcT 5 UEN Rn hver
(nm) fx10 (Debye)  (ev) (ev) lo(ev)  AG

Complex  Solvent ~ Temp.
DDQ

+ CCl4 20°C  423.69nm 2.07x10°  0.939  0.00735  2.93 9.37  15.120
PNA

DDQ

+ CCl4 20°C  572.066nm  6.26x10°  0.775  0.00372  2.17 8.43  14.835
PNA

DDQ

+ CCl4 25°C  421.65nm  1.87.x10°  0.949  0.00753  2.94 9.38 15.291
PNA

DDQ

+ CCl4 25°C  512.78nm  1.54x10°  0.798  0.00440  2.42 8.74  14.435
PNA

DDQ

+ CCl4 30°C  418.89nm  2.27x10°  0.972  0.00795  2.96 9.40
PNA

DDQ

+ CCl4 30°C  513.89nm 1.22.x10° 0.829 0.00474 2.42 8.72  14.093
PNA

15.291
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Table 5. Absorption maxima Act , association constants (K), molar absorptivities (g), of the CT-complex of DDQ
and PNA in dichloromethane, chloroform and carbon tetrachloride at 20°C, 25°C and 30°C.

K K K. € € €
Systems  Solvent et (nm) (I mol) (I mol) @molY)  (Imofcm?’)  (mofem®  (molicm)
DDQ
+ CH:Cl: 404 506 282 383 234 339 274 315 176 127 184 133 193 141
PNA
DDQ
+ CHCl3 403 505 296 362 356 455 339 443 181 142 185 120 191 125
PNA
DDQ
+ooccl g% % 309 ag2 30 P %) 195 133 199 141 209 152
PNA

Table 6. Characteristic infrared frequencies*(cm'l) and tentative assignments for DDQ, PNA and their
complex.

DDO PNA Conplex Assicnments
3325w 3480 ¢ 3451s v{(N-H)
3218br 33568, br 3416br v(0-H),
- 3320sbr 3369br wWC-H),aromatic
- 3222sh v('NH
2250vw - v; (C-H), CH3 + CH;
2231ms 3108 w 3231w WC-H), aronatic v ('NH)
- 1923w 20280k
1747w 2209ms v(C7N)DDOQ
1673 vs 163508 1633+vs WC=0Yh(C=C)*
- - 1606s v (C-NY): vas (NOz)
1552 vs 1591vs 1589nk v(C=C), aronmtic
- - 0 def (N-H), +NH; ring
breathing bands
- 1474 1498vs 0 (C-H) defornation
1451ms 1442¢ 143 5vs
1398wz 1327w w=C)
1358w 1302w 1255m, sh Ve C-IN)
- 124(0hs
1267s ; - WC-0)
1172 vs 1183w 1112ms
1072w - 1110br 1110me Vg C-N}
1010vw - -
- 908 - 0 (C-H) in plane bendm,
893w 842sharp 987w orock , +NIH;
S00vs 830m W C=Cl), DDQ conplex
T5dvs To0w C-H out of plane
720% G098 029w bending
- 334ms 363nE
615 nr 490ms 495br C-Hwagging
4285 418sharp 4201k CNC deformnation

5 strong, w, weak; m, medwm, sh, shoulder, v, very; ws, wery strong, br, broad; « stretching; vs, symumetncal
stretching; vas, asymretrical stretching
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Determination of standard free energy changes
(AG®) and energy (Ecr) of the z-* interaction
between donor and acceptor

The standard free energy changes of
complexation (AG®) were calculated from the
association constants by the following equation
derived by Martin, Swarbrick and Cammarata [16].

AG°=—2.303 RT log Kcr  (6)

where AG° is the free energy change of the CT—
complexes (KJ mol?), R is the gas constant (8.314
Jmol'K), T is the temperature and Kcr is the
association constant of the complex (I mol?) in
different solvents at different temperatures 20°C,
25°C and 30°C, shown in Tables 2-4.

The energy (Ecr) of the m—m* interaction
between donor (PNA), and acceptor (DDQ), is
calculated using the following equation derived by
G. Briegleb and Z. Angew [17]:

Ecr = 1243.667/ JCT (7)

where Act is the wavelength of the CT band.
The calculated values of Ecr are given in Tables
2-4.

Spectrophotometric study of the formation
constants of the charge transfer complexes in
different polar solvents

The stoichiometries and the formation constants
of the charge transfer complex of p-nitroaniline
with DDQ were determined in different polar
solvents, viz., carbon tetrachloride, chloroform and
dichloromethane at different temperatures 20°C,
25°C and 30°C using the Benesi—Hildebrand
equation [18, 19]. The spectrophotometric data
were employed to calculate the values of the
formation constants, Kcr of the complexes. The
changes in the absorbance upon addition of PNA to
a solution of DDQ of fixed concentration follow the
Benesi-Hildebrand equation [18, 19] in the form:

[Alo/A=(1/Kcrect) x L/ [D] o + Uecr (8)

where [D]o and [A], are the concentrations of
the PNA donor, and DDQ acceptor, respectively, A
is the absorbance of the donor-acceptor mixture
at Acr, against the solvents as reference, Kcr is
the formation constant and ecr iS the molar
extinction coefficient, different from that of the
complex in eq.(8) [18,19], which is valid under the
condition [D]o>>[A]o [11, 12] for 1:1 donor-
acceptor complexes. The concentration of the donor
PNA was changed over a wide range from 0.01M
to 0.5M while he concentration of the m acceptor
DDQ was kept fixed at 0.01M in each reaction
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mixture. These produced solutions with donor:
acceptor molar ratio varying from 1:1 to 50:1. The
experimental data are given in Table 3.
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1.2 1

1.0 4 D

Absorbance

0.4 1

200 250 300 350 400 450 500 550 600
Wavelength { nmi

Fig. 1. Absorption spectra of (A) 0.01M DDQ (B)
Blank solvent (dichloromethane) (C) 0.01 M p-nitro
aniline (D) CT-complex of 0.01 M PNA and 0.01 M
DDQ in dichloromethane.

1.7

1.6
15]

Absorption Maxima
440nm and 560nm

1.4] ;
at 20°c

1.3]
1.2]
1.1

A

Absorbance

1.0]
0.9
0.8
0.7

350 400 450 500 550 600 650

Wavenumber ( nm)

Fig. 2. Absorption spectra of DDQ (1 x 102M) in
dichloromethane at 20°C with addition of p-nitroaniline
concentrations ranging from 0.01M to 0.05M with
increasing concentrations from bottom to top.

D Absorption Maxima
430nm and 550nm
at 20°c

Absorbance

350 4Illll 450 5Illll 55'0 EI;II 650
Wavelength { nm)

Fig. 3. Absorption spectra of DDQ (1 x 102M) in
chloroform at 20°C with addition of p-nitroaniline
concentrations ranging from 0.01M to 0.05M with
increasing concentrations from bottom to top.
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1.84

Absorption Maxima

420nm and 540nm
at 20°C

1.44

Absorbance

1.2 4

1.0

350 400 450 500 550 GO0 650
Wavelength { nm)

Fig. 4. Absorption spectra of DDQ (1 x 102M) in
carbon tetrachloride at 20°C with addition of p-
nitroaniline concentrations ranging from 0.01M to
0.05M with increasing concentrations from bottom to
top.

The Benesi — Hildebrand [18, 19] method is an
approximation that has been used many times and
gives decent results. The intensity in the visible
region of the absorption bands, measured against
the solvent as reference, increases with the increase
in the polarity and addition of PNA. The typical
absorbance data for the charge transfer complexes
of PNA with DDQ in different polar solvents at
different temperatures 20°C, 25°C and 30°C are
reported in Table 5. In all systems very good linear
plots according to eq. (8) [18, 19] were obtained, as
shown in Figs 5-7.

10

B-H plot in dichloromethane

i
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o -
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Fig. 5. Relation between [A] o/A and 1/ [D] o of
DDQ+PNA in CHCls,

Formation constants for the complexes in
different polar solvents at different temperatures
20°C, 25°C and 30°C determined from the BH plots
are summarized in Table 5. The correlation
coefficients of all plots were above 0.99. Plots of
[A]o/A against 1/[D], were found to be linear in all
systems in Figs. 5-7 showing 1:1 charge transfer
complexes, i.e. the straight lines are obtained with
the slopes 1/Kcrect. These results are an evidence
of 1:1 CT-complexes. From the slope 1/Kcrect and

the intercept, 1/ect, Ker and ecr of the CT—complex
were calculated in different nolar solvents.

104 B-Hplotin ChInme
/ /
'/v; :/‘/.
e
»
o/

A4

'78 i
x —
£ «*
£ 71
- /.
6 e
-/
5 L L] L L
20 40 60 80 100
Dl

Fig. 6. Relation between [A]o/A and 1/[D]o of
DDQ+PNA in CHCIs,
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Fig. 7. Relation between [A] o/A and 1/[D] o of
DDQ+PNA in CCly,

Appearance of two CT-bands

The two absorption peaks of the CT-complex in

each system and their Amax are given in Table 5.

Well defined absorption peaks of the two CT
bands were observed for the DDQ complexes with
PNA. Multi-CT absorption bands have been found
in the CT complexes containing strong electron
acceptors such as chlorine, bromanil and TCNE
[20].

The origin of the multi-CT bands observed in
the case of DDQ/PNA complex can be explained
by the existence of two closely located occupied
orbitals of the donors [21].

Effect of temperature on the formation constant

Temperature affects the values of Kcr, generally
Kcr for DDQ complexes increases with the increase
in temperature. But in some cases, such as the
complexes of DDQ with PNA at 25°C, and Amax
540 nm in CCls, at 30°C, and Amax 560 nm in
CHCl,, at 30°C, and Amax 550 nm in CHCIs, and
at 30°C, and Amax 540 nm in CCl,, its value
decreases with the increase in temperature, as
shown in Table 5. There may be a decrease in the
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stability of the complex with the increase in
temperature in these systems. This trend is similar
to that reported in many systems, such as TCNB-
benzene complexes and DDQ and acetanilide,
biphenyl and naphthalene systems [21].

C

Transmittance (%)

4000 3500 3000 2500 2000 “1500 1000 500

Wavenumber, cm’'

Fig. 8. FT-IR spectrum of (A) complex of DDQ and
PNA, (B) acceptor DDQ and (C) donor (PNA).

54 1312z o 10 9 3 7 6 s ‘ 3 2 ' 0 ppen

Fig. 9. THNMR spectrum of the CT-complex

Effect of solvents on the formation of CT-
complexes

The spectroscopic properties were markedly
affected by varying solvent polarity. In the present
investigation, the Kcr values increased significantly
from dichloromethane to carbon tetrachloride with
decreasing solvent polarity. The values of the
association constant Kcr and the values of molar
extinction coefficient are shown in Table 5.
Moreover, the experimental results of the CT
interaction between DDQ with PNA in different
polar solvents reveal that the values of the
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association constant K¢, in dichloromethane at Act
440 nm and 560 nm are 228 (1 mol?), 383 (1 mol?)
at 20°C, 234 (1 mol™), 393 (1 mol?) at 25°C and
247 (1 mol?) and 351 (1 mol?) at 30°C. In
chloroform the values of the association constant
Kcr, at Act 430 nm and 550 nm are 269 (1 mol?),
362 (1 mol?) at 20°C, 356 (1 mol™?), 455(1 mol?) at
25°C and 393 (1 mol?), 434(1 mol?) at 30°C. In
carbon tetrachloride the values of the association
constant Kcr, at Act 420 nm and 540 nm are 453 (1
mol), 399 (1 mol?), at 20°C 482 (1 mol?), 340 (1
mol?), at 25°C, 488 (1 mol?), 301 (1 mol?), at
30°C. The values of the molar extinction
coefficients e, €25, and &3 in dichloromethane are
176 (1 moltcm?), 127 (1 mol*cm?) and 184 (1
mol*cm?), 133 (1 mol-tcm™?) and 193 (1 mol*cm?),
141 (1 mol*cm™), respectively. The values of the
molar extinction coefficients e e, and €30 in
chloroform are 181 (1mol*cm™), 142 (1mol*cm?),
185 (1mol*cm™), 120(2mol*cm™), and 191(1mol-
em?), 125 (Imol*cm?), respectively, as shown in
Table 5. The values of the molar extinction
coefficients 20, €25 and €30 in carbon tetrachloride
are 195 (1 molicm?), 133 (1 moltcm?), 199 (1
molicm?), 141 (1 molicm?), 209 (1 molicm?),
152 (1 molcm™), respectively, as represented in
Table 5. The increase in the Kcr values with
decreasing solvents polarity may also be due to the
fact that the CT-complex should be stabilized in
less polar solvents [22].

The influence of solvent polarity on the
spectroscopic and thermodynamic properties of
molecular electron-donor-acceptor (EDA)
complexes is discussed. The data given in Table 5
show that DDQ interacts more strongly with PNA
in carbon tetrachloride than in the other two
solvents.

The experimentally determined values of
oscillator strength, (f) in dichloromethane at 20°C
are 3.63x10° and 3.48x10%%; at 25°C are 2.36x107,
and 1.73x10%; and at 30°C are 2.64x10®° and
6.58x10°, as given in Table 2. The values of the
oscillator strength, (f) in chloroform at 20°C are
2.65x10% and 2.42x10%; at 25°C are 1.93x10° and
6.75x10°; and at 30°C are 2.13x10° and 7.57x10°,
respectively, as shown in Table 3. In carbon
tetrachloride the values of the oscillator strength,
(f) at 20°C are 2.07x10° and 6.26x10° at 25°C are
1.87x10° and 1.54x10°®; and at 30°C are 2.27x10°
and 1.22 x1075, respectively (Table 4).

The values of the transition dipole moment,
(uen) in dichloromethane are 0.892 Debyes and
0.757 Debyes at 20°C; 0.912 Debyes and 0.775
Debyes at 25°C; and 0.934 Debyes and 0.798
Debyes at 30°C (see Table 2). In chloroform the
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values of the transition dipole moment, (pen) are
0.905 Debyes and 0.801 Debyes at 20°C; 0.914
Debyes and (0.736 Debyes at 25°C; and 0.930
Debyes and 0.752 Debyes at 30°C (Table 3). In
carbon tetrachloride the values of the transition
dipole moment, (uen) are 0.939 Debyes and 0.775
Debyes at 20°C; 0.949 Debyes and 0.798 Debyes at
25°C; and 0.972 Debyes and 0.829 Debyes at 30°C
(Table 4), which indicate that the complex should
be more stable in the less polar solvent CCl,than in
the other two solvents.

The free energy change of the complexation also
reveals that the CT-complex formation between the
donor (PNA) and the acceptor (DDQ) is exothermic
in nature. The values of AG® in dichloromethane: -
13.408 KJmol?! and -14.721 KJmol?! at 20°C; -
13.405 KJmol* and -14.778 KJmol* at 25°C; and -
13.636 KJmol™ and -14.492 KJmol* at 30°C are
shown in Table 2. In chloroform the values of AG°
at 20°C are -13.808 KJmol* and -14.549 KJmol?;
at 25°C are -14.549 KJmol* and -15.120 KJmol-;!
and at 30°C — -14.778 KJmol* and -15.006 KJmol~
(Table 3). In carbon tetrachloride the values are -
15.120 KJmol* and -14.835 KJmol?! at 20°C; -
15.291 KJmol* and -14.435 KJmol™ at 25°C; and -
15.291 KJmol* and -14.093 KJmol* at 30°C (Table
4). The values of AG° generally become more
negative as the association constants of the
molecular complex increase.

The calculated values of Ip of the DDQ/PNA
system in dichloromethane at 20°C are 9.40(ev),
8.54(ev); 9.37(ev) and 8.49 (ev) at 25°C and
9.32(ev) and 8.63(ev) at 30°C (Table 2). In
chloroform the values of Ip at 20°C are 9.38 (ev)
and 8.47 (ev); at 25°C are 9.35 (ev) and 8.40 (ev);
and at 30°C are 9.35 (ev) and 8.39 (ev) (Table 3).
The calculated values of Ip in carbon tetrachloride
at 20°C are 9.37 (ev) and 8.43 (ev); at 25°C are 9.38
(ev) and 8.74 (ev); and at 30°C are 9.40 (ev) and
8.72 (ev) (Table 4). The approximate constancy of
the Ip values indicates that the ionization potential
has a negligibly small effect on the Kcr value.

FT-IR spectra of CT-complex and reactants

FT-IR spectra of p-nitroaniline (donor), DDQ
(acceptor) and their CT-complex are shown in Fig
8. while the assignments of their characteristic FT-
IR spectral bands are reported in Table 6. The
formation of the charge transfer complex during the
reaction of DDQ with PNA is strongly evidenced
by the presence of the main characteristic infrared
bands of the donor and acceptor in the spectrum of
the product. There are changes in their intensities
compared with those of the free donor and acceptor.
This shift was attributed to the charge transfer from

donor to acceptor upon complexation.

The FT-IR spectrum of the DDQ/PNA complex
indicated that the band that results from the v
(C=N) vibration of the free DDQ acceptor changed
in frequency and decreased in intensity in the
complexes upon CT complexation. Free DDQ
shows two v (C=N) vibrations at 2250 and 2231
cm?, while in its complex v (C=N) occurs at a
lower wave number value, 2209 cm™. It is clear that
v (C=N) of DDQ is decreased upon complexation
[23]. The characteristic band of v (N-H) of PNA is
observed at 3480 cm? (strong) and 3356 cm’
(strong). In the CT-complex a new band is observed
at 3481 cm(strong). The band at 3076 cm(weak)
is due to the aromatic C-H stretching vibration. The
—NH; deformation mode is observed by the
absorption at 1633 cm? (very strong) in the CT-
complex, whereas in free PNA this is observed at
1635 cm? (medium strong). This band overlaps
with the aromatic C=C stretching vibrations. The —
NO; group is observed at 1606 cm(strong) in the
CT complex, whereas in free PNA this is observed
at 1591 cm? (very strong). The group of bands
assigned to v (C-CI) vibrations, which appeared at
893 cm™*and 800 cm™ in the free DDQ, exhibited a
shift to lower wave numbers at 862 cm™* and 780
cm? and a decrease in intensity of the characteristic
peaks [23]. These observations clearly confirm that
the (C=N) group in the DDQ acceptor participates
in the complexation process. Because DDQ lacks
acidic centers, the molecular complex can be
assumed to form through n-n* and/or n-n* charge
migration from the HOMO of the donor to the
LUMO of the acceptor. The n-n* CT complex is
formed via the benzene ring (electron-rich group)
of the PNA and DDQ reagents (electron- acceptor).

The cyano group (C=N) is an electron-
withdrawing group that exists in DDQ in a
conjugated bonding system. The 2 CN groups in
DDQ withdraw electrons from the aromatic ring,
and such a process will make the aromatic ring an
electron-accepting region. The n*—~CN electron
density appears to increase and more easily accept a
proton from the donor because of the electron-
withdrawing process and the conjugated electron
system. So, the interaction mode between PNA and
the DDQ acceptor also occurs through migration of
an H* ion to one of the cyano groups in the DDQ
acceptor to form a positive ion (-C=N'H) that
associates with the —NH, group in PNA.

'H- NMR spectrum of the CT- complex

The *H-NMR spectrum of the 2, 3-dichloro-5, 6-
dicyano-p-benzoquinone and  p-nitro  aniline
product in acetone is shown in Figure 9. P-nitro
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aniline ring system was specified in the region & =
8.40-6.66 ppm. The NH; group of p-nitroaniline
occuring at &= 6.71 in the free donor was shifted to
0= 6.66. This indicates that one of the CN groups of
DDQ has been eliminated by the amino group of
the p-nitroaniline donor eliminating HCN [24]
(Scheme 1). The doublet peaks at 6= 8.40 ppm and
the triplet peaks at 8 = 7.62 ppm assigned to the rest
of protons of p-nitroaniline are in the same kind in
DDQ moiety in the CT-complex. The intensities
and chemical shifts of the aromatic signals were
significantly affected by the elimination and the
accompanying changes in  the  structured
configuration. Mechanism and structure of the CT-
complex of acceptor and donor is given in Scheme
1.

NH,

NO,

NH

Scheme 1. Mechanism of the interaction between p-
nitroaniline and DDQ

CONCLUSION

The UV —Vis spectrophotometric method for the
study of the CT-complex of DDQ with PNA
ascertains the formation of a 1:1 (A:D) complex in
all three solvents, viz., carbon tetrachloride,
chloroform and dichloromethane. In all systems the
stoichiometry is unaltered by changing the solvent.
The association constants, Kcr and molar extinction
coefficients, ect, of all systems were evaluated by
the Benesi-Hildebrand method. The spectroscopic
and thermodynamic parameters of the CT-
complexes were found to be dependent on the
polarity of the solvents. The values of oscillator
strengths, (f) transition dipole moments, (Jen)
resonance energies, (Rn) and standard free energies,
(AG°) were estimated for the PNA/DDQ systems in
different polar solvents. The results show that the
investigated CT-complex is stable, exothermic and
spontaneous. From the trends in the CT absorption
bands, the ionization potentials of the donor
molecules were estimated. The FT-IR and *H NMR
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spectra revealed that the charge transfer complex is
present as an ion pair and there are few free ions in
solution.
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CIIEKTPOCKOIICKHN U3CJIIEABAHNA HA KOMIUIEKCH C ITPEHOC HA 3APAIA OT 2,3-
JANXIIOPO-5,6-TULIMAHO-p-BEH30XNHOH C p-HUTPOAHWJIVH

H. Cunrx, A. Axman *

Henapmamenm no xumus, Hayuen ¢paxynmem, Mrocioimancku ynueepcumem, Anueap - 202002, Hnous

Ilocrpnuna Ha 2 aBrycr, 2015 r.; npuera Ha 5 okTromMBpH, 2015 T.
(Pestome)

Kowmmnekcu ¢ mpeHoc Ha 3apsaa (CT-kommiekcn) ¢ goHop p-HupoanunuH (PNA) u akuenrop 2,3-muxniopo-2,6-
nuiraHo-p-6exsoxunon (DDQ) ca u3cnenBaHu CreKTpo-GoTOMETpUYHO B pasiumuHu pastBoputenu, karo CH2Cly,
CHClIsz u CCls nipu pa3nudHu TeMIepaTyp. BbB Bcuuku ciiydau ca HaGI0AaBaHu 110 JBE JIMHUK Ha MPEHOC HA 3apsia.
Pesynrature nokaspart, ue oOpa3zyBaHeTo Ha CT-KOMIUIEKC B MO-MaJIKO IMOJSIPEH Pa3TBOPHUTENE CPABHUTEIHO BHCOKO.
Crexnomerpusara Ha CT-komrmiekca e 1:1. ®uznuante napamerpu Ha CT-KOMIIIEKCca ca OICHEHH IO YPaBHEHUETO Ha
Benesi-Hildebrand. [lanuuTe ca 00CheHN B CMEChJIAa HA KOHCTAaHTUTE Ha obOpasyBaHe (Kcr), koeduinenta Ha MoIapHa
SKCTHHKIUSA (£cT), CTAaHIAPTHHS TEPMOJMHAMUYCH MOTeHIuan (AG°), cunata Ha ocumiatopa (f), IPeoIHUs IHIOJICH
MOMEHT (UeN), p3oHaHCHATa eHeprus (Rn) ¥ Honm3aumoHHus noteHuuan (Ip). PesynraTute mokassat, 4ye KOHCTaHTATa
Ha oOpasyBaHe Ha komIuiekca (Kcrt) e 3aBHCHMMa OT NpHpolara Ha aklenTopa Ha eNeKTPOHW, Ha JOHOpa M OT
NOJIIPHOCTTa Ha H3MOJI3BaHWS pastBoputen. OOpa3yBaHeTO Ha KOMIUIEKCa ce INOTBbpxkraaBa dpe3 UV-Vis —
cnexrpockonus, FTIR u 'H-SIMP. ITpeanoxena e crpykrypa Ha CT-komuiekca mexay DDQ u PNA.
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Biologically active flavone derivatives with antibacterial potentials were synthesized via Claisen-Schmidt
condensation of ketones with different aldehydes with good vyields. The structures were established by different
spectroscopic techniques like 'H NMR, C NMR, IR and elemental analysis. The findings showed that some of the
substituted flavones possess higher antibacterial potentials than simple flavones as regards their minimum inhibitory
concentration (MIC) and are potential candidates for the treatment of a wide range of infectious diseases.

Keywords: Flavone derivatives, antibacterial, MIC, infectious diseases.

INTRODUCTION

Infectious diseases are among the main causes
of mortality and  morbidity  worldwide.
Advancement in the innovation of antimicrobial
agents has safeguarded the way for human
wellbeing. However, effectiveness of antibiotics in
future is to some extent in doubtful condition due to
the development of resistance to these agents in an
unavoidable manner [1]. The emergence of hitherto
unidentified microbes that cause infections poses a
colossal health concern regarding the combat
towards infectious diseases [2]. The need for new,
effective and affordable drugs to treat microbial
diseases in the developing world is one of the major
issues facing global health today and consequently,
this has created a new dimension in the search for
new drugs [3]. Structural modification of anti-
infective agents has confirmed to be an effective
way of enhancing the lifespan of these agents [4].
Natural products have been reported to be a
potential source of anti-infective agents and the
prime examples are penicillin and tetracycline.
Generally, polyphenolic compounds like flavonoids
(natural compounds) have been reported for a wide
range of pharmacological actions [5]. At present,
this class of natural products is the area of interest
in medical research and is known to possess
pharmacological actions including antiallergic [6],
anti-inflammatory [7], antiviral [8], antithrombotic
[9], antimutagenic [10], antioxidant [11],

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

antidiabetic [12], anticancer [13], hepatoprotective
[14] and antimicrobial [15-18] effects.

Most of the scientific reports are on natural
flavonoids and acquire a special place in natural
and heterocyclic chemistry because of their
structural ornamentation in many
pharmacologically active compounds. In view of
the above facts regarding the significance of
flavonoids in nature, it was considered worthwhile
to synthesize flavonoid derivatives and to attempt
to portray the structure-activity relationships
(SAR).

EXPERIMENTAL
Materials and Methods

Substituted ketones and benzaldehyde were
purchased from Sigma Aldrich Chemical Company.
TLC plates were Merck 60 F254, Darmstadt
Germany. Solvents and chemicals like ethanol, n-
hexane, ethyl acetate, DMSO of extra pure
analytical grade were purchased from Merck.
Mueller-Hinton agar and nutrient broth were
purchased from Oxoid, UK. Ciprofloxacin and
ampicillin were gifted by local pharmaceutical
industries.

'H-NMR and **C NMR spectra were recorded in
deutrated chloroform (CDCls) on a Bruker SF
spectrometer operating at 300 and 75 MHz
frequencies, respectively. Chemical shift values are
expressed in o (ppm) downfield relative to TMS
which was used as an internal standard. Infrared
spectra were recorded on Thermoscientific, USA
(Nicolet 6700) infrared spectrometer by the KBr
disk method. All melting points are uncorrected and
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were taken in open capillary tubes using an
Electrothermal 9100 apparatus (Barnstead, UK).
Reaction extents and final products purities were
checked on TLC plates (Merck 60 F254) and spots
were visualized under UV lamp (180-365 nm) by
staining with iodine vapor.

Synthesis and characterization

General procedure for the synthesis of flavone

derivatives

To an ethanolic solution of substituted 2-
hydroxy acetophenone (15 mM), sodium hydroxide
(10 ml, 40% ethanolic) was dropwise added at
room temperature. Then the corresponding
benzaldehyde derivatives (15 mM) were dropwise
added to this mixture and stirred for 24-48 h at
room temperature (25 + 2°C). The reaction was
monitored by TLC and upon completion, the
contents were poured into crushed ice and
neutralized with 1IN HCI solution resulting in
yellow precipitates of the corresponding chalcones.
The latter were filtered and washed with water to
remove the impurities.

In the next step, the respective chalcones were
separately cyclized to flavone derivatives in 15 ml
DMSO in the presence of iodine (375 mg) at 140 °C
for 1 h. Upon completion of the reaction, the
mixtures were cooled to room temperature and
poured into water followed by extraction with ethyl
acetate (25 mix3), treated with sodium thiosulfate
solution (20%), brine solution and dried over
sodium sulfate. The final products (a mixture of
flavone and chalcone) were subjected to column
chromatography using n-hexane: ethyl acetate (9:1)
to purify the flavone derivatives (Scheme 1) [19,
20].

2-Phenyl-4H-chromen-4-one (F1)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
benzaldehyde in ethanol, and adding sodium
hydroxide solution with continuous stirring to get
the desired chalcone. In the next step, the chalcone
was cyclized to flavone by refluxing in DMSO in
the presence of catalytic iodine as described above.

'H NMR (300 MHz, chloroform-d) § 8.22 (dd, J
=8.0, 1.7 Hz, 1H), 7.75 — 7.53 (m, 5H), 7.50 — 7.37

OH O Ry
o~ _NeoH
+ rt 24-48 hrs
Rs R4
Re

Scheme 1. Synthesis of flavone derivatives.

1 10°C

(m, 4H), 6.85 (s, 1H).**C NMR (75 MHz, CDCl3) §
178.48, 163.42, 156.26, 133.79, 131.77, 131.61,
129.04, 126.66, 125.71, 125.24, 123.95, 118.09,
107.58 IR (KBr), v, ecm™, 1635.4, 1463.3, 1372.4,
766.0. Found, %: C 81.07; H 4.54. CisHi00..
Calculated, %: C 81.19; H 4.60 [20-22].

2-(4-(Dimethylamino)phenyl)-4H-chromen-4-one
(F2)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
4-(dimethylamino) benzaldehyde in ethanol, and
adding sodium hydroxide solution under continuous
stirring to get the desired chalcone. In the next step,
the chalcone was cyclized to flavone by refluxing
in DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.24 (dd, J
=179, 1.7 Hz, 1H), 7.89 — 7.81 (m, 2H), 7.68 (ddd,
J=8.7,71,17Hz 1H), 7.55 (dd, J = 8.4, 1.3 Hz,
1H), 7.40 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.80 —
6.76 (m, 2H), 6.73 (s, 1H), 3.10 (s, 6H). °C NMR
(75 MHz, chloroform-d) & ppm= 178.20, 163.7,
156.50, 152.60, 133.22, 127.75, 125.58, 124.81,
124.03, 117.84, 111.66, 104.39, 40.10. IR (KBr) o,
cm?,2919.4 (CH) 1730.3(C=0), 1197.8 and 1363.2
(C-N), 1558.1(C=C), 3311.5 (=C-H) 1127.2 (C-0).
Found, %: C 76.96; H 5.70; N 5.28. C17HisNOx.
Calculated, %,: C 76.59; H 5.60; N 5.60 [20].

2-(p-Tolyl)-4H-chromen-4-one (F3)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
4-methylbenzaldehyde (p-tolylaldehyde) in ethanol,
and adding sodium hydroxide solution under
continuous stirring to get the desired chalcone. In
the next step, the chalcone was cyclized to flavone
by refluxing in DMSO in the presence of catalytic
iodine.

'H NMR (300 MHz, chloroform-d) & 8.23 (dd, J
= 7.9, 1.7 Hz, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.71
(td, J = 8.4, 7.2, 1.2 Hz, 1H), 7.53 (d, J = 8.5 Hz,
1H), 7.39 (td, J = 7.9, 0.8 Hz, 1H), 7.27 (d, 2H),
6.92 (s, 1H), 2.39 (s, 3H). 3C NMR (75 MHz,
CDCls) 6 178.1, 162.7, 156.2, 142.5, 134.1, 129.6,
128.4, 126.5, 125.6, 125.2, 123.5, 118.2, 106.5,
104.1, 21.5. IR (KBr) v, cm™, 1640, 1465, 817 [21,
22].

’DMSO
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2-(4-Chlorophenyl)-4H-chromen-4-one (F4).

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
4-chlorobenzaldehyde in ethanol, and adding
sodium hydroxide solution under continuous
stirring to get the desired chalcone. In the next step,
the chalcone was cyclized to flavone by refluxing
in DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.24 (dd, J
= 8.0, 1.6 Hz, 1H), 7.83 (d, 2H), 7.72 (td, J = 8.7,
7.1, 1.7 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 7.47 (d,
2H), 7.40 (t, J = 7.6 Hz, 1H), 6.75 (s, 1H). *C
NMR (75 MHz, CDCls) & 178.2, 162.1, 156.1,
137.8, 133.9, 130.2, 129.3, 127.5, 125.7, 125.3,
123.9, 118.0, 107.6. IR (KBr) v, cm™, 1662, 1374,
1092, 827, 754 [21, 22].

2-(2,4-Dichlorophenyl)-4H-chromen-4-one
derivative (F5)

The compound was obtained by stirring
equimolar amounts of 2’-hydroxyacetophenone and
2,4-dichlorobenzaldehyde in ethanol and adding
sodium hydroxide solution under continuous
stirring to get the desired chalcone. In the next step,
the chalcone was cyclized to flavone by refluxing
in DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d, ppm) & 8.27
(dd, J = 8.0, 1.7 Hz, 1H, H-3%), 7.74 (ddd, J = 8.7,
7.1,1.7 Hz, 1H, 5°-H), 7.64 — 7.56 (m, 2H, 5-H, 6"-
H), 7.55 - 7.40 (m, 3H, 6-H, 7-H, 8-H), 6.68 (s, 1H,
H-3).1*C NMR (75 MHz, CDCls, ppm) & 177.98
(C-4), 161.51 (C-2), 156.54 (C-8a), 137.43(C-2"),
134.06 (C-47), 133.81 (C-6"), 131.42 (C-5"), 130.77
(C-37), 130.40 (C-17), 127.58 (C-7), 125.82 (C-6),
12550 (C-5), 123.81 (C-4a), 118.18 (C-8),
113.16(C-3). IR (KBr) Vmax cm™: 3066.5, 2920.6,
1734.1, 1645.4, 1221.1, 748.2. Anal. Calcd. for
CusHsCl,02: C, 61.88; H, 2.77. Found: C, 60.99; H,
2.28 [20].

2-(2,3-Dichlorophenyl)-4H-chromen-4-one (F6)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
2,3-dichlorobenzaldehyde in ethanol and then
sodium hydroxide solution was added under
continuous stirring to get the desired chalcone. In
the next step, the chalcone was cyclized to flavone
by refluxing in DMSO in the presence of catalytic
iodine.

'H NMR (300 MHz, chloroform-d) & 8.32 —
8.17 (m, 1H, H4Y), 7.86 — 7.61 (m, 2H, H5'6"),
7.56 — 7.21 (m, 4H, H-5,6,7,8), 6.67 (s, 1H, H3).
BC NMR (75 MHz, CDCl3s) & 178.39(C4),
162.62(C2), 156.58(C8a), 134.60(C7), 134.26(C3"),
134.08(C1"), 132.62(C5), 129.80(C4"),
128.93(C5"), 127.65(C2"), 125.85(C6"),
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125.61(C4a), 123.69(C6), 118.23(C8), 112.98(C3).
IR (KBr) Vimax cm™: 3048.9, 2918.5, 1714.7, 1659.3,
1191.3, 747.8. Anal. Calcd. for CisHsCl,0,: C,
61.88; H, 2.77. Found: C, 62.02; H, 2.46 [20].

2-(3,4-Dichlorophenyl)-4H-chromen-4-one (F7)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
3,4-dichlorobenzaldehyde in ethanol and adding
sodium hydroxide solution with continuous stirring
to get the desired chalcone. In the next step, the
chalcone was cyclized to flavone by refluxing in
DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.24 (dd, J
= 8.0, 1.7 Hz, 1H), 8.04 (d, J = 2.1 Hz, 1H), 7.74
(tq, J = 7.0, 2.2 Hz, 2H), 7.65 — 7.56 (m, 2H), 7.46
(ddd, J = 8.2, 7.1, 1.1 Hz, 1H), 6.80 (s, 1H). C
NMR (75 MHz, CDCls) 8 178.03, 160.82, 156.08,
135.96, 134.09, 133.70, 131.69, 131.11, 128.06,
125.78, 125.55, 125.25, 123.87, 118.06, 108.19. IR
(KBr) o, cm™, 1659.3, 1413.7, 1378.8, 750.04,
747.8. Found, %: C 61.92; H 2.53. CisHsCl,0o.
Calculated, %,: C 61.88; H 2.77 [20].

2-(2,6-Dichlorophenyl)-4H-chromen-4-one (F8)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
2,6-dichlorobenzaldehyde in ethanol and adding
sodium hydroxide solution under continuous
stirring to get the desired chalcone. In the next step,
the chalcone was cyclized to flavone by refluxing
in DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.30 (dd, J
=8.0, 1.7 Hz, 1H), 7.83 - 7.68 (m, 1H), 7.58 — 7.36
(m, 5H), 6.47 (s, 1H). 3C NMR (75 MHz, CDCl3) §
178.06, 162.03, 156.96,, 133.65, 133.39, 128.48,
126.58, 125.75, 125.50, 124.89, 123.43, 120.38,
117.58. IR (KBr) v, cm, 2918.5, 1714.7, 1659.3,
1191.3, 747.8. Found, %: C 61.94; H 2.49.
C15H8C|202. Calculated, %,Z C 61.88; H2.77.

2-(4-(Trifluoromethyl)phenyl)-4H-chromen-4-one
(F9)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxyacetophenone and
4-(trifluoromethyl) benzaldehyde in ethanol and
adding sodium hydroxide solution under continuous
stirring to get the desired chalcone. In the next step,
the chalcone was cyclized to flavone by refluxing
in DMSO in the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.25 (dd, J
=8.0, 1.7 Hz, 1H), 8.06 (d, J = 8.2 Hz, 2H), 7.85 —
7.69 (m, 3H), 7.61 (dd, J = 8.4, 1.1 Hz, 1H), 7.47
(m, 1H), 6.88 (s, 1H). 3C NMR (75 MHz, CDCl3) §
178.14 ,161.57,156.17 , 135.16, 134.10, 133.77 ,
132.90, 126.62 , 126.02, 125.77 , 125.54 , 123.91 ,
118.11, 108.71. IR (KBr) v, cm™, 3073.3 (=C-H),
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1641.8 (C=0), 1316.8 (C-F), 1165.3 (C-0), 849.8
(C-F). ESI: m/z (CiHoF302) H+: calculated,
291.0627, found: 291.0629 [23, 24].

2-(4-(Trifluoromethyl)phenyl)-7-methoxy-4H-

chromen-4-one (F10)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxy-4'
methoxyacetophenone and  4-(trifluoromethyl)
benzaldehyde in ethanol and adding sodium
hydroxide solution under continuous stirring to get
the desired chalcone. In the next step, the chalcone
was cyclized to flavone by refluxing in DMSO in
the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.16 (d, J
= 8.7 Hz, 1H), 8.10 — 8.00 (m, 2H), 7.80 (d, J = 8.3
Hz, 2H), 7.09 — 6.97 (m, 2H), 6.83 (s, 1H), 3.97 (s,
3H).23C NMR (75 MHz, CDCls) § 177.56, 164.45,
161.23, 157.98, 135.27, 132.77, 127.18, 126.51,
126.08, 125.98, 125.93, 117.82, 114.76, 108.76,
55.91. IR (KBr) v, cm™, 3130.4 (=C-H), 2815.3 (C-
H), 1650.4 (C=0), 13814 (C-F), 1111.7 (C-0),
836.4 (C-F). HRMS (ES*) m/z CassH2FsOsNa
requires 663.1213; Found 663.1234 [25].

6-Bromo-2-(4-(trifluoromethyl)phenyl)-4H-
chromen-4-one (F11)

The compound was obtained by stirring
equimolar amounts of 2'-hydroxy-5’'
bromoacetophenone and 4-(trifluoromethyl)
benzaldehyde in ethanol and adding sodium
hydroxide solution under continuous stirring to get
the desired chalcone. In the next step, the chalcone
was cyclized to flavone by refluxing in DMSO in
the presence of catalytic iodine.

'H NMR (300 MHz, chloroform-d) & 8.38 (d, J
= 2.5 Hz, 1H), 8.06 (d, J = 8.1 Hz, 2H), 7.88 — 7.78
(m, 3H), 7.58 — 7.45 (m, 1H), 6.90 (s, 1H). ©*C
NMR (75 MHz, CDCl3) 6 176.88, 161.93, 154.95,
137.13, 134.13 128.47, 126.72, 126.18, 126.13,
125.21, 124.32, 120.13, 119.07, 108.73. IR (KBr) v,
cm, 3090.4 (=C-H), 1633.7 (C=0), 1316.3 (C-F),
1173.2, 828.4 (C-F), 632.1 (C-Br). HRMS (ES")
m/z Csz His BroFsOsNa requires 760.9212; found
760.9164 [25].

Antibacterial Activity

Antibacterial ~ screening of the flavone
derivatives mentioned above was performed against
Gram-positive and Gram-negative bacterial strains
using the agar well diffusion method. Briefly, about
20 ml of sterile Mueller-Hinton Agar was poured in
sterile petri plates and allowed to solidify. The

sterile cotton swab was dipped into the bacterial
culture (10° to 10® CFU/mI) and the agar plates
were evenly inoculated by swabbing followed by
the wells formation using a sterile cork-borer (6
mm diameter). Each prelabeled well was filled with
100 ul of wvarious concentrations of flavone
derivatives and allowed to diffuse by refrigerating
for 30 min. The plates were then incubated at 37°C
for 24 h. Triplicate plates were prepared for each
treatment and the average zone of inhibition
excluding well was recorded. DMSO was used as a
negative control. The antibacterial potential in the
form of zone of inhibition in millimeters (mm) was
compared with the standard antibiotics ampicillin
and ciprofloxacin [26-28].

Minimum inhibitory concentration (MIC)

Compounds inhibiting growth of one or more of
the above microorganisms were again tested for
their minimum inhibitory concentration values
(MIC). The MIC values were determined by the
broth dilution technique. Briefly, a stock solution of
each compound was prepared in dimethylsulfoxide
(DMSO) and serially diluted to achieve the desired
concentration range. To each of the preidentified
sterile test tubes containing a specific concentration
of the test compound, a standard volume of nutrient
broth medium was added. The inoculum consisting
of an overnight broth culture of microorganisms
was added to each tube. The tubes were incubated
at 37°C for 24 h and examined for turbidity. A
control tube containing no antimicrobial agent was
also included and ciprofloxacin was used as a
standard. The lowest concentration required to stop
the growth of bacteria was regarded as MIC [29].

RESULTS AND DISCUSSION

The general structure and physical parameters of
the flavone derivatives are given in Scheme 1 and
Table 1 while the spectroscopic parameters are
given in the experimental section of this study.
Results of the antibacterial activity of synthetic
flavones in respect to their zone of inhibition are
given in Table 2. It is reported that substitution in
the ring A and ring B may increase or decrease the
antibacterial response. Results from the study
reveal that addition of halogen (Br) at ring A and
trifluoromethyl at ring B enhances the antibacterial
response against Gram positive and Gram negative
bacteria.
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Table 1. Physical parameters of the flavone derivatives

Flavone R:
F1 H
F2 H
F3 H
Fa4 H
F5 Cl
F6 Cl
F7 H
F8 Cl
F9 H

F10 H
F11 H

Trrx0Qrrxxxxl

H

Rs
H
N(CHs)
CHs
Cl
Cl
H
Cl
H
CFs
CF;
CF;

@)
TOIIIIIIIIIN

IrrOxrxxxxxxd

T
@

Yield
68.7%
73.6%
77.8%
84.2%
87.0%
81.0%
79.3%
81.6%
85.3%
83.4%
Br 85.7%

rIrrxrxrxxxxxy

Appearance

Creamy white solid  0.58 96-98

Brick red solid

Off white solid

White crystals
White solid
White solid
White solid
White solid

Rt M.P(°C)
067 107-109
064 154-158
069 178-181
057 190-193
064 188-191
061 195-197
063 182-185

Monoclinic crystals  0.63  134-137
Triclinic crystals 0.57 167-170
Monoclinic crystals 0.71  171-173

Table 2. Antibacterial activity (Zone of inhibition) of compounds F1-F11.

Zone of inhibition (mm)

Gram-positive bacteria

Gram-negative bacteria

Flavones Concentration .
(pug/ml) B. subtilis S. aureus P. aeruginosa
F1 25 19.4+1.67 25.2+1.06 23.1+0.91
50 23.6+2.13 29.8+0.81 25.4+1.33
100 21.1+1.28 28.3+1.27 29.2+1.72
Fo 25 13.5+0.97 16.2+0.84 15.3+1.41
50 15.3+1.71 16.8+1.27 16.1+2.08
100 19.6+2.25 18.1+1.15 21.4+1.14
25 18.0+1.67 20.3+1.31 21.1+1.47
F3 50 19.2+2.08 18.6+1.01 19.4+1.07
100 21.4+1.27 19.1+2.17 23.8+1.31
F4 25 12.2+0.87 10.1+1.15 13.3+1.54
50 15.8+1.19 13.5+1.52 18.1+1.73
100 16.3+1.65 15.8+1.37 17.4+0.87
Fs 25 10.6£1.07 6.0+1.48 7.1+£2.13
50 13.4+£1.12 8.1+0.85 8.3+1.04
100 14.7+1.89 8.4+1.14 8.8+1.26
25 10.3%£1.38 8.1+0.91 9.3+1.66
F6 50 13.5+1.25 10.3+1.12 11.0+0.83
100 13.1+1.87 10.8+1.54 11.3%£1.24
F7 25 13.2+1.09 12.3+1.76 13.1+0.88
50 13.0+1.18 15.5+2.08 18.0+1.34
100 17.1+1.05 17.3+1.43 16.2+1.02
Fs 25 9.741.31 5.4+3.04 5.241.07
50 12.5+1.14 7.1+2.14 6.3+1.51
100 14.8+1.07 7.7+£1.87 6.4+1.25
25 20.6+1.62 28.3+2.11 25.1+1.04
F9 50 23.2+0.74 31.1+£1.33 26.4+0.79
100 23.1+0.93 33.5+2.05 29.3+0.94
F10 25 15.3+1.61 22.4+0.87 19.2+41.17
50 17.0+0.91 15.2+1.13 17.2+0.86
100 18.4+1.18 23.8+1.25 21.8+1.21
F11 25 23.6+1.37 33.1+1.38 27.4+1.02
50 25.3+0.74 35.0£1.15 29.2+1.14
100 25.7+1.31 34.6+£1.07 29.5+0.87
Ciprofloxacin 31+1.02 35+0.93 32+1.05
Ampicillin 29+0.87 38+1.15 33+0.96

All values are taken as mean+SEM (n=3)
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The replacement of the methoxy group at ring A
decreases the response in comparison to other
trifluoromethyl groups at ring B in the flavone
derivatives. The standard antibiotics ciprofloxacin
and ampicillin showed a significant response on
both Gram positive and Gram negative bacteria.

On the other hand, the simple flavone and the
methyl containing flavones at ring B also showed
significant response in comparison to other flavone
derivatives. It is also worth mentioning that a
resistance was observed by S. aureus and P.
aeruginosa in some of the halogenated flavones
that showed the ineffectiveness of these
compounds. The order of response with respect to
the zone of inhibition is F11, F9, F10, F1, F3, F2,
F4, F7, F6, F5, F8.

Table 2 illustrates the minimum inhibitory
concentrations MIC (pg/ml) of the synthetic
flavone derivatives against Gram positive and
Gram negative bacteria. It is observed that flavone
substituted at both rings (F11) possesses an
inhibitory potential at low concentration against all
tested bacteria which is reported to be 12.5, 6.25
and 6.25 (ug/ml), respectively, that is almost equal
to the response of the standard ciprofloxacin. This
attested that the introduction of halogen and
trifluoromethyl moiety enhances the potential in
comparison with simple flavones and other
derivatives. The MICs in pg/ml of the tested
flavones derivatives are given in Table 3.

The plants have an unlimited capability to
produce aromatic substances. Generally, these
aromatic compounds are phenols or oxygen-
substituted molecules that naturally serve as a
defensive tool against attacks by insects, herbivores
and microorganisms [30]. An in-depth literature
survey reported the significance of natural and
synthetic  flavonoid  derivatives as regards
antibacterial activity [31-35]. In the present study,
the antibacterial activities of synthetic flavone
derivatives were compared with respect to zone of
inhibition and minimum inhibitory concentration
(MIC) values. From the results it is evident that
there is a significant co-relationship between the
presence of functional groups and the antibacterial
response of the compounds. The present study
illustrates an effort to predict the SAR of flavone
derivatives with good activity against Gram-
positive and Gram-negative bacteria.

Based upon the findings of this study, it can be
concluded that the presence of a halogen group at
ring A and a trifluoromethyl group at ring B
produces flavones (F9, F10 and F11) with potent
activity.

Apart from simple flavone (F1), addition of
methyl and dimethylamino groups at ring B (F3
and F2) also showed promising results against all
bacteria. On the other hand, halogenated substituted
flavones at ring B (F4-F8) showed almost
minimum activity.

Table 3. Antibacterial activity (minimum inhibitory
concentration) of compounds F1-F11.

MIC (ug/ml)
Gram- Gram-
Flavone positive negative
bacteria bacteria
B.subtilis S.aureus P.aeruginosa
F1 25 375 25
F2 75 75 62.5
F3 62.5 50 50
F4 87.5 87.5 100
F5 100 100 100
F6 125 125 100
F7 75 87.5 87.5
F8 >125 >125 >125
F9 12.5 25 25
F10 50 50 375
F11 12.5 6.25 6.25
Ciprofloxacin 6.25 6.25 6.25

Several antibacterial mechanisms of action have
been assigned to flavonoids.

Among those, the possible mechanisms of action
are inhibition of nucleic acid synthesis by inhibition
of the enzymes topoisomerase and DNA gyrase;
causing pores in the membrane or reduction in
fluidity; damage of the cytoplasmic membrane,
inhibition of the cellular metabolism, resulting from
the inhibition of the enzyme NADH-cytochrome C
reductase; inhibition of cell membrane synthesis;
inhibition of cell wall synthesis caused by D-
alanine/D-alanine ligase inhibition and aggregation
of bacterial cells [36-39].

CONCLUSIONS

Researchers are constantly designing and
synthesizing  new  anti-infective ~ molecules
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worldover. The dilemma of resistance to these
agents is on the rise and there is a dire necessity for
the discovery of new agents with antibiotic activity
against the resistant bacterial strains. The present
study is an effort to assess flavone derivatives as
potential drug candidates for antibacterial activity.
The SAR study of flavone derivatives with
antibacterial potentials revealed a correlation
between the presence of additional functional
groups at different positions of the flavone ring A
and B structure and the antibacterial activity. Of the
compounds included in this study, F9, F10 and F11
were found to be the most active compounds. Thus,
these three compounds can act as future potential
candidates to develop newer synthetic antibacterial
agents. These new molecules can either be used
alone or in combination with other antibiotics to
combat infections and would reduce the effective
dose to be administered.
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CUHTETUYHU OJIABOHOBU ITPOM3BOJHU. AHTUBAKTEPUAJIHU CBOMCTBA U
BPB3KA MEXIY AKTUBHOCT U CTPYKTYPA

M. loaxu6t, C.V.A. ax'", H. Ann?, U. lax!, M.H. Ymap®, llla¢puyna’, M.H. Taxp*, M. 'nac’

Tenapmamenm no papmayus, Ynusepcumem ¢ Manaxano, Yaxoapa 18550 Jup Jloyep, Kxubep Ilaxmynkya,
Taxucman
2 lenapmamenm no gpapmaronoaus, Hncmumym no 6azosu meduyuncku nayku, Kxubep Meouyuncku Ynusepumem,
Hewasap 25000, Kxubep [lakmynkya, Ilakucman
3 lenapmamenm no xumus, Ynusepcumem ¢ Manaxano, Yaxoapa 18550 Qup Jloyep, Kxubep Iaxmynxya, Haxucman*

Jenapmamenm no ¢usuxa, Ynueepcumem Capeooxa 40100 [Iynosca6, [Tucman
ITocrpnuna Ha 4 centemBpu 2015 r.; npuera Ha 16 nexemspu 2015 r.
(Pesrome)

CuHTE3MpaHH ca C BUCOK JIOOUB OHMOJIOTMYHO aKTUBHHU (DJIABOHOBH MPOM3BOIHU C AaHTHOAKTEPHAJICH MOTCHIIHAN OT
KETOHH C Pa3IM4YHU anfexuau ype3 kouaensamnus Ha Claisen-Schmidt. CtpykTypute UM ca yCTaHOBEHH Ype3 Pa3IuIHU
cnektpockoncku Meromu: H SIMP, 3C SMP, MY u enemeHTeH aHaiu3. Pe3ynTaTuTe HOKa3BaT, Y€ HAKOM OT
3aMeCTCHUTE ()JIABOHU TMPOSABSIBAT MO-BUCOKA aHTUOAKTEpUATIHA AKTUBHOCT OT MPOCTHTE (DJIABOHH 10 OTHOIICHHE Ha
TAXHAaTa MUHHMaJHa KOHIEHTpauusa Ha uHxuoupaHe (MIC) u ca moTeHIMaTHN KaHAMJATU 3a JICYCHUETO Ha LIUPOK
CHEKTHP OT HHPEKIINO3HU 3a00IIIBaHUS.
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spectrophotometric, spectrofluorometric, voltammetric and circular dichroism
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The binding ability of the water-soluble copper(ll) complex with pyridine-2,6-dicarboxylate (pydc?) and 2-
aminopyrimidine (amp) with the formula [Cu(pydc)(amp)].2H.0].H20O (1) to calf thymus DNA (CT-DNA) was
investigated. The binding ability of 1 was studied by measuring the effects on the electronic absorption spectra, thermal
denaturation studies, fluorescence quenching studies using methylene blue (MB) as a fluorescent probe and circular
dichroism (CD) spectra. All results suggest that the interaction mode between (1) and DNA takes place by intercalation

with a binding constant of (9.51+0.2)x10* M1,

Keywords: Intercalative Interaction, CT-DNA, Methylene Blue, Mixed Nitrogen Donor Ligands, Cu (1) Complex.

INTRODUCTION

Cis-platine is one of the widely utilized
antitumor drugs [1]. In order to decrease the
toxicity of this kind of platinum complexes, many
kinds of amine-substituted compounds are
employed in the research of antitumor agents [2-4].
Some natural products have been used as amine-
substituted ligands in this research [5], such as D-
glucosamine [6], chitosan [7] and their derivatives.
These are non-toxic towards the human body and
the amino group in the chain has special activity.
However, one disadvantage of normal chitosan is
its low solubility in water. Recently there has been
considerable interest in the binding of small water-
soluble molecules to DNA [8]. Investigations of the
interaction between small molecules and DNA are
basic works in the design of new types of
pharmaceutical molecules. A small molecule which
can interact with DNA can be assigned to several
categories: metal ions and metal complexes, such as
metal  bipyridyl complex [9] and metal
phenanthroline complex [10]; heavy metals which
cause damage of DNA, such as chromium [11],
antibiotics, organic dyes and organic pesticides
[12], protein molecules and nanoparticle markers
[13]. Studies of the interaction between transition

* To whom all correspondence should be sent:
E-mail: m.bordbare@gmail.com
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metal complexes and DNA have been pursued in
recent years [14]. Metal complexes are known to
bind to DNA via both covalent and non-covalent
interactions. In covalent binding, the labile ligands
of the complexes are replaced by a nitrogen base of
DNA such as guanine N7. On the other hand, non-
covalent DNA interactions include intercalative,
electrostatic and groove (surface) binding of
cationic metal complexes both outside the DNA
helix, and along major or minor grooves. Among
these interactions, intercalation is one of the most
important DNA binding modes, as it invariably
leads to cellular degradation and is an enthalpically
driven process resulting from the insertion of a
planar aromatic ring system between ds-DNA base
pairs with concomitant unwinding and lengthening
of the DNA helix [15]. Copper is a cofactor
essential for the tumor angiogenesis processes [16].
Among the metal complexes, copper (I1) complexes
containing heterocyclic bases have been developed
as a result of their diverse applications following
the discovery of the ‘‘chemical nuclease’ activity
of the [Cu(phen);]** complex [17]. Furthermore,
copper complexes have shown strong interactions
with DNA via surface associations or intercalation
[18]. The factors that may affect their association
with DNA include their size, the type of ligands,
the presence and the position of small lipophilic
groups. On the other hand, copper complexes
having strong association with DNA are also
capable of inducing a hydrolytic cleavage [19], as

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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several copper-based synthetic nucleases have been
reported [20]. Their importance is due to their
capacity to cleave DNA via oxidative mechanisms
resulting from copper’s ability to adopt different
oxidation states.

In this work, the Cu (Il) complex of 2-
aminopyrimidine  (amp) and  pyridine-2,6-
dicarboxylate (pydc) (1) was synthesized [21].
Interactions of this complex with calf thymus DNA
(CT-DNA) were studied by UV-Vis, fluorescence
using MB as a fluorescence probe [22], depressing
emission quenching of this complex by
Ki[Fe(CN)e] in presence of DNA [23], circular
dichroism spectroscopic methods and cyclic
voltammetry (CV) measurements in order to gain a
better understanding of the binding mechanism of
this complex [24].

EXPERIMENTAL
Reagents

The reagents and chemicals were purchased
from commercial sources and used as received
without further purification. Calf thymus DNA
(CT-DNA) was obtained from Sigma. The stock
solution of CT-DNA gave a ratio of UV absorbance
at 260 and 280 nm (Azeo/Azs0) of 1.89 to check
DNA purity and making sure that the DNA was
sufficiently free from protein contamination [25].
The DNA concentration was determined by UV
absorbance (¢ =6600M ! cm™! at 260 nm) [26]. The
stock solutions were stored at 4° C and used within
4 days. All experiments involving interaction of the
complex with DNA were carried out in doubly
distilled water buffer containing 5mM Tris-HCI
[Tris(hydroxymethyl)-aminomethane] and 50 mM
NaCl, adjusted to pH 7.3 with hydrochloric acid.

Electronic Absorption Spectra

The UV-Vis spectra were recorded on a Varian
Cary-100 UV-Vis spectrophotometer. Absorption
titration experiments were conducted by fixing
constant concentration of the complex at 783 uM
while varying the concentrations of CT-DNA or by
fixing constant concentration of the (amino) and
(pydc) ligands at 70 uM while varying the
concentration of Cu(ln metal cation
([Cu(IN}/[L]=0-5). All experiments were conducted
in a buffer containing 5 mM Tris—HCI (pH 7.3) and
50 mM NaCl. CT-DNA being an absorbing species
in the absorption range of the complex, the
titrations were carried out by adding the same
amounts of CT-DNA solution to both reference and
measuring cell to eliminate the absorbance of DNA
itself.

Fluorescence Spectra

The fluorescence spectra were recorded on a
Varian Cary Eclipse spectrofluorometer. The
complex at a fixed concentration (19.6 uM) was
titrated by increasing amounts of CT-DNA.
Excitation wavelength of the complex was 296 nm,
scan speed = 100 nm/min, slit width 5/5 nm. All
experiments were conducted in a buffer containing
5 mM Tris—HCI (pH 7.3) and 50 mM NaCl. The
binding mode of the complex with CT-DNA was
studied by using methylene blue (MB) as a
fluorescence probe. Also, depressing the emission
guenching of this complex by KiFe(CN)s] in the
presence of DNA was studied.

Circular Dichroism Measurements

Circular dichroism measurements were carried
out on a Jasco-810 spectropolarimeter at room
temperature. A rectangular quartz cell of 1 cm path
length was used to obtain spectra from 320 to 220
nm with a scanning speed of 100 nm/min and a
response time of 4 s. Each spectrum was
accumulated at least three times and results were
expressed as molar ellipticity (H). The optical
chamber of the CD spectrometer was deoxygenated
with dry nitrogen before use and kept in a nitrogen
atmosphere during the experiments. Scans were
accumulated and automatically averaged. CD
spectrum was generated which represented the
average of three scans from which the buffer
background had been subtracted. In the CD
spectrum the concentrations of CT-DNA and
complex were 100 and 50 uM, respectively.

Thermal Denaturation Experiments

Thermal denaturation experiments were carried
out on a Varian Cary-500 UV-Vis double beam
spectrophotometer. The absorbance of 75 uM DNA
at 260 nm was monitored in the absence and
presence of 37.5 uM complex with temperature
ranging from 55 to 100 °C.

Cyclic Voltammetry Experiments

Cyclic  voltammetry  experiments  were
performed at room temperature with a conventional
three-electrode electrochemical cell, using a
Metrohm Autolab potentiostat/galvanostat. The
three-electrode system used in this research
consisted of a gold electrode as a working
electrode, an Ag/AgCI reference electrode and a Pt
foil auxiliary electrode. The solution was prepared
by dissolving the complex in aqueous buffer
containing 5 mM Tris—HCI (pH 7.3) and 50 mM
NaCl.

423



M. Bordbar et al.: Interaction studies of DNA binding with a new Cu(ll) complex by spectrophotometric, spectrofluorometric...

Viscometry Measurements

The viscosity was determined using a digital
Brookfield circulating bath Ultra DV 111 viscometer
maintained at 25.0 = 0.1 °C in a circulating water-
bath. Data were analyzed as (n/no)"?versus the ratio
of the concentration of (1) and DNA, where n is the
viscosity of DNA in presence of the complex and 1o
is the viscosity of DNA alone.

Synthesis of the Complex

The copper complex was prepared as described
by our group [27]. Pyridine-2,6-dicarboxylic acid
(0.167 g, 1 mmol) was dissolved in 10 ml of
deionized water containing 0.08 g (2 mmol) of
NaOH and was stirred for 30 min at room
temperature. An aqueous solution of 0.241 g (1
mmol) of Cu(NOs)..3H20 and 0.095 g (1 mmol) of
2-aminopyrimidine was added to pyridine-2,6-
dicarboxylic acid solution. The reaction mixture
was placed in a Parr-Teflon lined stainless steel
vessel, sealed and heated at 130°C for 4 h. Blue
crystals of the complex were obtained upon slow
cooling (yield 91%) [28].

RESULTS AND DISCUSSION
Characterization of the Complex

Recently, synthesis and characterization of
{[Cu(pydc)(amp)].3H.O}n by elemental analysis,
IR spectroscopy, thermal analysis and X-ray
diffraction studies have been reported by our group
[28]. As reported in ref. [21], each Cu (II) ion is
coordinated by an O,N,O-tridentate pydc® ligand
(bound via pyridine nitrogen atom and two
carboxylate oxygen atoms) and one heterocyclic
nitrogen atom of the 2-aminopyrimidine ligand
(Scheme 1). The same coordination mode was
found for the nickel complex [29]. The six-
coordination was completed by two water
molecules in the nickel complex, while each metal
ion in the copper complex is weakly connected to
two neighboring ones, through two carboxylate
bridging groups of dipicolinate and the amino-
nitrogen of the NH: group of 2-aminopyrimidine
(Scheme 1).

The FTIR spectrum of the crystals shows broad
strong bands in the region 3275-3523 cm, which
could be related to the existence of O-H---O
hydrogen bonding between the water molecules. It
must have been coupled by other indicative peaks
such as N-H and O-H stretching frequencies and
the stretching frequencies due to the aromatic rings
which originally fall within this region.
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Scheme 1. Structure of the Cu (II) mixed ligand
complex

Absorption Spectra

Electronic  absorption  spectroscopy s
universally employed to examine the binding mode
of DNA with metal complexes [30]. The absorption
spectra of (1) in the absence and presence of CT-
DNA are given in Fig.1. In the absence of DNA,
the absorption spectrum of (1) has a strong m—mn*
transition band at 268 nm. Increasing DNA
concentration, the absorption band of the complex
at 268 nm shows hypochromism of 85.5% and
bathochromism of about 8 nm; at 220 nm it shows
51% hypochromism and bathochromism about 9
nm. These phenomena indicate that the complex
probably interacts with CT-DNA by intercalation
mode, involving strong p m-stacking interactions
between the aromatic rings of the complex and
DNA base pairs.

The apparent binding constant, Ky, for the
interaction between the complex and CT-DNA can
be determined by  analysis of  the
spectrophotometric  titration data at room
temperature using Eq. (1) [31].

[DNA]/(|ea-t)=[DNA](ep-5)+ 1/Kn(ep-g)(1)

where [DNA], &, & and e, correspond to the total
concentration of CT-DNA base-pair, Aobsa/[COm],
the extinction coefficient for the free complex and
the extinction coefficient for the complex in the
fully bound form, respectively. In the plot of
[DNA]/(|ea-€1]) versus [DNA], Ky is given by the
ratio of the slope to the intercept.

Until now, the binding constant reported in most
papers has been calculated at a single wavelength
since different parts of a compound do not have
similar interaction with DNA. In this case, the
absorption spectrum at different wavelengths is
differently affected by this interaction and is
expected to give different binding constants at
different wavelengths. The calculated binding
constants for DNA-(1) at some of the selected
wavelengths are reported in Table 1. It can be
inferred that different values for the binding
constant are obtained at different wavelengths. It
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seems that the comparative binding constant
calculated at a single wavelength for the DNA-
compound interaction may not be correct. This
probably may be true if the binding constant is
reckoned as an average of the binding constants at
all wavelengths. Herein, we calculated the binding
constant Ky for the DNA-(1) at all wavelengths in
MATLAB and the mean result is 9.51(x 0.2)x10* L
mol 2.

Table 1. Ky values at different wavelengths

Wave
length 280 270 260 220 202
(nm)

Kb 5.46 1.00 3.21 9.52 4.34
(MY x10*  x10° x10* x10° x108

The K, value obtained for our copper(ll)
complex is considerably higher than those for any
other known copper(ll) complexes including
complexes such as [Cu(phen).Cl] (Kp, 2.70x10° M-
H[32], [Cu(phen)(L-Thr)(H20)]CIO: (Ks, 6.35%10°
M?) [33], [Cu (Il) Schiff base complexes] (Kb,
3.20x10° and 9.60x10° M) [34] [Cu(phen)(L-
Gly)(H20)] (Ks, 4.68x10° M) [35]

Absorbance]|
[
- (9] R
. .

(=]
4.}

350
1

A(nm)y

Fig. 1. UV-Vis absorption spectra of the complex
(70 uM) in the presence of increasing amounts of CT-
DNA; [DNA]=(0-950) uM The arrow shows the changes
upon increasing the amount of CT-DNA.

Fluorescence Spectra

The complex showed fluorescence emission in
Tris buffer at room temperature, with a maximum
at about 363 nm. As shown in Fig. 2, the
fluorescence intensity of the complex was steadily
guenched with the increasing concentration of CT-
DNA.

The interaction mode of the complex binding to
DNA can be determined according to the classical
Stern—Volmer equation [36]:

Fo/F=1+K,[Q] )
where Fo and F represent the emission intensity in
the absence and presence of quencher, respectively,
Ky is a linear Stern—Volmer quenching constant and

[Q] is the quencher concentration. The Stern—
Volmer quenching plots from the fluorescence
titration data are shown in the inset of Fig. 2.

300 2

250

3

0 150 300 450 600 750
[DNAL (M)

Fluorescence Intensity (a. u.)
— N
) 8

300 35;0 460 4{;0 560
A (am)

Fig. 2. Emission spectra of the complex (a) in Tris—
HCI buffer upon addition of CT-DNA. [Complex]= 20
uM, [DNA]= (0-809) uM. Arrow shows the intensity
change upon increasing CT-DNA concentration. The
inset is a Stern-Volmer quenching plot of (1) with
increasing concentrations of CT-DNA.

The fluorescence quenching constant (Kqg)
evaluated using the Stern—Volmer equation is
1.12x10° M. When the Stern-Volmer plot is
linear, it indicates that only one type of quenching
process occurs and the obtained linear relationship
could be applied to determine DNA. This
phenomenon of the quenching of luminescence of
the complex by CT-DNA may be attributed to the
photoelectron transfer from the guanine base of
DNA to the excited metal-to-ligand charge-transfer
(MLCT) state of the complex [37].

DNA-MB Displacements

Further support for the binding of the complexes
to DNA by intercalation mode was given by the
competitive binding experiment. MB has long been
used as a planar dye molecule for biological
straining and diagnosis of diseases including
carcinoma [38]. The interaction of methylene blue
with DNA has been studied with various methods
[39]. Most studies indicated that (at low ionic
strength buffer and low concentration of DNA) the
major binding mode of MB with DNA was through
intercalation. The experiment involves the addition
of the present complex CT-DNA pretreated with
MB as a fluorescence probe ([DNAJ/[MB]=10) and
the measurement of emission intensities of DNA-
bound MB. Interestingly, the emission intensity of
MB is quenched on adding CT-DNA. This
emission quenching phenomenon reflects the
change in the excited state structure in consequence
of the electronic interaction in the MB-DNA
complex [40], expected from the strong stacking
interaction (intercalation) between the adjacent
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DNA base pairs. The emission spectra of the MB—
DNA solutions in the presence of increasing
amounts of (1) is shown in Fig. 3, which clearly
reveals a gradual increase in the fluorescence
intensity of the probe molecule (MB) by adding (1).
The increase in fluorescence intensity is due to the
release of free MB molecules from the DNA-MB
complex. Therefore, the formation of metal
complex—-DNA prevents the binding of MB. The
complete metal complex-DNA formation occurs
when the probe fluorescence intensity is
sufficiently close to the corresponding pure MB
fluorescence intensity. Complete recovery of MB
fluorescence intensity is indicative of an
intercalative mode of binding, but in this
experiment, the recovery of MB was 6% in
[complex]/[DNA]=3 and 37% in
[complex]/[DNA]=92, which confirms that the
intercalative binding strength of the Cu (II)
complex to DNA is weaker than to MB.

180
160
140 A

Fluorescence:|ntensity:-(a.-u.)9
[
L
o o

654 679 704 729 754 779
Anm)Y
Fig. 3. Emission spectra of the Eompetitive reaction
between Cu (1) complex and methylene blue with DNA.
Ceomplex = 0.0, 144.0, 283.0, 420.0, 550.0, 680.0, 1048.0,
1765.0, 2080.0, and 3129.0 uM, Cvg =5uM and Cpna =

50 uM in Tris—HCI buffer (5 mM, pH 7.3) plus 50 mM
NaCl.

Emission Quenching Titration with KsFe(CN)s

In aqueous solution, iodide and ferrocyanide
anions quench the fluorescence of (1) very
efficiently, so we used potassium ferrocyanide as
the quencher to determine the relative
accessibilities of the free and bound (1).The highly
negatively charged quencher is repelled away from
the negatively charged phosphate backbone of
DNA, the bound copper cation should be protected
from anionic quenchers, while the emission from
free complexes should be readily quenched by an
anionic quencher. Fig. 4 shows the linear Stern—
Volmer plots with ferrocyanide anion as a quencher
for (1), at [DNA]/[Complex] =0 or 40, as expected
for a single-component donor—acceptor system.

As illustrated in Fig. 4, the emission of (1) in the
presence of DNA is difficult to be quenched. This
426

may be explained by the fact that the bound cations
of the complex are protected from the anionic
water-bound quencher by the array of negative
charges along the DNA phosphate backbone [41].
The obtained quenching constants were 3.5 and 2.1
M with and without CT-DNA, respectively. The
guenching of (1) was in fact enhanced by a factor
of 1.6 when (1) was bound to the DNA helix.

< no DA, °

1.4 m (DAL complex =40

FollF

0 0.0& 0.1 0148 02
Fe (CN)s* (mM)

Fig. 4. Emission quenching with Fe (CN)¢* for free
and DNA-bound (1).

CD Spectroscopy

Circular-dichroism (CD) studies were conducted
to determine the extent of change in conformation
of DNA upon complexation. CD spectral variations
of CT-DNA were recorded by addition of the
complex to CT-DNA. The CD spectrum of CT-
DNA consists of a positive band at 277 nm due to
base stacking and a negative band at 248 nm due to
helicity, which is characteristic of DNA in the
right-hand B form and is quite sensitive to the mode
of DNA interactions with small molecules [24].
Thus simple groove binding and electrostatic
interaction of small molecules show less or no
perturbation on the base stacking and helicity
bands, while intercalation enhances the intensities
of both bands, stabilizing the right-hand B
conformation of CT-DNA as observed for the
classical intercalator methylene blue [42]. Fig. 5
shows the CD spectra of CT-DNA which was
added to the complex. In these CD data the
intensities of both negative and positive bands
decreased significantly similar to that induced by
the other Cu (1) complex [43]. This alteration
suggests that the DNA binding of the complex
induces certain conformational changes, such as the
conversion from a more B-like to a more Z-like
structure within the DNA molecule [44]. In
addition, (1) binds DNA mainly by intercalation
mode and indicates an unwinding of the DNA helix
upon complex formation and loss of helicity [45].



M. Bordbar et al.: Interaction studies of DNA binding with a new Cu(ll) complex by spectrophotometric, spectrofluorometric...

10 | — DNA-Complex
—— DNA

% 1073

(el

220 240 260 280 300 320

*(am)

Fig. 5. Circular dichroism spectra of DNA (50 uM)
in Tris—=HCI (5 mM) in the presence of increasing
amounts of copper complex (100 uM).

Thermal Denaturation Studies

Thermal denaturation studies of CT-DNA with
the complex provide evidence for the ability of the
complex to stabilize the double-stranded DNA [46].
It is well-accepted that when the temperature of the
solution increases, the double-stranded DNA
gradually dissociates to single strands, generating a
hyperchromic effect in the absorption spectra of the
DNA bases (Amax = 260 nm). So the transition
temperature of double strands to single strands can
be determined by monitoring the absorbance of the
DNA bases at 260 nm as a function of temperature
[26]. According to the previous reports [47],
intercalation normally facilitates base stacking in
DNA and increases the melting temperature T of
DNA.

The effect of (1) on the melting temperature
(Tm) of CT-DNA in the buffer is shown in Fig. 6. In
this experiment, the T, of CT-DNA alone was
81.62 °C. After adding the complex, AT increased
by 3.95°C for the mole ratio of [Cu]/[DNA] = 0.5.
It has been reported that AT, for
metallointercalators (>10 °C) [48] and the organic
intercalator EB (13 °C) [49] were higher than for
this complex. These results indicated that the
binding strength between the complex and DNA
was only moderate [46]. The observed small
change in the T, of CT-DNA in the presence of (1)
suggests that the dominating interaction of this
complex with DNA is intercalative binding [50,
51].

DNA-Binding Study with Cyclic Voltammetry

The application of cyclic voltammetry (CV) to
the study of the binding of metal complexes to
DNA provides a useful complement to the above
methods of investigation [12, 52].

Typical cyclic voltammetric (CV) behavior of
48 uM (1) in the absence and presence of CT-DNA

is shown in Fig. 7. The cyclic voltammogram of (1)
in the absence of DNA (Fig. 7A) featured reduction
of 2+ to the 1+ form at a cathodic peak potential,
Epc 0f -0.57 V versus SCE.
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Fig. 6. Plots of the changes of absorbance at 260 nm
of CT-DNA on heating in the absence and presence of

the complex. Cpona = 75 uM and Ceomplex = 37.5 uM in 50
mM Tris—HCI with 50 mM NaCl.

Reoxidation of 1+ occurred upon scan reversal,
at 0.18 V. The separation of the anodic and
cathodic peak potentials, AEp=255 mV, indicated
an irreversible redox process. The formal potential
E%(or voltammetric Ei5), taken as the average of
Epc and Epa is -195 mV, in the absence of DNA.
The presence of DNA in the solution at the same
concentration of (1) causes a decrease in the
voltammetric current coupled with a slight shift in
the Epc (-0.59 V), Epa (0.22 V) versus SCE and Ea
(E12=-185 mV) to a less negative potential (Fig.
7B). The drop of the voltammetric currents in the
presence of CT-DNA can be attributed to diffusion
of the metal complex bound to the large, slowly
diffusing DNA molecule.

Viscosity Study

Intercalation and groove binding modes can be
distinguished by using hydrodynamic methods such
as viscosity, flow dichroism measurements, and
NMR [53, 54]. Intercalation of the molecules to the
DNA resulted in unwinding and lengthening of the
DNA. This DNA elongation causes the viscosity of
the solution to increase.

The effect of (1) on the viscosity of DNA at
25.0£0.1 °C is shown in Fig. 8. It can be observed
that the viscosity of DNA increases with increasing
amounts of (1). Such behavior is in accordance with
that of other intercalators, which increase the
relative specific viscosity for the lengthening of the
DNA double helix resulting from intercalation. This
result indicates that (1) can intercalate between
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adjacent DNA base pairs, causing an extension in
the helix, and thus increases the viscosity of DNA.
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Fig. 7. Cyclic voltammograms of (1) in the absence
(A) and presence (B) of DNA in 50 mM NaCl, 5 mM
Tris, pH 7.3. [Cu]=122 uM, [DNAJ/[Cu]=1, Scan rate,
50 mVs?,
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Fig. 8. Effect of increasing amount of (1) on the
relative viscosity of CT-DNA at 25 + 0.1 °C, [DNA]= 50
uM, pH 7.3.

CONCLUSIONS

It is clear that transition metal complexes offer a
great potential as structure-selective binding agents
for nucleic acids.

In this work the interaction between (1) and calf
thymus DNA was investigated using UV,
fluorescence and CD  spectroscopy, cyclic
voltammetry and viscosity measurements. The
experimental results indicate that (1) could bind to
DNA molecules mainly by intercalative mode,
which correlates well with the extended aromatic
ring system present in the ligand.

UV-Visible spectroscopy enabled us to find the
Cu complex/DNA binding constant. The K, of this
complex is 9.51 (£0.2)x10* M. The existence of
hypochromicity, large red shift in the (1) spectra
suggests an intercalation binding mode. Increase in
DNA viscosity during its interaction with (1) is
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consistent with lengthening of DNA due to
intercalation. Today many researchers focus their
attention on the bioactivity of Cu(Il) complexes. So
further studies on anticancer activities of the
complex are in progress, because non-covalent
binding is reversible and is typically preferred over
covalent adduct formation, keeping in mind the
drug metabolism and toxic side effects.
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In this work, structural, magnetic and catalytic properties of LaMni.xCoxO3 (x = 0.00, 0.25, 0.50, 0.75, 1.00) are
investigated. The structural characterization of the samples by X-ray powder diffraction and using the X’Pert package
and Fullprof program is evidence for a monoclinic structure (P21/n space group) with x = 0.5 and a rhombohedral
structure (R-3c space group) for other samples. These results have been confirmed by FTIR measurements. The
magnetic characterizations of the samples have been studied by magnetization measurement versus temperature and
field. The structural and magnetic results show the ferromagnetic interactions of Co?*~Mn** for x < 0.5 are being
progressively replaced by the less effective Co?*~Co%* and Mn**-Co®* interactions for x > 0.5. The catalytic activity of
LaMn1.xCoxOs was evaluated for C,Hs combustion and CO oxidation reactions. Under similar reaction conditions, the
catalytic results show that the LaMngsCo0os0s nano-perovskite is the best catalyst for C,Hs combustion and CO
oxidation.

Keywords: Nano-Perovskite; Manganite-Cobaltite; Structural and Magnetic Phase Transition; C2Hs combustion; CO

oxidation.

INTRODUCTION

Many efforts have been made to reduce the use
of precious metals in catalysts (Pt, Pd and Rh), and
use new compounds which are cheaper and have a
better catalytic activity. Finding a suitable
replacement for expensive catalysts used in various
industries, including the automotive industry, to
further reduce the environmental pollutants emitted
is a major research endeavor in the modern world.
A high activity in the reduction-oxidation (redox)
reaction, oxygen storage capability and high
flexibility in including other metals in the structure,
have proposed perovskite compounds ABOs as a
good candidate for this replacement. In addition,
being inexpensive and having heat and mechanical
resistance properties are some other advantages of
these compounds. Among perovskite compounds,
lanthanum manganites and cobaltites with formulas
LaMnO; and LaCoOjs are the famous compounds
that are used to complete the oxidation reaction of
CO and hydrocarbons [1-2].

LaMn(Co)Os with a perovskite structure is an
insulator-antiferromagnetic at room temperature
due to the absence of ions Mn** (Co*"). With the
replacement of the La®* ions by bivalent elements
(Sr, Ca, ...), the trivalent ions Mn (Co) are
converted to a mixture of ions Mn** and Mn** (Co®*
and Co*). The measurements reported on

* To whom all correspondence should be sent:
E-mail: gholizadeh@du.ac.ir; ah_gh1359@yahoo.com

polycrystalline samples of LaiyMyMn(C0)Os,
showed an insulator-antiferromagnetic behavior for
low and high values of y and metal-ferromagnetic
behavior at the concentration y = 1/3 [3-4]. In these
compounds, the  ferromagnetic-paramagnetic
transition associated with a metal-insulator
transition below the curie temperature (100 <T¢ (K)
<350) has been attributed to the double-exchange
theory between the ions Mn3*-Mn** (Co3*-Co**) [5].
In manganite-cobaltite LaMn1.xCoxOs, the origin of
the metal-ferromagnetic behavior is due to
ferromagnetic interaction between the ions of Mn3*-
Mn** and Mn*-Co?" [6]. Furthermore, all the
electronic, magnetic and redox properties of the
samples will depend on the nature of the interaction
between the Co and Mn ions via oxygen.

Several investigators [5-8] have reported that in
ABO; perovskites, the A ions in general are
catalytically inactive and the active ions at the B
position readily interact with the gas molecules. It
shoud be noted that the substitution at the A-site
with a bivalent cation or a tetravalent cation leads
to a different behavior of the catylytic activity of
manganite-cobaltie compounds. Because the B-O
bond lengh and the bond energy depend on the
lattice parameter this alters the B-Oaq [5]. The Sr
substitution for La in Lai.,AyC0Os leads to higher
oxidation states for Co, so that the higher the
amount of Sr, the higher is the concentration of
Co* [8]. However, since Co* is unstable, then
oxygen relase can take place ending in the
formation of oxygen vacancies that leads to a
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decrease of the catalytic activity. By contrast, the
insertion of Ce* in La;.,AyCoO; leads to a partial
reduction of Co** to Co?, thus affording a large
amount of active sites for oxgen adsorption from
the gas-phase that leads to an increase in catylytic
activity [5].

The changes in the AB1.xB’xOz perovskite
catalytic properties of the substituting cation B with
B’ can be classified in two categories: geometric
and electronic structure of cation B’ [6]. The effect
of B’ substitution on geometric and electronic
factors is considered in the calculation of the
structural and magnetic changes.

In this work, we prepared LaMni1.«CoxO3(x =
0.00, 0.25, 0.50, 0.75, 1.00) by the citrate precursor
method and tried to explain the structural and
magnetic properties and the influence of Co
substitution on their catalytic activities for C;Hg
combustion and CO oxidation reactions by using
reasonable experimental data.

EXPERIMENTAL

The LaMni«CoxO3 compounds with x = 0.00,
0.25, 0.50, 0.75, and 1.00 were prepared by the
citrate precursor method, similar to the recipe
reported elsewhere [9]. First, a solution containing
appropriate  concentrations of metal nitrates
La(NO3)3-6H.0, Mn(NO3)2-4H20, Co(NOs),-6H;
and citric acid, equal to the total number of moles
of nitrate ions, was evaporated at 60°C, overnight.
The homogeneous sol-like substance was
subsequently dried at 80°C, overnight. The
resulting spongy and friable materials were
completely powdered and kept at 200°C, overnight.
The resulting materials were powdered again and
calcined at 600°C for 5 h. The samples were
subsequently calcined for 5 more hours at 900°C.

The X-ray diffraction (XRD) patterns have been
recorded using a Bruker AXS diffractometer D8
ADVANCE with Cu-Ka radiation in the range 26
= 20-80° at room temperature (RT). The XRD data
was analyzed using a commercial X’pert package
and the Fullprof program.

XRD profile analysis is a simple and powerful
method to evaluate the crystallite size and lattice
strain. Two factors determine the breadth of the
Bragg peak including the crystallite size-dependent
(Bp) or strain dependent broadening (Bs) effects,
except for the instrument-dependent effect. To do
an accurate analysis for size and strain effects, the
instrumental broadening must be accounted for.
Scherrer’s equation is as follows:

p. 094 (1)
Phkicos

This shows the broadening of the XRD pattern
which is attributed to the crystallite size-induced
broadening. Here, pna is the full-width at half-
maximum of the diffraction peaks. The information
on strain (¢) and crystallite size (D) of the powders
have been obtained from fSna and the planar spacing
dna Vvia the Halder-Wagner method [10]:

Bt 1\ [ Paxi £)’
() - () (84)+ O
dhki DS Ny Z
Wwhere Bri = Briacosé /4 and

di,; = 2sinf /A, Finally, the results of the

Halder-Wagner method are compared with the
Scherrer method.

The FT-IR spectra were recorded in a Perkin-
Elmer spectrum RXI-IR spectrometer, operating by
ratio, single beam, or interferogram mode, in the
range 400-1500 cm™. The samples were finely
ground in an agate mortar with KBr as diluent and
pelleted for the IR analysis. The morphology of the
samples was studied by SEM (Philips XL30)
analysis. The particle size of the samples was
investigated by TEM (LEO Model 912AB)
analysis.

The absorption coefficient is a suitable quantity
for studying the band gap energy. Optical
absorption spectra of LaMn;.xCoxOs between 200
and 1100 nm wavelengths have been recorded at
room temperature using a HP-UV-Vis system
(Agilent8453, model). The band gap energies have
been calculated in accordance with Ref. [11]. The
following relation holds between the optical
absorption coefficient, a (L), and the optical band
gap energy of a direct band transition [25]:
(3)(rxfwj B(hv —E,)
where B is an energy-independent constant and
a(d) = 2303 A(A)/t is the optical absorption

coefficient calculated from the absorption spectra
(A(2)) is the mean particle size of the sample (t).
The band gap energy of the samples is estimated by
extrapolating the linear part of (ahv)? vs. a v plot.

The hysteresis loops at 10 K and temperature
dependence of magnetization between 10-400 K
was carried out in a SQUID magnetometer
(Quantum Design, Inc.). The magnetization curve
in high fields can usually be fitted by the empirical
formula; law of approach to saturation [12]:

M(H) = M[1~— (a/H) — (b/H?) - (¢/H%)]

+xH +EHY? | (4)
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where M({H) and Ms are the magnetization at the

field H and the saturation magnetization explained
by atomic theory, respectively.

Catalytic tests for CHs combustion and CO
oxidation reactions over LaMn;xCoxO; catalysts
were studied in an experimental set-up using a
quartz tube, filled with 200 mg of a 60-100 mesh
sized catalyst supported on ceramic wool under
GHSV of 12,000 h. In a typical experiment, a
model exhaust gas obtaining a mixture of 6 vol%
CO and 0.2 vol% C;Hes as a hydrocarbon (HC)
model compound, in Ar and air (a stoichiometric
ratio with respect to oxygen) was passed through
the catalyst bed with a total gas mixture flow rate of
40 mL/min at STP. Catalytic test studies were
carried out by temperature rising in random
intervals from 50°C to the complete oxidation
temperature. The product stream was analyzed by a
GC on a FI detector.

RESULTS AND DISCUSSIONS
Structural and morphologic properties

X-ray diffraction patterns of LaMn;xCoxO3 (X =
0.00, 0.25, 0.50, 0.75, 1.00), are shown in Fig. 1.
The XRD data were analyzed using both the
commercial X'Pert High Score package and the
Fullprof program. Identification of the structure
type using the X'pert package confirms the
perovskite structure in all samples without a
presence of impurity phases. As shown in the XRD
pattern of samples x = 0.00, 0.25, 0.75, 1.00 (Fig.
1), a splitting of the peaks of the perovskite at
angles ~33°, ~41°, ~58° ~68° and ~78° is an
indication of a rhombohedral system [13]. Also, for
a better comparison, a peak at about ~33° is shown
in the inset of Fig. 1. For x = 0.00, the peak at ~33°
is a very intense doublet, while for other samples it
is fully split. These results for x = 0.00 suggest a
mixture of LaMnOs and LaMnOs.;s with cubic and
rhombohedral structures, respectively. However,
the XRD pattern of sample x = 0.50 is different,
while more broadening of the peaks mentioned
above and a splitting of the peak at the angle ~47°
indicate a lower symmetry.

Results of the Rietveld analysis using the
Fullprof program indicate that all the diffraction
peaks of the sample at x = 0.50 can be quite well
indexed in the monoclinic structure (space group
P21/n) and for other samples in the Rhombohedral
structure (space group R-3c). Also, the results of
the Rietveld analysis using the Fullprof program
indicate that the best fit with the least difference
was carried out (Fig. 1). To perform a Rietveld
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refinement we need good initial values for the
lattice parameters and the type of space group
obtained from a phase analysis of the X'pert
package.

The hexagonal cell is no longer primitive and
has three times the volume of the rhombohedral
cell. When the XRD pattern of a rhombohedral
sample is indexed, i.e., with reference to hexagonal
axes and the true nature of the lattice determined,
we usually want to know the lattice parameters ar
and o of the rhombohedral unit cell. But the
dimensions of the rhombohedral cell can be
determined from the dimensions of the hexagonal
cell and this is an easier process than solving the
rather complicated plane-spacing equation for the
rhombohedral system. The first step is to analyze
and index the XRD pattern on the basis of the
hexagonal axes using the Fullprof program. Then,
the parameters ay and c¢ of the hexagonal cell are
calculated in the usual way. Finally, the parameters
ar and o of the rhombohedral cell are determined
from the refined parameters ay and c of the
hexagonal cell using the Fullprof program
according to the following equations:

a,= 2\3ak + 7, sni=—2_— (5
2 ) 3+lefagl”

The derived lattice parameters of the samples for
rhombohedral and monoclinic structures are given
in Table 1. It should be noted that if the c/ay ratio
of the hexagonal cell takes on the special value of
2.45, then the angle o of the rhombohedral cell will
be equal to 60 " and the bond angle B-O-B is 180°.
Consequently, the lattice points will be face-
centered cubic (t is equal to 1). Also, the magnitude
of the rotation of BOs can be evaluated from either
the angle o of the rhombohedral unit cell written in
Table lor from the axial ratio c/ay of the hexagonal
cell. As a result of the rotation (tilting), the B-O-B
bond angle (<180°) and a deviate from the ideal
perovskite value. Notice, that for trigonal angles, a,
is less than 60 degrees, the transformation can be
achieved by an expansion along the body diagonal
[111] of the Rhombohedral or along the c-axis
[001] of the hexagonal; while, for trigonal angles
this is greater than 60 degrees, a contraction in the
body diagonal [111] of the Rhombohedral or along
the c-axis [001] of the hexagonal. Therefore, the
obtained values of the angle o are higher than 60
this means the BOg octahedron is slightly
compressed along the (hexagonal ¢ axis)
rhombohedral (111) axis with respect to the cubic
structure.

From the X-ray diffraction patterns at about 33°
shown in the inset of Fig. 1, two tendencies are
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observed for values of x < 0.50 and x > 0.50. For
values of x < 0.50, the peaks shift is nearly constant
upon increasing the Co-content and means a slight
increase of the unit cell volume. But for values of x
> 0.50, an increase of peaks shifts to larger 26,
consequently a decrease of the unit cell volume is
observed with the degree of substitution. These
findings are in accordance with the refined unit cell
volume obtained from the Rietveld method using
the Fullprof program summarized in Table 1.

There is no apparent linear correlation between
the perovskite structure, the substitution degree and
that for x = 0.50 when the transformation of the
crystal phase occurs. This is due to the substitution
of Mn** ions in the lattice by Co** ions. Therefore,
all these findings should be correlated with the
ionic radii of each one of the components. The
presence of several ionic states (Mn®*", Mn*, Co?*
and Co®*") makes it difficult to decide just from the
XRD data.

Table 1. The structure type and unit cell parameters of LaMn;.xCoys.

Sample Structure lattice Parameters \
(space group) (A%
x=0.00 | Rhombohedral a=b =c =5.45866 (A) 116.243
(R-3c¢) a=p=y= 60.4735 (°)
x=0.25 | Rhombohedral a=b =c =5.45903 (A) 116.595
(R-3c) a=p=y= 60.6003 (°)
a=5.36332 (A) 227.103
Monoclinic b =5.46978 (A)
x =0.50 (P 21/n) ¢ =7.74353 (A)
B = 88.6507 (°)
x=0.75 | Rhombohedral —a=h =c=5.39213 (A) 112.741
(R-3c) a=p=y= 60.7529 (°)
x=1.00 | Rhombohedral a=b =c=5.37493 (A) 111.584
(R-3c) a=pB=y= 60.7199 (°)

Table 2. the values of crystallite size and strain of LaMn1.xCoxO3 obtained from Scherrer and H-W methods.

Sample Dim-sch D nw Ehw*10°
(nm) (nm) (no unit)
x =0.00 28.89 32.36 2.42
x=0.25 28.45 29.58 2.12
x =0.50 19.5 23.47 5.48
x=0.75 14.48 27.55 10.56
x =1.00 40.91 28.73 5.68
Table 3. Magnetic results of LaMn;xCoxQs.
Sample Ms(10K)  Hc(10K) M, (10K) Tc
(emu/g) (Oe) (emu/g) (K)
x =0.00 8.96 90 1.50 130
x=0.25 7.34 2730 3.48 184
x =0.50 4.21 4310 2.32 230
x=0.75 1.29 5040 0.30 179
x=1.00 0.54 4310 0.23 169
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Table 4. Catalytic performance (%),the C2Hs combustion and CO oxidation temperatures ¢ C) for LaMn;xCoxQOs.

Sample Temperature of CO conversion Temperature of C2Hg conversion
Q) Q)

10% 50% 90% 10% 50% 90%
x =0.00 255 295 350 260 358 483
x=0.25 175 195 298 237 376 404
x=0.50 127 160 190 177 283 393
x=0.75 160 179 213 180 374 430
x=1.00 220 330 380 178 576 702

Several considerations can be forwarded,
however, at this stage: first of all, it can be expected
that for x < 0.50, when substituting Mn** by cobalt
ions, this ion enters as Co?, leading to the
formation of an equivalent amount of Mn* to
preserve the electro-neutrality of the lattice. In such
a case, the mean ionic radius of the B cation must
show an increase, with an accompanying increase
of the lattice volume (Table 1). It is known that the
mean ionic radius of Mn*-Co?* is larger than that
of Mn3*-Co®* [14]. Therefore, the increase in lattice
volume has been attributed to the assumption of
substituting Co?* by Mn** due to the larger mean
ionic radius of Mn**-Co?* compared to Mn®*-Co®".
For x > 0.50, a large reduction of the lattice volume
(Table 1) correlates well with the presence of Co
ions as Co®" in a low spin (LS) state, for which the
ionic radius is lower than the corresponding high
spin (HS) state (Co®*: HS, 0.61 and LS, 0.545A ).
In such a case, the mean ionic radius of the B-site
decreases, with an accompanying decrease of the
lattice volume (Table 1). Again, this hypothesis is
confirmed by the magnetic and catalytic data
presented further in this work. For this, a
correlation with the magnetic data is necessary, as
will be discussed later in this work.

The influence of substitution on the crystal
structure can be described by a tolerance factor
(t =1, /(N2 15_p)) introduced by Goldschmidt
to estimate the deviation from the ideal structure.
As a result, for x < 0.50, as <rg.0> increases, t
decrease, at first the rhombohedral structure for x =
0.0 is further distorted to the rhombohedral
structure for x = 0.25 and then for x = 0.50 the
structure transforms to monoclinic in which the
bending of the B-O-B bond increases and the bond
angle deviates from 180°. For x > 0.50 inversely, as
<rg.0> decreases, t increase, the lattice structure
transforms from a monoclinic to a rhombohedral
structure.

The results for the crystallite sizes obtained from
the mean value of 15 strongest peaks shown in Fig.
1 for both structures by using the Scherrer method
are summarized in Table 2.
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The Halder-Wagner method was used to study
the individual contributions of crystallite size and
lattice micro-strain on isotropic line broadening of
15 strongest peaks of the LaMni«CoxO3
compounds.

In this method, the plot of (&u) (axis y) versus

hki

T:'.Fl'[

The crystallite size is determined from the slope
inverse of the linearly fitted data and the root of the
y-intercept gives the strain, respectively. The
results of crystallite size and micro-strain of LaMn;.
xC0x03 (x = 0.00, 0.25, 0.50, 0.75, 1.00) estimated
by the Scherrer and H-W methods are summarized
in Table 2. The values for x = 0.50, 0.75 are less
than for the other samples.

The H-W method supposes that the “crystallite
size” profile contributes to the line broadening by a
Lorentzian function and the ‘‘strain” profile by a
Gaussian function. This method shows that line
broadening is essentially isotropic. However, the
advantage of the H-W method over the Scherrer
method is that less weight is given to the data from
reflections at high angles where the precision is
usually lower [10].

However, the mean crystallite size obtained
from the Scherrer formula and the H-W analysis
(see Table 2) show a greater variation because of
the difference in averaging of the particle size
distribution and the results of the H-W method are
more accurate, with all the data points touching the
fitting line. It is noted that the crystallite size
obtained from this method is a minimum at about
x = 0.50.

Fig. 3 shows the FTIR spectrum of LaMni.
xCox0s; (x = 0.00, 0.25, 0.50, 0.75, 1.00). The
presence of metal oxygen bonds i.e. symmetrical
lengthening of the O-B-O and asymmetrical
lengthening of the B-O bond of the octahedron BOs
structures could be revealed from the peaks at 410
and 600 cm, respectively. The widening of the 600
cm? band and/or the appearance of a shoulder
indicates a structure with a lower symmetry [6].

( 35~.-= J (axis-X) is a straight line (see Fig. 2).
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Fig. 1. Rietveld analysis of the X-ray diffraction
patterns for LaMn;xCoxOs (x = 0.00, 0.25, 0.50, 0.75,
1.00). The circle signs represent the raw data. The solid
line represents the calculated profile. Vertical bars
indicate the position of Bragg peaks for samples with the
rhombohedral structure (Space Group R -3 ¢) and for the
sample x = 0.5 with the monoclinic structure (Space
Group P2:1/n). The lowest curve is the difference between
the observed and the calculated patterns. The X-ray
diffraction patterns for all samples at about 33 ° are
shown in the inset of x = 0.75.
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Fig. 2. Fitted curves of the Halder-Wagner analysis
for x = 0. The y-intercept gives the mean value of the
strain and the slope gives the crystallite size.

Therefore, for the perovskites with x < 0.50, the
spectra corresponds to a rhombohedral structure
with a great symmetry but for x > 0.50, a shoulder
appears at 550 cm™! and is characteristic of a
rhombohedral structure with a lower symmetry.
The peak at 410 cm™ can be attributed to a lower
symmetry in three samples x = 0.50, 0.75, 1.00.
These results are in accordance with the unit cell
parameter o obtained from the XRD analysis so that
the larger a, shows a lower symmetry. The narrow
band at 1385 cm™ might correspond to the COs*
groups.

1500 12|I]l] 9Iil] {111} 300
Wave Number (cm'lj
Fig. 3. FT-IR spectra for LaMn;.xCoxOs.

A similar morphology is observed in SEM
micrographs of the samples for LaMn;.«C0xO3 (X =
0.0, 1.0) as shown in Fig. 4. The TEM micrographs
and particle size distribution of samples at x = 0.0
and 1.0 are shown in Fig. 4. Size distribution
histograms are fitted by using a log-normal function
as follow:

P() = expy —

1 1 In2 d , (6)
dog2r 205 \971EM
where oq IS the standard deviation of the diameter
and dtem is the mean diameter obtained from the
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TEM results. The mean diameter was calculated to
be 36 nm (x = 0.0) and 50 nm (x = 1.0),
respectively. These results are different from the
calculated crystallite sizes from the XRD line
profile. The differences are related to the irregular
shape of the nanoparticles with spherical and
polygon morphologies which are observed in the
TEM micrographs [8].

Magnetic properties

The hysteresis loops of the LaMn1.,C0x03 (X =
0.00, 0.25, 0.50, 0.75, 1.00), shown in Fig. 5, are
compared at 10 K, measured in a SQUID
magnetometer (Quantum Design, Inc.). The curves
of My, and S-shaped hysteresis loops show the
coercivity field Hc (intersection with the x axis),
remanance magnetization M, (intersection with the
X axis) and the saturation magnetization Ms. The
values of He, My, and Ms as calculated are
summarized in Table 3. The increase of Hc with
cobalt content has been attributed to the increase of
the magnetic domains. The M, and Ms values for
samples x < 0.50 are larger than x > 0.50.

The temperature dependence of magnetization in
the range 5-400 K under the applied magnetic field
0.1T for LaMn1.xCoxOs (x = 0.00, 0.25, 0.50, 0.75,
1.00) is shown in Fig. 6. The Curie temperature
obtained from the critical point in the derivative of
the M-T curves is mentioned in Table 3 that clearly
displays a non-monotonic dependence of Tc¢ with
the Co doping level. In Co doped samples, the
interval of Tc is about 50 K for each addition of
0.25 cobalt concentration. Firstly, the transition
temperature, Tc, increases with x and then
decreases as x increases. The compound
LaMnosCo0503 characterized by the presence of
two ferromagnetic phases with T¢ = 225 and 150K
iS subject to the synthesis conditions [15]. The
former magnetic phase is formed at 700 °C,
whereas the latter phase can be obtained by
quenching from 1300 °C. A high-spin order Co?—
Mn* valence state and low-spin disorder-
nonmagnetic Mn®*-Co®* ions were discovered for
samples with higher and lower Curie temperatures,
respectively. In addition, the Co?* and Mn*" ions
are ferromagnetically aligned and the average ionic
radii of Mn*-Co?" are larger than those of Mn®*-
Co* and the high temperature samples
LaMnosC0050s are characterized by a smaller
volume [14].

The pure manganite La**Mn3*0%; (x = 0) is
essentially  antiferromagnetic [13] with an
orthorhombic structure, while in our case, there is a
ferromagnetic component with a low coercive field
and large magnetization values. A recent study [16]
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showed that stoichiometric LaMnOs; should be
prepared in the absence of oxygen but sintering in
ambient air results in nonstoichiometric LaMnOs;5
with the formation of Mn** ions larger than 20%.

L] - ¢
LaMnO; £ LaCoO.
[Lavinod ; IR | §Co0. S
},.’ 4 "- e
L . b s 4 4 N
ok .2

- rs

10730 30 4 0 6070 %0 70nm

Fig. 4. SEM results, TEM micrographs and size
distribution histograms for LaMn;xCoxOs.

H (T)

Fig. 5. The hystersis loops (M-H) at 10 K for LaMn;-
xCOxo3.

T (K)

Fig. 6. The magnetization curves versus temperature
measured under an applied magnetic field 0.1T for
LaMn1.xCoxOa.
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For our sample LaMnOs; annealed in the
presence of oxygen, the room temperature structure
is rhombohedral and indicates the percentage of
Mn* is larger than 20%. Therefore, the
magnetization values observed in the studied
LaMnO; sample can be related to a double
exchange of Mn*- Mn%*. In addition, all the
samples are definitely ferromagnetic. The Ms
values for x < 0.50 are larger than x > 0.50. It is
known that the interactions of Co?*-Co®* and Co®*'-
Mn3®" are of the anti-ferromagnetic type and Co?*-
Mn®** and Mn*-Mn*" are ferromagnetic [6]. In
accordance with the structural results, the large
magnetization values for x < 0.50 suggests a
substitution of Co?* with Mn*" reaching a
maximum at x = 0.50, for which the charge
equilibrium equation is La**Mn*5C0%"050%s.
While for x > 0.50, the magnetization decreases by
several orders of magnitude, meaning that the
ferromagnetic interactions of Co*-Mn* are
weaker (the quantity of Mn cations decreases),
being progressively replaced by the less effective
Co%*—Co®* and Mn**-Co®" interactions. Therefore,
again the hypothesis presented from structural
calculations is confirmed by the magnetic data.
Catalytic performance (%) curves of C;Hs
combustion and CO oxidation reactions for LaMn;.
xC0x03 with x = 0.00, 0.25, 0.50, 0.75 and 1.00 are
shown in Figs. 7, 8. Also, catalytic performance
tests of LaMn1.xCoxOs catalysts at 10%, 50% and
90% of C;Hs combustion and CO oxidation are
summarized in Table 4. The changes in the catalytic
properties of A(B, B”)Os perovskite in substitution
of cation B with B’ can be classified in two
categories: geometric and electronic structure of the
cation B’. The effect of Co substitution on the
geometric factors is considered in the calculation of
factor t that should be related to the structural
changes summarized in Table 1. It is suggested that
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Fig. 7. Catalytic performance curves of LaMn;.
xC0xO3 for CO oxidation.
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Fig. 8. Catalytic performance curves of LaMn;.
xC0xO3 for the CoHs combustion.

Catalytic Properties

the decrease in the tolerance factor will be lower
than the B-O-B bond strength and promotes the
formation of oxygen vacancies at the surface [7].
Therefore, it is expected that the samples x = 0.50,
0.75 show a higher activity for C;Hs combustion
and CO oxidation reactions.

There is an inverse relationship between the
crystallite size and the specific surface area of the
samples. In addition, it is known that the higher
activity should be related to the higher specific
surface and lower crystallite sizes. Consequently,
we can conclude that the higher activity of the
samples x = 0.50, 0.75 can be attributed to a lower
crystallite size.

The band gap energies calculated for LaMn.
xC0x03 compounds with x = 0.00, 0.25, 0.50, 0.75,
and 1.00 are 1.58, 1.23, 0.98, 1.13, and 0.99,
respectively. These values of the band gap energy
show a semiconducting behavior of the samples.
The low band gap energy of the compounds
contributes to their high catalytic activities.

Also, the results of the catalytic characterization
should be related to the electronic configuration
which intervenes directly in the structural and
magnetic changes formed. In ABOj3 perovskites, a
simple way of varying the oxidation state of the B
ion is by substitution of the A% ion by a different
one with an oxidation state other than 3. For
example, in (La, M)CoOs systems, the appearance
of Co* ions by substitution with M = Sr decreases
the rate, whereas the presence of Co? ions by
introduction of M = Ce* enhances the rate of the
oxidation reaction of CO and the hydrocarbons[5].
Therefore, the noticeable higher activity of x =
0.25, 0.50 and 0.75 perovskites is attributed to the
presence of Co?", as pointed out for hole doped (La,
M) CoOs systems in reducing the atmosphere,
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compared to pure cobaltite [5]. The larger Co?
cation than Co®" results in a shorter Co-O bond (see
Fig. 3). Thus, lattice oxygens participate more
easily in the redox process and therefore reduce the
conversion temperature of C,Hs combustion and
CO oxidation. This behavior is explained
considering that at high x values, the amount of
unstable Co*" ions and/or of oxygen vacancies
increases, which favors the diffusion of lattice
oxygen from the bulk to the surface, as charge
compensators. As a consequence of the above
discussions, C,Hs combustion and CO oxidation
take place at a lower temperature over the x = 0.50
catalyst compared with the other samples.

Some reports have shown volcano-type
dependence between the activity of C:Hs
combustion and CO oxidation and the electronic
configuration of the transition metal ions B [5, 7].
According to crystal field theory, the octahedral
environment of the B3 ions splits into two lower
and higher energy levels to; and eg, respectively.
The maximum activity in the volcano curves is
attained for an occupation of the ey levels of less
than one electron whereas the tyq levels remain half-
filled or completely filled [5]. Also, the Mn** ion
configuration in these manganites with the half
filled to orbitals and empty d_z orbitals shift the

Fermi level towards the centre of the antibonding eq
orbitals at the surface, which promotes CO and
C2Hs chemisorptions at the surface leading to CoHs
combustion and CO oxidation [7, 8]. Finally, we
may conclude from the structural, magnetic, and
catalytic variations of the sample at x = 0.50 that
the spin states of the Co** and Mn** ions may be in
low spin £, e} and t3_, respectively.

CONCLUSIONS

The structural characterization of LaMn1.C0xO3
(x = 0.00, 0.25, 0.50, 0.75, 1.00) by X-ray powder
diffraction and FTIR measurments is evidence for a
monoclinic structure (P21/n space group) with x =
0.50 and a rhombohedral structure (R-3c space
group) for other samples without the presence of
impurity phases. The unit cell volume obtained
from the Rietveld method shows increasing and
decreasing tendencies for the values x < 0.5 and x >
0.5, respectively. The structural and magnetic
results suggest Co?" and Co®" substitution with Mn
ions for x < 0.50 and x > 0.50, respectively. The
results also show that the sample for x = 0.50 has a
lower symmetry, smaller crystallite size (bigger
surface area) and a higher content of Co?* than the
other samples which make it the best catalyst for
C2Hs combustion and CO oxidation.
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CTPYKTYPHU, MATHUTHU U KATAJIMTUYHU CBOVICTBA HA KOBAJIT-3AMECTEHU
MAHI'AHTUHU ITEPOBCKHUTHU

A. Tommsane!, A. Manek3ane?, M. 'macu®

YWyunuwe no Qusura, Ynusepcumem Hamean, [Jamean, U.P. Hpan
2 Vuunuwe no xumus, Yuusepcumem Jamean, Jamean, U.P. Upan

Ilocrpnuna Ha 4 aBrycr, 2015 r.; kopurupasa Ha 22 oktoMBpH, 2015 1.
(Pesrome)

B Ta3u pabora ca u3cieBaHU CTPYKTYpPHUTE, MATHUTHUTE M KaTaTUTHIHUTE cBoiicTBa Ha LaMn1.,CoxOs (X = 0.00,
0.25, 0.50, 0.75, 1.00). CrpykTypHOTO OXapaKkTepu3HpaHe Ha OOpaslHMTe Ype3 MPaxoBa PEHTICHO-CTPYKTYpHA
mudpakuus 1 ¢ momointa Ha maker or mporpamu X'Pert m Fullprof moxa3sa monokimuHa crpyktypa (P21/n
npoctpaHcTBeHa rpyna) ¢ X = 0.5 u pomboenpuuna crpykrypa (R-3¢ npoctpancTBena rpyna) 3a apyru npoou. Tesu
pesynratu ce morebpxkiaBar ¢ FTIR-m3mepBanus. MarHUTHHTE XapaKTEPUCTHKH Ha NPOOHUTE Ca ONpENeNieHH C
WU3MEpBaHUSl NPH DPA3IMYHM Temmneparypu W moJieta. CTPyKTYpHUTE M MarHUTHUTE pe3yiTaTH MOKa3BaT, 4e
(epomarautauTe B3anmoneicTeus Co*~Mn* mpu x < 0.5 TPOrpecHBHO ce 3aMEHAT C TO-MAIKO €()EKTHBHHTE
B3aumoeiicteust Co?—Co% u Mn**-Co% 3a x > 0.5. Karanuruunara akruBHocT Ha LaMn;«CoxOs ca orenenu 3a
peakimure Ha m3rapsHe Ha CoHs n okucnenuero Ha CO. [Ipu CXOIHU YCIIOBHUS pe3yNTAaTHTE OT KaTanu3ara [OKa3Bar,
4ye HaHO-NIepOBCKUTHT LaMng5C00503 € Haii-1o0pust KaTanu3aTop 3a Te3H JIBE PEaKLUH.
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A modified anaerobic hybrid baffled (MAHB) reactor was used to study its suitability for treatment of recycled
paper mill effluent (RPME) and to establish the relationship between operational parameters and reactor design. The
present study highlights the configuration of MAHB reactor, its start up, the effect of hydraulic retention time (HRT) on
treatment efficiency and performance evaluation of MAHB reactor while treating RPME wastewater. The start-up
process was carried out at HRT of 4 days. The MAHB reactor was run with constant feeding COD of 3000 mg L and
HRT of 1, 3, 5 and 7 days. A start-up of 28 days was required for the MAHB reactor. Reactor performance evaluation
of the compartment-wise profiles was carried out at different HRTs. Low pH of 6 — 6.2 and high volatile fatty acid
concentration of 90 — 168 mg L™ were recorded in the first compartment for each HRT due to acidogenesis and
acetogenesis processes. System pH and alkalinity showed an increment profile while VFA concentration decreased as it
moves from compartment 1 to 5. Biogas volume was high ( 6.56 L at higher HRT) with a decreasing pattern of methane
content from 96 — 35 % from compartment 1 to 5. Contrarily, at low HRT of 1 day, although the biogas volume was
lower, the methane content showed an increment of 42 — 64 %. The results indicate that MAHB reactor was
successfully operated in treating RPME wastewater.

Keywords: modified anaerobic hybrid baffled (MAHB) reactor, anaerobic digestion process, recycled paper mill
effluent (RPME).

INTRODUCTION shows that there is lack of data on the anaerobic
treatment of recycled paper mill effluent (RPME)
wastewater by a novel modified anaerobic hybrid
baffled (MAHB) reactor.

This novel MAHB reactor consists of five
compartments which are a combination of regular
suspended growth and fixed biofilm systems. The
most significant advantage of this design is the
ability to nearly perfectly realize the staged multi-
phase anaerobic theory, allowing different bacterial
groups to develop under more favorable conditions,
low costs and without the associated control
problems. The MAHB bioreactor combines
suspended growth and attached growth processes in
a single reactor to take advantage of both biomass

The application of anaerobic technology in
treating industrial wastewaters highly depends on
the  performance of the reactor used.
Thompson et al. [1] reported that about 80% COD
removal efficiency was constantly achieved using
anaerobic treatment, while Arshad and Hashim [2]
obtained 58 % methane content with total organic
carbon (TOC) and lignin removal efficiencies of
56 % and 51 %, respectively, at an OLR of
4.5 g TOC L™per day and HRT of 18 h in treating
the paper mill effluent. Another approach of
treating paper mill effluent is by integrating two or
more methods to take advantages of both processes.
Shaw et al. [3] showed that a combination of
aerobic reactor followed by anaerobic reactor is types [1][4].

7 With a less expensive, simple configuration and
able to remove 66% of toxicity. From the survey, back q of <l perf. d havi
anaerobic baffled reactor (ABR) was one of the a background Of SUCCESSIUT pertormance and having

favorable systems in treating industrial waste. \?\?air':e V\j:t(i?%df cct)%ve%iirgﬁgr AE\;VSHtm];O; blrr;gurfg\;z:
Although ABR were extensively used to treat ' y

. : . . MAHB reactor was assumed to give better
different types of industrial waste, literature survey performance in terms of COD removal and methane
production. Keeping this as an observation, the

* To whom all correspondence should be sent: present study was carried out to investigate the
E-mail: chirvan@usm.my
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performance of the MAHB reactor treating RPME
at different HRT in relationship of the
compartmentalization behavior. The present study
was also aimed to integrate various aspects like (a)
performance of the reactor and compartment-wise
variation of various parameters and (b) stable
operation for a quite extended period in terms of
COD removal efficiency, biogas production and
performance of each different compartment of the
MAHB reactor.

METHODS
Reactor configuration

A laboratory-scale modified anaerobic hybrid
baffled (MAHB) reactor was fabricated using
polypropylene. It consisted of 5 chambers (CH1-
CHD5) of equal size and volume, connected in series
as shown in Fig 1.

Liquid Sampling Port

Gas Collection System

ol
Packing Material Biogas Bag
\ b: B
Effluent uent

Effluent Tank | Water Heater

LY

—F 5
Modified Peristaltic Pump Sludge Sampling
Port

Fig. 1. Schematic diagram of 58 L capacity bench-
scale continuous feed MAHB reactor.

The whole unit is square in shape with length to
width ratio (I/w) of 3.61 and | x b x h dimensions of
795 mm x 220 mm x 300 mm. To collect the biogas
produced, five separate gas manifolds were
provided and the biogas was finally led to the gas
collection cum measurement assembly. The
individual chamber was divided by a hanging baffle
into five compartments, i.e.,, downcomer and
upcomer. The volume of the downcomer was half
that of the upcomer and the bottom portion of the
baffle separating the two compartments was
inclined at 45° and was stretched up to the center of
the upcomer. The total volume of the modified
anaerobic hybrid baffled (MAHB) reactor was 65 L
with a net working volume of 58 L. The volume of
the individual set of 5 compartments (CH1-CH5)
was 11.6 L. The net volumes of the downcomer and
the upcomer were 3.86 L and 7.74 L, respectively.

Feed wastewater flow pattern

The wastewater was collected from Muda Paper
Mill Bhd, Bandar Tasek Mutiara, Penang, Malaysia
and refrigerated at 4°C. Prior to analysis, the

samples were warmed to room temperature
(25£2°C). The collected samples were analysed for
the required parameters such as pH, total dissolved
solids (TDS), volatile suspended solids (VSS), total
suspended solids (TSS), total solids (TS), alkalinity,
ammonia, biological oxygen demand (BOD) and
dissolved oxygen (DO) according to the Standard
Methods of Analysis of Water and Wastewater [5]
and were intermittently mixed to feed the reactor
with a consistent quality.

Table 1. Physicochemical characteristics of recycled
paper mill effluent.

Parameter Concentration
pH 6.36
Alkalinity (mg L as CaCO3) 94
TSS (mg LY 645
VSS (mg L) 850
TDS (mg L% 3345
TS (mg LY 5320
BODs (mg L) 669
COD (mg LY 4328
VFA (mg L) 501
Ammonia (mgL?) 0.4
DO (mg L) 15

The wastewater was fed to the reactor with the
help of a variable speed peristaltic pump. The
MAHB reactor was operated at various hydraulic
retention times (HRTs) by varying the flowrate of
influent wastewater (Qinf), thereby varying the
organic loading rate (OLR). The average
composition of RPME wastewater is shown in
Table 1. The wastewater flows from the
downcomer to the upcomer, within an individual
chamber through the sludge bed formed at the
bottom of the individual chambers. After receiving
treatment in the particular chamber, wastewater
enters the next chamber from the top. Due to the
specific design and positioning of the baffle, the
wastewater is evenly distributed in the upcomer and
the wvertical upflow velocity (Vup) could be
significantly reduced. The treated effluent was
collected from the outlet of CH5. The reactor was
kept in a temperature controlled chamber
maintained at 35C.
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Sampling and Analysis

MAHB reactor was monitored every two days
for COD, pH and biogas produced while volatile
fatty acids (VFA) and alkalinity were measured
weekly. Samples were taken for analysis from all
five compartments of MAHB at HRT of 1, 3, 5 and
7 days as the system achieved its steady state.
Biogas composition was determined using
Shimadzu gas chromatograph with a flame
ionization detector (GC-FID) with a propack N
column. Carrier gas was helium set at a flow rate of
50 mL min%, column temperature of 28 C, detector
temperature of 38°C and injector temperature of
128°C. VFAs were measured using esterification
methods. Triplicate samples were collected for each
parameter reading to increase the precision of the
results, and only the average value was reported
throughout this study. Conventional parameters
such as pH and alkalinity were measured according
to the Standard Methods [5] while COD was
measured using the spectrophotometer DR-2800
according to the reactor digestion method [6].

RESULTS AND DISCUSSION
Start-up of MAHB reactor

In this study, the MAHB reactor was filled with
seed sludge taken form Malpom and allowed to rest
for 12 days. Then, after 15 days, feeding of the
RPME wastewater was resumed at a flow rate of
145 L per day at HRT of 4 days with a very low
organic loading rate (OLR) of 0.1963 g CODL per
day. The resumed wastewater feeding helped the
development of the sludge bed at the bottom of the
individual compartments of the MAHB reactor. The
acclimatization curve for determination of the start-
up period is shown in Fig. 2.

100.00
HRT =6 dav

9000 7 Flow Rate, Q = 14.5 L per day
80.00 | OLR in =0.1963g COD L per day
70.00
60.00

50.00 -
40.00 -

I

COD Removal (%)

3000 | Batch System K Continuous System i
20.00 {7 il o
{600 Phase I, Phasell Phase III
0.00 + T T T T .
) 5 10 15 20 25 30

Time (days)

Fig. 2. Acclimatization curve for determination of the
start-up period of MAHB reactor

S-shaped acclimatization curve with three
distinct phases was demonstrated during the
acclimatization period. During phase | of the
acclimatization period of 16 days (from day 12
until day 17), the observed SS and COD removal
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may be attributed to the interception of organics in
the sludge bed. During the second phase of 5 days
(17th — 21st day), a significant gain of up to 90%
was observed in COD removal. The curve indicated
that the COD reduction efficiency was related to
the period of acclimatization. The steady state of
increase in efficiency signified the adequate
quantum of biosludge accumulation in the reactor
[7]. The third phase of acclimatization lasted for 8
days (from day 21 until day 28). Last four
consecutive observations revealed consistent COD
removal efficiency of 85% and specific biogas yield
of 0.25 L CH4 per day. At this stage, the MAHB
reactor was counted as matured or acclimatized.
Therefore, the start-up period for the MAHB
reactor was adjudicated to be 28 days. From
previous studies, Lettinga et al. [8] took about 84
days for the start-up, whereas Kalogo et al. [9]
required a period of 140 days of self-inoculated
UASB. The anaerobic contact filter was started-up
by feeding cow dung slurry and sewage sludge by
Vijayaraghavan and Ramanujan [10] who needed
160 days to complete the start-up operation. The
analysis of the requirements of start-up periods
showed that the time consumed by the MAHB
reactor was favorably comparable.

Performance evaluation of MAHB reactor
Compartment-wise profile during HRT variation

Performance of MAHB reactor was subjected to
four changes in HRT by increasing the feed flow
rate. Figure 3 illustrates the COD removal
efficiency and VFA concentration at different
compartments of MAHB reactor. From the obtained
results, it is seen that at each different HRT of 1, 3,
5 and 7 days, the COD removal efficiency shows an
increasing pattern from compartment 1 to 5. COD
removal efficiency was low at HRT of 1 day with
an average of 50 — 92% from compartment 1 to 5.
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Fig. 3. COD removal and VFA concentration
variation of each compartment of the MAHB reactor.
Compartments are numbered in the sequence of flow
pattern from compartment 1 to 5 at steady state.
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From the obtained results it follows that at each
different HRT of 1, 3, 5 and 7 days, the COD
removal efficiency shows an increasing pattern
from compartment 1 to 5. COD removal efficiency
was low at HRT of 1 day with an average of 50 —
92% from compartment 1 to 5.

As the HRT was increased, the COD removal
efficiency started to increase to a range of 79 — 94
%, 80 — 97 % and 84 — 96 % for HRT of 3,5 and 7
days, respectively. This result shows that the
retention times play an important role for the
microbes inside to digest the substrate. Similar
patterns were recorded by Krishna et al.[11], which
indicates that COD removal efficiency of each
compartment increased in the sequence of flow
pattern from compartment 1 to 5. It is essential to
note that as the HRT increased, the compartment-
wise COD removal efficiency increased. In
compartment 1, as the HRT increased, significant
increase of COD removal efficiency was recorded.
This shows that most of the organic matter was
removed in the first compartment [12] while
treating low-strength RPME wastewater using
MAHB reactor.

In addition, VFA concentration tends to
decrease with high HRT. The maximum VFA
concentration achieved was 167 mg L in
compartment 1 at HRT 1. As the wastewater moves
from compartment 1 to 5, the concentrations of
VFA decreased for all HRTs. This is a result of the
conversion of VFA into final products such as
hydrogen, carbon dioxide and acetate for methane
production.

The VFA profile demonstrated that the main
biochemical activities occurring in the first few
compartments are hydrolysis and acidogenesis [13,
14]. For the last few  compartments,
methanogenesis appeared to be dominant. These
observations implied that the MAHB reactor
promoted a systematic selection in the different
compartments in such a manner as to bring out
phase separation. Wang et al. [15] also reported
that the total VFA concentration decreased along
the reactor from compartment 2 while treating high-
strength wastewater using conventional ABR.

System pH and alkalinity for different

compartments

The pH and alkalinity profiles for the MAHB
reactor at different HRTs are shown in Figure 4.
Slightly lower pH was noted in compartment 1 for
each different HRT in a range of 6.1 to 6.3. As the
wastewater moves towards the later compartments,
a gradual increase in pH was achieved. The pH was
found close to 7 (6.3 — 6.55) at the rear end of the

MAMHB reactor. Similar patterns were also recorded
by Dama et al. [16] who reported that earlier
compartments had a lower pH as acidogenesis and
acetogenesis take place in those compartments. It
was also observed that during every shift to the next
HRT, the pH in the first two chambers dropped
rapidly, while other chambers (CH3-CH5) were
found to be less affected.

This indicated that accumulation of fatty acids
was restricted up to CH3 only, unaffecting the
methanogenesis occurring in the rest of the
chambers.
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pH - EEEHRT | = HRT 3 EERIHRT 5 —HRT 7

Alkalinity ©: ——HRT1 —8—HRT3 —#—HRT5 ——HRT7

Fig. 4. pH and alkalinity variation of each
compartment of MAHB reactor. Compartments are
numbered in the sequence of flow pattern from
compartment 1 to 5 at steady state.

This was due to the fact that hydrolysis,
acidogenesis and acetogenesis occur in the initial
chambers. Furthermore, degradation of VFA results
in the increment of pH from compartment 1 to
compartment 5 [17]. The distinct pH profile shows
an indication of the degree of different phases
created within the system. Similar alkalinity
profiles were noted in the compartment-wise
arrangement of the MAHB reactor.

Gas Production and Composition

Figure 5 illustrates the biogas volume and the
methane content for each compartment at different
HRTs. Overall, the biogas volume for HRT 3 was
higher (range of 3 to 6.6 L per day) than for HRT 1
(range of 1.3 to 3.2 L per day) due to the longer
hydraulic retention times which give enough time
for the anaerobic process to take place in each
compartment. For HRT 1 day, the total biogas
volume increased from 2.2 to 3.2 L per day from
compartment 1 to 3 but then decreased to 1.8 L per
day in compartment 5 and vice versa for HRT 3.
For longer HRTSs, the travelling time to move up
and down the compartment of the reactor is longer,
which contributes to a larger biogas volume.
However, most of the nutrients were already
converted to methane in the first three
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compartments. This explaines the decrement of
biogas volume at the last two compartments.

The methane content of the total biogas
produced was determined every two days until it
reached steady state. The order of the
compartments from 1 to 5 shows that the methane
content of the total biogas increased in sequence
under HRT of 1 day (OLR = 3 g CODLper day)
but decreased for HRT of 3 days (OLR =1 g
CODLper day). These results were in accordance
with the conclusion of former studies by Uyanik
[18] who indicated that acidogenic reactions were
dominant in the earlier compartments of the MAHB
reactor. However, at HRT of 3 days (with high
OLR), the accumulation of VFA resulted in
reduction of methane percentage through the rear of
the reactor. The methane content, which can be a
valuable indicator of the performance of the MAHB
reactor shows a stepped up value from 42% to 64%
as the HRT decreases under the average OLR of 3 g
CODLper day. Thes results are in agreement with
previous research by Liu et al. [19].

2

Biogas volume (L per day)
Methane content (%)

L= v T - |

Compartments

Biogas Volume - HRT 1 HRET 3
Methane Content -—8—HRT1 ——HRT3

Fig. 5. Gas production variation of each compartment
of the MAHB reactor at HRT of 1 day and 3 days.

Obviously, high methane content suggests high
activity of  methanogenic  bacteria.  The
methanogenic bacteria can be divided into two
main groups due to differences in substrate
utilization - hydrogenotrophic and acetotrophic
methanogens [20]. Hydrogenotrophic methanogens
only use CO and H; as their substrate. The partial
pressure of hydrogen acts as a main indicator to
describe disturbances and stability in AD. For that
reason, hydrotrophic methanogens activity is
crucial for the efficiency and stability of AD in
processing of simple soluble types of substrates (i.e.
ethanol, propionate, dextrose and acetate) and
numerous types of wastewater. For acetotrophic
methanogens, such as Methanosarcinales genus,
they use simple compounds such as acetate as their
substrate. More than 70% of biomethane are
produced by acetate degradation. Methanogenic
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bacteria that bind hydrogen are found to belong to
Methanobacteriaceae family [21].

For cellulose (lignin) saccharification, the
microbes that facilitate the process might consist of
hydrolyzing and acid producing microorganisms.
The primary route is the initial cleavage of ether-
linked subunits followed by subsequent degradation
of substituted aromatic rings where the derivatives
of vanillic acid, cinnamic acid and syringic acid are
the important constituents of lignin. For this AD
process, fermenting bacteria (i.e., methanogenic
bacteria) and acetogenic bacteria are responsible for
breaking this ether-linked and aromatic ring bond
[22].

CONCLUSIONS

The present study revealed that HRT
significantly influences the compartment-wise
profile of MAHB reactor in terms of COD removal,
VFA concentration, pH and alkalinity, methane
content and biogas volume in treating RPME
wastewater. The pH profile shows an increment
within a range of 6.3 to 6.6 as the RPME
wastewater moves towards the end of the MAHB
reactor. Maximum alkalinity obtained was between
335 and 548 mg L* in compartment 5 for each
different HRT. The maximum methane content was
96.8 % with total biogas volume of 6.56 L per day
at HRT of 3 days (OLR of 1 g CODLper day) in
the MAHB reactor. High COD removal of 98.0%
was achieved at HRT 5 of 0.6 g CODLper day.
Therefore, the optimum HRT for anaerobic
treatment of RPME in MAHB reactor was 5 days.
Moreover, high COD removal and methane content
was achieved in the MAHB reactor.
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N3CJIIEJABAHE HA CEKIIMOHHOTO I[TOBEJIEHUE HA MOJAMN®UILINMPAH AHAEPOBEH
XUBPUJIEH PEAKTOP C ITPET'PAIN (MAHB)

C.P. Xacan?!, H.K. 3aman', U. Jlaxnan®*

YWuunuwe 3a cmpoumenno unoicenepcmeo, Caunc-ynusepcumem 6 Manaiizus, 14300 Hubone Teban, Ilynay Iunane,
Manaiizus
2Yuunuwe no xumuuno unscenepcmeo, Caunc-ynusepcumem 6 Manaiizus 14300 Hubonz Teban, Ilynay Hunane,
Manaiisus

[Tocrbnuna Ha 25 HoemBpH, 2014 r.; Kopurupasa Ha 2 HoeMBpH, 2015 1.
(Pestome)

UsmomsBan e wMomuduuupan aHaepoOeH xubOpumeH peakrop ¢ mnperpaau (MAHB) 3a wm3ywaBaneTo Ha
MIPWIOKMMOCTTa MY 32 TPETHpaHe Ha OTHaJbYHM BOJM OT perukianpaneto Ha xaptust (RPME) u ycranossiBaneTo Ha
BpB3KaTa MEXAy pabOTHHUTE MapaMeTpu U opopMIIeHHEeTO Ha peaktopa. OrnpeneneHu ca KOHGUrypaysTa Ha peakTopa,
MMyCKaHEeTO My B JeiicTBue u edekra Ha BpemernpeOuBaBaHeTo (HRT) BbpXy edekTHBHOCTTa Ha NPEYHUCTBAHE W
pabotara Ha peaktopa. IIyCKOBHST IpoIlec ce 3UBBpIIBa Py BpemenpeduBaBane ot 4 nau. MAHB-peaktopsT paboTn
¢ noctosiHHO 3axpanBane ¢ XIIK or 3000 mg L u Bpemenpe6usasane HRT ot 1, 3, 5 u 7 guu. IlyckoBUAT nepro e
28 nuu. PaboTara Ha peakTopa ce OIEHsABa MO CeKIMoHHUTE mpodwmiu 3a pasnuuad HRT. B mbpBoTO OTheneHue ce
HabmosiaBat PH o1 6 — 6.2 W BUCOKM KOHIIEHTPALMH Ha JIETIMBH MacTHH kuceauHu ot 90 no 168 mg L™ npu Besko
BpeMenpeOrBaBaHe 3apajy alyjaoreHe3arTa 1 alneroreHesara. PH U ankalHOCTTa Ha cHCTeMara MoKa3Ba HapacTBaHe Ha
npoduia o ABIKUHATA HA PEaKTOpPa, JOKAaTO KOHLEHTPAMUTe Ha MACTHUTE KHCEIMHH HamallsiBa OT oThelieHue 1 J1o
otxenenue 5. O6eMbT Ha 6uorasa e romsaM ( 6.56 L npu Bucoku HRT) ¢ HamansBaHe Ha ChAbP)KaHHETO HA MeTaH oT 96
mo 35 % ot otmenenme 1 mo 5. OOpatHo, mpu Manku HRT (1 nen), Bempekm 4e OeMbT Ha OHOAr3 € Maibk,
CHIbPIKAaHNETO Ha MeTaH HapacTsa oT 42 10 64 %. Pesynratute nokassar, ye MAHB-peakropsT paboTu ycnenrso 3a
MIPEYOCTBAHETO Ha OTIAABYHHU BOAN OT PELHUKINPAHETO HA XapTHS.

445



Bulgarian Chemical Communications, Volume 48, Number3 (pp. 446— 450) 2016

Sorption capacity of oil sorbent for the removal of thin films of oil
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The dependence of the sorption capacity of the sorbents on the amount of sorbent, sorption time, thickness of the oil
film, as well as the number of cycles of use of the sorbent was investigated. The performed studies in this work
demonstrated the potential use of the synthesized sorbents as adsorbents for the removal of thin oil films.

Keywords: oil sorbent, sorption capacity, thin oil film.

INTRODUCTION

At present, the pollution of surface water bodies
by petroleum hydrocarbons occurs not only under
accident oil spills, but also during routine
maintenance. The process of operative removal of
oil pollution from the water surface is topical
considering the increasing technogenic impact on
the ecosystem. It is therefore particularly important
to solve this problem. There is search of materials
suitable for collecting oil from surface water and
sewage industrial water.

Cleaning of the surface of water bodies from
contamination involves the removal of the oil film
by mechanical and (or) physical and chemical
methods. Most promising and environmentally
expedient is the method of removing oil film with
the help of oil sorbents [1]. The materials used for
the collection of oil and petroleum products from
water, are commonly called oil sorbents, as well as
collectors of oil and oil absorbers. One of the main
problems when cleaning the surface of water bodies
from pollution is the removal of a thin oil film
having the ability to spread in the shortest terms
over vast distances, violating the oxygen exchange
[2-3].

For the production of oil sorbents various raw
materials are applied [4]. By the mechanism of oil
removal are distinguished the sorbents, for which
physical surface adsorption dominates. Here, the
collection of oil occurs due to adhesion to the
surface of the sorbent particles. In this case, the
amount of oil absorbed is determined by the
specific surface area of the material and its
properties (hydrophobic and oleophilic). Literature
data show that such a mechanism for collecting of
oil and petroleum products is realized for oleophilic

* To whom all correspondence should be sent:
E-mail: larissa.rav@mail.ru

powders and granular materials with closed porous
structure and materials in which the pores by size
are not available for the molecules of the removable
substances [5].

EXPERIMENTAL

All experiments were carried out by the methods
described in [6-8]. A Petri dish was filled with
water and weighed, and then an oil slick was
applied to the water surface so that it didn't touch
the walls of the cup, followed by the cup
reweighed. Then, on the oil slick a sample of
sorbent was applied to complete absorption of the
oil spill and the cup was reweighed. Gain of oil
weight to the weight of the sorbent gave the value
of the absorption capacity of the sorbent in water.

Weight of dry cup was 134.15 g and with water
- 178.93 g. The weight of the oil slick was 0.4 g and
the weight of the cup became 179.33 g. After the
total absorption of the oil slick by a modified
carbon sorbent with weight of 0.04 grams, the
weight of the cup amounted to 179.37 g, and the
sorption capacity was 10.0 g/g.

The weight of the cup with water was 173.44 g
and 173.90 - with the oil spill, after applying the
carbon sorbent of vegetable origin of weight 0.22 g,
the oil spill was absorbed by the sorbent. The
sorption capacity of the sorbent was 5, i.e. 1 g of
sorbent could adsorb 5 g of oil.

After repeating the experiment with stirring of
oil and sorbent, the total absorption of the oil slick
was achieved with 0.05 g of modified carbon
sorbent, i.e. the absorbent capacity increased to
10.94g/g.

For creation of an oil film into a Petri dish,
about 40 ml of water with a salt concentration of
17-20 g/l (seawater) was poured and a few drops of
oil were added. When the oil slick was formed, its
diameter and thickness were determined.
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RESULTS AND DISCUSSION

In the laboratory tests the medium viscous oil of
Karazhanbas was used (Figure 1).

The dependence of the sorption capacity of the
obtained carbonized sorbents based on rice husk
(CRH) on the amount of sorbent, the sorption time,
the thickness of the oil film, as well as the number
of cycles of use of the sorbent was studied.

l f/ }‘a

2=\

Fig. 1. Sorption of oil of Karazhanbas.

',.

Figure 2 shows the sorption capacity of the
sorbents on the sorption time. As can be seen from
the presented data, the maximum sorption of oil is
in the first minutes (~ 3-4 minutes), after which the
sorbent based on foam rubber and sunflower husk
carbonizate (FRCSH- 300) is able to retain the
sorbed oil for two days, whereas the sorbents on the
basis of polystyrene foam and carbonizate of rice
husk PFCRH-400 and modified foam rubber
(MFR-300) after active sorption gradually began to
release it after 4 hours.

Such behavior of the sorbents may be due to the
lower level of hydrophobicity and oleophilicity of
the sorbents based on PFCRH-400 and MFR-300,
and the different structure of the sorbents.

0.4 ﬁ;ﬁ_‘i
0,3 .
7 ~a —— rowl
—  —m—rowl

0.1 row 3

Sorbtion capacity g/g

t, min.

Fig. 2. Dependence of the sorptive capacity of the
sorbents on the sorption time: 1 - Foam rubber +
carbonizate of sunflower husk (FRCSH- 300) 2 - Foam
polystyrene + carbonizate of rice husk (FPCRH-400) 3 -
Modified foam rubber (MFR -300)

The sorption capacity of vegetable materials
without polymers was studied as well. With the
increase in mass of the sorbent amount, the sorbed
by it oil gradually increased. After reaching the
optimal sorption time (4 hours), the speed of active
sorption markedly decreased, which may be
explained, apparently, on the one hand by the oil
saturation of the sorbents, and on the other hand, by
the process of desorption (in the case of CRH-400
and -300).

The dependence of the sorption capacity of the
sorbents on the thickness of the oil film was also
studied (Fig.3).

Sorbtion capacity, g/g

= b now 2 4w
> %

the thickness of the oil film, mm

Fig. 3. - Dependence of the sorption capacity of the
sorbent on the thickness of the oil film: row 1 - Foam
rubber + carbonizate of sunflower husk (FRCRH- 300);
row 2- Foam polystyrene + carbonizate of rice husk
(FPCRH -400); row-3 modified foam rubber (MFR-300)

It is known that the maximum absorption
capacity of the sorbent is exhibited with an excess
amount of absorbed oil [9,10]. As seen in Fig.3, the
increase in the thickness of oil film increases the oil
absorption capacity of the sorbents.

The results of the studies of the dependence of
the sorption capacity of the sorbents on the number
of cycles used are shown in Table 1.

Regenerability of sorbents in one of the basic
performance parameters. The obtained data
illustrate the good regenerability of the sorbents and
the possibility of their repeated use.

Regeneration of the sorbents was carried out by
centrifugation by washing with a hydrocarbon
solvent and followed air drying.

The data in Table 1 demonstrate the potential
use of the sorbents synthesized by us as adsorbents
for the removal of thin oil films.

We have also studied the maximum oil
absorption of CKP-400, depending on the viscosity
and the physical state of aggregation, i.e. the sorbed
oil product was a petroleum oil, oil, gasoline and
diesel fuel.

In the cases when the thickness of oil spill layer
is less than the thickness of the sorbent the
collection of oil from the water surface also occurs
beyond the sorbent place. Table 2 shows that the
sorbent absorbs oil «<Mobil», to a higher extent than
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gasoline and diesel. This is probably due to the
higher affinity of the sorbent to the sorbed oil.

With increasing film thickness, the oil sorption
capacity of the sorbent increases.

From the data of Table 2 it is clear that the
collection of relatively low-viscosity products
(gasoline and diesel) racking of their excesses and
real-absorbing properties of the sorbent are
characterized by oil absorption at the level of 30-40
a/g.

This sorbent is easily regenerated by simple
squeezing of the absorbed oil. Despite of the high
oil absorption of sorbent "CRH- 400" its
application in dispersed form is not enough
technological due to the significant time consuming

technical difficulties that arise at spraying of the
sorbent on the surface oil spills and subsequent
collection of the spent sorbent.

Since the performance of the sorbent heavily
depends on the ambient temperature, for example,
in winter conditions, we also investigated the effect
of ambient temperature and volume weight of
sorbents based on Apricot stone CAS-400 and rice
husk CRH-400.

Table 3 represents the temperature dependence
of the sorption capacity of sorbents (CAS - 400
with weight by volume of 50 g/cm?® and CRH- 400
with weight by volume of 150 g/cm®) on oil and
petroleum products in the temperature interval 10-
50 °C.

Table 1. Dependence of the sorption capacity of the sorbents on the number of cycles used

Number of Cycles

Sorption Capacity, g/g

FRCRH-300 FPCRH-400 MFR -300
1 0.45 0.49 0.42
2 0.44 0.40 0.40
3 0.35 0.38 0.40
4 0.33 0.35 0.32

Table 2. Effect of the thickness of oil and oil products on the sorption capacity of the sorbent CRH-400, g/g

Collected oil Layer thickness, Amount (g/g) of the sorbent on the Degree of
product cm collected oil product squeezing, %
absorbed squeezed
QOil field "Kumkol" 4.1 38-40 28 86
Oil "Mobil" 1.1 53-60 43 87
Motor car gasoline 3 32-33 25 78
Diesel fuel 4 24-30 19 77

Table 3. Influence of temperature of the medium and bulk density of sorbents on the sorption capacity on oil and

petroleum products (g/g).

Sorption capacity of sorbents, g/g

Weight by Temperature of Diesel
volume, g/cm® medium, °C Qil Fuel oil fuel Gasoline
CAS-400 50 10 9.3 7.4 1.6 14
g/cm?® 15 12.4 11.5 2.4 2.1
25 15.6 16.2 35 3.0
30 17.4 17.3 35 24
35 20.4 21.4 2.4 -
40 22.5 24.2 1.0 -
CRH-400 150 10 4.0 2.2 8.3 7.2
3
g/em 15 5.3 25 9.2 8.1
20 5.4 2.6 10.3 9.1
25 6.2 3.4 114 12.1
30 8.1 5.2 125 12.1
35 8.8 6.3 124 -
40 10.2 7.2 12.0 -
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Analyzing the data of Table 3, we can come to
the following regularities: in the case of oil and fuel
oil, temperature increase leads to a constant growth
of the sorption capacity for oil and fuel oil of the
sorbent CAS-400. In this case, the established
temperature limit for the sorbents is not the limit of
saturation of oil and fuel oil.

The maximum adsorption capacities of these
sorbents are 22.5 and 24.2 g/g, respectively. In the
case of gasoline and diesel fuel in the sorbent CAS-
400 with weight by volume of 50 g/m® the
maximum sorption of diesel fuel was achieved at a
temperature of 30°C and was equal to 3.5 g/g. A
further increase in the temperature of the medium
causes a decrease in the sorption capacity of the
sorbent on diesel fuel. This is due to the fact that
the sufficiently large mesh size of the sorbent AS -
400 ensures that the forces of attraction between the
sorbate molecules are higher than those between the
sorbate and sorbent molecules, resulting in a liquid
phase portion flowing from the cells of a solid
sorbent during weighing [11].

In the same Table 3 the regularities of the
changes of the sorption capacity of the sorbent
CRH-400 with a bulk density of 150 g/m® with
temperature are given. By analogy, in this case,
regardless of the type of the sorbate, a regular
increase of the temperature of sorption capacity was
observed. This is due to the fact that with
increasing temperature, the viscosity of oil and
petroleum products is reduced, and thereby, the
migration of sorbate to a diffusion region of fine-
mesh macrostructure of the sorbents is accelerated.
However, here, an opposite picture is observed: the
sorption capacity for diesel fuel and gasoline is
higher than that of oil and fuel oil. In this case, we
are confronted with the specifics of selective
sorption of sorbents and their ability to selectively
perform the sorption of oil and petroleum products,
depending on the size of the cells and bulk density.
The studies revealed that the conducted studies
allow to speak about potential use of the sorbents
synthesized by us as adsorbents for the removal of
thin oil films. On the basis of experimental data it
was revealed that the maximum absorption of crude

oil is reached at equal proportions of the film
thickness of dispersed sorbent and the thickness of
layer of an oil spill, i.e. in the case of oil «Mobil»
with a layer thickness of 1.1 cm the maximum
adsorbed quantity of oil products is 53-60 g.

CONCLUSION

It was found that irrespective of the type of oil
and volume weight of the sorbent, with an increase
of thickness of layer of oil from 1.0 to 7.0 mm there
was a general tendency to increase the sorption
capacity. It is interesting to note that the maximum
sorption for each type of oil occured on sorbents
with definite values of bulk density.
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COPBLIMOHEH KAITAIIMTET HA COPBEHTHU 3A OTCTPAHABAHE HA ThbHKHU CJIOEBE
OT HE®T

I.A. baiicefitoB, M.I. Tynemnos, JI.P. Cacuxosa, I1I.E. I'abapamosa, I'.A. Ecen, K.K. Kynaiibeprenos, 3.A.
Mascypos

Hayuonanen ynueepcumem ,, An-@apabu , Aimamu, Kazaxcman
[ocrpnuna Ha 4 mai, 2015 r.; npueta Ha 27 1onu, 2015 1.
(Pestome)

Wscnenpan e COp6III/IOHHI/IHT KalmaliquTCeT Ha CO6peHTI/I B 3aBUCUMOCT OT KOJIMYECTBOTO, BPEMETO, L[GGCJ'II/IHaTa Ha
He(l)TeHI/IH (1)I/IJ'IM, KaKTO U 6p0f{ Ha NUKJIUTC Ha yHOTpe6a. I/I3B’I)pHIeHI/ITe H3CJICABAHUA JEMOHCTPpUPAT NOTCHIMATHATAa
110J13a OT CHHTCTHYHH COp6eHTI/I 3a OTCPTAHABAHCTO Ha TbHKU (1)I/IJ'IMI/I oT He(l)T.
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In order to check to what extent the slag based glass-ceramics may be used as carriers in the preparation of active
supported catalysts, copper-cobalt oxide catalysts on different carriers (glass-ceramics obtained on the basis of blast
furnace slag) were studied. The catalytic activity towards the complete oxidation of carbon monoxide was evaluated.
The samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and BET analyses.
Three main crystalline phases were present in varying proportions in the catalyst carriers: melilite, anorthite and
pyroxene. The results of catalytic tests were interpreted with respect to the catalyst carrier phase composition. It was
found that the catalytic activity and the formation of catalytically active complexes depend on the phase composition of
the carrier. Among the crystalline phases present in the composition of the carriers, pyroxene contributes to the

formation of the most efficient catalytically active complexes.

Keywords: Phase composition, supported catalysts, catalytic activity.

INTRODUCTION

Regardless of its variable composition, blast
furnace slag can be successfully used as an
adsorbent or as a carrier for the preparation of
catalysts for full oxidation. It has been found that
this is possible because of the presence of
crystalline phases of the melilite group. They
determine the adsorption capacity of the slag to the
ions of some heavy metals such as lead, copper and
the like [1-8], whereas the inclusion of transition
metal ions in the crystalline structure vyields
catalysts for the oxidation of CO and hydrocarbons
[9, 10].

The preparation of catalysts, the active phase of
which is deposited on a carrier, requires the
synthesis to be conducted so that there are
catalytically active complexes (CAC) on the
surface of the carrier [11-14]. It is essential that the
carrier and its chemical nature play an important
role in CAC when there are deposited catalysts,
since a variety of ions from the deposited phase, but
also from the carrier may be involved in it [11-14].
Therefore, the same catalytically active phase
deposited on different carriers has different
catalytic activity in the same catalytic reaction. It is
of interest to check to what extent the slag glass-
ceramics obtained on the basis of blast furnace slag,
may be used as carriers for the preparation of
catalysts by depositing oxides of 3d-transition

* To whom all correspondence should be sent:
E-mail: irena66@mail.bg

metals. For slag glass-ceramics of this type, it has
been shown that the crystal structure of the phases
in them conditions the adsorption capacity to the
ions of lead [15].

Therefore, the aim of this paper was to study the
influence of phase composition of slag glass-
ceramics which were used as a carrier of copper-
cobalt oxides in reactions of CO oxidation.

EXPERIMENTAL
Synthesis of the carriers

To obtain the carriers — slag glass-ceramics,
kaolin, AlOs;, and TiO, were used, as well as
granulated blast furnace slag with the following
composition — CaO (40.5%), SiO; (35.2%), A20s
(9.3%), MgO (5.2%), BaO (3.2%), MnO (2.6%), S
(1.2%), K20 (1.0%), Na2O (0.3%), FeO (1.0), Fe
(0.7%). First, the parent glasses were prepared by
melting at 1450-1470 °C for 60-90 min. Then the
glasses were ground, pressed and heated at 1000 °C
for 3 h. The method of synthesis of the samples is
described in more detail in [16]. The choice of
particular compositions and additives was based on
our previous experimental data [17-19], which
showed that high-strength glass-ceramics could be
obtained from such compositions. Four sample
carriers were obtained by changing the ratio of
components with a view to the formation of
different crystal phases. The carriers were
designated as SC (a) with initial composition:
73.6% slag and kaolin 20.7%; SC (b) with initial
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composition: slag 68.2%, kaolin 20.5%, Al,Os
5.7%; SC (c) with initial composition: slag 74.3%
kaolin 12.0%, Al-O; 8.0% and SC (d) with initial
composition: slag 79.9%, kaolin 12.2%, Al;O3
2.2%. In all batches, 5.7% of TiO, was added.

Synthesis of the catalysts

The obtained carriers were impregnated with a
solution containing copper nitrate and cobalt nitrate
with different concentrations, while maintaining the
atomic ratio of Cu: Co = 1: 2. The procedure was
carried out using a solution/carrier ratio of 5 (v/w)
at a temperature of 90 °C for 1 h. Then the samples
were left in the solution without heating for 24 h
and the impregnation procedure was repeated once
more. After impregnation and drying at 110 °C, the
samples were heated in air at 350 °C for 3 h. The
samples were labeled CAT (a), CAT (b), CAT (c)
and CAT (d) and they were obtained from the
respective carriers — SC (a), SC (b), SC (c) and SC
(d).

Experimental methods

X-ray powder diffraction (XRD) analysis was
applied for phase identification. An X-ray
diffractometer Philips with Cu Ko radiation (A =
1.5418 A) was used in the range from 15° to 90° 20
(step size: 0.05°, counting time per step: 1 s). The
crystalline phases were identified using the powder
diffraction file cards Ne 35-0755, 41-1486 and 31-
0249 from database JCPDS - International Centre
for Diffraction Data PCPDFWIN v.2.2. (2001) )
[20].

The microstructure of the glass ceramic
materials was investigated by SEM. Microscope
JEOL JSM 5510 was used. The samples were
coated with gold in an auto fine coater JEOL JFC-
12200.

The concentration of the solutions used just after
the procedure for the deposition of copper and
cobalt phases was determined by ICP-OES analysis
using Prodigy high-dispersion ICP-OES
spectrometer from Teledyne Leeman Labs.

The measurement of the specific surface area of
the samples was carried out by nitrogen adsorption
at 77.4 K. Nitrogen adsorption isotherms were used
to calculate the specific surface area using the BET
equation.

The catalytic activity of the samples was
measured in an isothermal plug-flow reactor
enabling operation under steady-state conditions
without any temperature gradients. The size of the
catalyst particles (0.3 — 0.6 mm) was chosen taking
into account the reactor diameter (6 mm) and the
hourly space velocity (20 000 h™). The gas feed
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flow rate was 4.0 L/h, the catalyst bed volume was
0.2 cm?, and the mass of the charged catalyst was
0.50 — 055 g. The catalytic oxidation was
performed within the temperature interval 200 —
400 °C, the oxidizing agent used being oxygen
from the air (gas mixture: 21% Oz and 79% N,).
The preliminary treatment of the catalysts included
heating in air flow at 120 °C for 1 h. The flow of
CO was fed into the reactor by an Ismatex M62/6
pump (Switzerland). The initial concentration of
carbon monoxide was 0.5 vol. %. The carrier gas
was air (a mixture of 21% O, and 79% N). A
Maihak gas analyzer (O2, CO, CO,) was used to
measure the CO and CO, concentrations with an
accuracy of 0.1 ppm, whereas the oxygen
measurement accuracy was £100 ppm.

RESULTS AND DISCUSSION

Table 1 presents the results of the identified
crystalline phases, for the given specific surface
and for the deposited amounts of copper and cobalt.
As seen from the Table, three main crystalline
phases in varying proportions are present in the
samples: melilite, anorthite and pyroxene [15, 16].

The quantification of the contents of each of
these phases in the samples showed the following:
the phase content of sample CAT (a) was anorthite
accounting for slightly more than 50% of the
crystalline phases. The compositions of CAT (b)
and CAT (c) were characterized by a more
significant participation of pyroxene in the phase
content; 40-51% of the crystalline phases and
melilite was the predominant crystal phase only in
sample CAT (d).

From the data in Table 1 for specific surface
area, it is obvious that the samples differ in this
indicator; the highest one is that of CAT (d). The
samples also differ in contents of the two metals,
but the atomic ratio is preserved and is
approximately equal to two. As noted before, the
preparation of the catalysts was conducted so that
there were CAC with ratio Co / Cu = 2 on the
surface, for which it is known to have high activity
in oxidation reactions [21].

The microscopic images of the samples showed
that they had very suitable microstructure for
carriers of catalysts. Fig. 1 shows a microscopic
image of the specimen CAT (d).

Common  micro-structural ~ features  were
observed in all slag glass-ceramics [15, 16]. There
was a good sintering of the initial powders. The
obtained glass-ceramic materials had a finely
dispersed crystalline structure showing
microcrystals of ~ 3-4 pm. Amorphous phase
densely envelopes the crystals. Idiomorphic crystals
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with a characteristic morphology that corresponds
to anorthite, melilite and pyroxene, respectively,
were identified in large rounded pores measuring
up to 10-20 um. The pores observed in our study
(Fig. 1) were typical intragranular induced
crystallization pores. We consider it probable that
these pores were formed as a consequence of the
crystallization of glass. The crystals formed in the
amorphous matrix had a higher density than the
density of the amorphous mass, which led to
shrinking of the sample and the formation of
induced porosity.

-

Fig. 1. SEM image of the sample CAT (d).

It was important to get information about the
obtained crystalline structure containing copper and
cobalt. Fig. 2 shows the X-ray-diffraction data for
catalyst CAT (d), since according to chemical
analysis, Table 1, this sample contains the highest
amounts of the deposited phases and it is expected
that this may have an impact on X-ray patterns.
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Fig. 2. X-ray diffraction data about catalyst CAT (d)
and carrier SC (d)

For comparison, the X-ray pattern of the original
sample used for obtaining the sample carrier SC (d)
is shown. These diffraction patterns, as shown in
Fig. 2, are almost identical, so unfortunately the
newly formed copper- and cobalt-containing phases
cannot be identified on the basis of XRD. The
presence of the following crystalline phases is
likely: CuO, C030., CuCo0,0., but due to the small

quantities and the possibility of their most intense
diffraction peaks to overlap with the peaks of the
diffractogram of the carrier, they cannot be
confirmed by XRD.

Figures 3 and 4 present the results of testing the
catalytic activity of the catalysts. Fig. 3 shows data
for the catalytic activity — n as a degree of CO
oxidation in %. The catalytic activity given as an
amount of oxidized CO per gram of catalyst —
intensity (Ig) is presented in Fig. 4.
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Fig. 3. Degree of conversion of CO [1,%] in
dependence on temperature [T, °C].
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Fig. 4. Dependence of the amount of oxidized CO of
1 g catalyst for 1 hour [1g] on temperature [T, °C]

As it can be seen from the figures, the most
active catalyst regarding both indicators is the
catalyst CAT (), and the least active one is the
catalyst CAT (d). The difference in the activity of
the catalysts is not huge, as it can be seen from
Table 2, where the values for m and Ig at
temperatures 365 ° C are given. As the Table
shows, the values for the parameter n are grouped
in the range 76-49%. The same is true for the Ig.
For CAT (a) Ig = 8.40.10°2, whereas for CAT (d) Ig
= 5.45.10%, despite the fact that the latter catalyst
has the highest specific surface area (Table 1). This
proves that this parameter — specific surface, is not
decisive. The basic indicator must be the amount of
the deposited oxide phases and their activity
efficiency — namely, the activity of formed CAC. In
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order to clarify how effectively the oxides of
copper and cobalt are used, the intensity (lg) for
one gram of total content of copper and cobalt in
the catalysts (Igcu+co) Was estimated. The results of
this calculation are shown in Figure 5.
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Fig. 6. Dependence of the intensity of the catalysts —
Ig(cu + co) at 365 °C on the content of pyroxene.

It can be seen from the figure that the sample
CAT (d) again has the lowest activity. In this case
the differences in activity are significant. According
to this indicator, CAT (c) exhibits the highest
activity, although the contents of copper and cobalt
in it are the lowest (Table 1). Accordingly, not only
the amount of the applied oxides, but also the phase
composition is important for the formation of CAC
— the amount and type of crystallized phases. If you
compare the data presented in Table 1 and Table 2
it is immediately clear that in the least active

catalyst CAT (d), the phase pyroxene is missing. If
we assume that this phase promotes the formation
of more active CAC, i.e., it plays a significant role,
it would be logical that with the increase of its
amount, the activity of the catalysts would also
increase. Fig. 6 presents data about Igcuco
depending on the content of the crystalline phase
pyroxene. Activity actually increases with the
increase of pyroxene in the catalysts. Therefore,
this crystalline phase results in the formation of the
most active CAC. Of course, the role of anorthite
should not be ignored, since the catalysts are active
even in the absence of pyroxene. On the basis of the
obtained results, it is possible to make a conclusion
that anorthite contributes to the formation of more
efficient CAC than melilite. These crystal phases
belong to two main structural silicate types and the
CAC formed differ. These data confirm that the
carrier and its nature play an important role in CAC
formation.

Table 2. Data for the catalytic activity at 365 °C.

Samples n, % 19.10? Igcuco.10?
CAT(a) 75.7 8.40 4.77
CAT(b) 63.0 7.02 4.18
CAT(c) 63.0 6.97 5.66
CAT(d) 49.0 5.45 0.97

The activity of CAC depends on the generated
Cu- and Co-containing phases; the formation of
crystalline phases with spinel structure is desirable.
The reason for the formation of more active CAC
on carriers containing pyroxene is probably due to
the ability of pyroxene to contribute to the
heterogeneous nucleation of the spinel. An epitaxial
relationship is widely observed in spinel exsolution
lamellae within pyroxene [22, 23] facilitated by
similar spacing and plane group symmetries of
oxygen atoms of {010} pyroxene and {110} spinel.
Hammer et al. [24], concluded that clustering and
physical contact of pyroxene and spinel forming
from melt develop from heterogeneous nucleation
followed by epitaxial crystal growth. In the
available literature we found no data on epitaxial
relationships between spinel and anorthite or spinel
and melilite.

Table 1. Phase compositions, BET surface area of the catalyst carriers and amount of copper and cobalt deposited

Crystalline phases, So, Content, Mol.

Sample vol % m2/g  weight % ratio
Melilite  Anorthite Pyroxene Cu Co Cu/Co

CAT(a) 32 51 17 17.7 062 1.14 1.90

CAT(b) 20 40 40 233 054 114 2.27

CAT(c) 26 23 51 31.2 040 0.79 2.13

CAT(d) 66 34 0 43.3 155 3.27 2.17
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CONCLUSIONS

Based on the experimentally obtained results for
the catalytic activity of copper and cobalt oxides
deposited on slag glass-ceramics, it can be
concluded that the formation of catalytically active
complexes (CAC) depends on the phase
composition of the carrier. Among the crystalline
phases present in the composition of slag glass-
ceramics, pyroxene contributes to the formation of
the most efficient CAC whereas the influence of
anorthite and melilite is weaker.

REFERENCES

1. S. V. Dimitrova, D. Mehandjiev, Wat. Res., 32, 3289
(1998).

2. S. Dimitrova, D. Mehandjiev, Compt. rend. Acad.
bulg. Sci., 52, 33 (1999).

3. D. R. Mehandjiev, S. V. Dimitrova, Bulg. Chem.
Comm., 31, 580 (1999).

4. S. V. Dimitrova, D. Mehandjiev, Compt. rend. Acad.
bulg. Sci., 53, 49 (2000).

5. S. Dimitrova, V. Nickolov, D. Mehandjiev, J. Mat.
Sci., 36, 2639 (2001).

6. E. Nehrenheim, J. P. Gustavson, Biores. Technol.,
99, 1571 (2008).

7. A. Nakahira, H. Naganuma, T. Kubo, Y. Yamasaki,
J. Ceram. Soc. Jpn., 116, 500 (2008).

8. Y. F. Zhou, R. J. Heines, Water Air Soil Poll., 215,
631 (2010).

9. S. Dimitrova, G. lvanov, D. Mehandjiev, Appl. Cat.,
206, 81 (2004).

10.S. Dimitrova, G. Ivanov, D. Mehandjiev, Compt.
rend. Acad. bulg. Sci., 55, 79 (2002).

11.D. Mehandjiev, Proc. Inter. Symp. Heter. Cat.,
Varna, 2000, p. 19.

12.T. Tsoncheva, Compt. rend. Acad. bulg. Sci., 53, 49
(2000).

13.T. Tsoncheva, S. Vankova, D. Mehandjiev, Fuel, 82,
755 (2003).

14.R. Nickolov, T. Tsoncheva, D. Mehandjiev, Fuel, 81,
203 (2002).

15.S. V. Dimitrova, I. K. Mihailova, P. V. Vassileva, D.
R. Mehandjiev, Compt. rend. Acad. bulg. Sci., 65,
1675 (2012).

16. Mihailova, I. K., P. R. Djambazki, D. Mehandjiev,
Bulg. Chem. Comm., 43, 293 (2011).

17.1.T. Ivanov, |. Georgieva, F. Dipchikov, Proc. 11th
Int. Conf. Glass and Ceramic, Varna, 1993, B.
Samuneva. |. Gutzow, Y. Dimitriev, S. Bachvarov
(eds.), Acad. Publ. House Marin Drinov, Sofia, 1994,
p. 240.

18.1. Ivanov, I. Georgieva, F. Dipchikov, C. lonchev,
Proc. 12th Int. Conf. Glass Ceramics, Varna, 1996, B.
Samuneva et al. (eds.), Acad. Publ. House Marin
Drinov, Sofia, 1997, p. 200.

19.1. Georgieva - Mihailova, PhD Thesis, UCTM, Sofia,
1997.

20.JCPDS International Center for Diffraction Data,
Powder Diffraction File, Swarthmore, PA.

21.S. Angelov, D. Mehandjiev, B. Piperov,V. Zarkov,
A. Terlecki-Baricevic, D. Jovanovic, Appl. Catalysis,
16, 431(1985).

22.M. Feinberg, H.-R. Wenk, P. Renne, and G. R.,
Scott, American Mineralogist, 89, 462 (2004).

23.F. P. Okamura, I. S., McCallum, J. M. Stroh, and S.,
Ghose, Proc. 7th Lunar and Planetary Science
Conference, 2, 1976, p.1889.

24.1.E. Hammer, T. G. Sharp, P. Wessel, Geology, 38,
367 (2010).

BJIMAHUE HA ®A30BUA CbCTAB HA HOCUTEJIA BEPXY KATAJIMTUYHATA
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Hocreruna va 20 mait 2015 r.; kopurupasa Ha 11 HoemBpu 2016 T.
(Pe3tome)

3a Ja C€ MPOBEPU JOKOJIKO IUIAKOCHUTAJIM MOTraT Aa C€ HM3MOJI3BAT KAaTO HOCHUTEIIM 3a IOJy4YaBaHC Ha AKTHBHU
HAaHCCCHHU KaTalin3aToOpH, Ca MU3CIICABAHU KaTajlu3aTOpH, MOJIYUYCHH YpPE3 HAHACAHC Ha MGIIHO-KOGa,HTOBI/I OKCHUaIU Ha
Ppa3JIMYHU NIJIAaKOCUTAJIH. KaranuTnynara akTHBHOCT € n3cjieABaHa 1o OTHOMICHUE OKUCJICHUCTO Ha BbIJICPOACH OKCHUI.
O6p33HI/ITC ca OXapaKTepusvupaHu C MOOMOLITa Ha peHTFCHOHI/I(i)paKIII/IOHCH aHalin3, CKaHupallla CJICKTPOHHA
MUKPOCKOIIUA U BET-ananu3. YcranoBeHO €, 4€¢ MCJIWJIUT, MHUPOKCCH U AHOPTUT B PA3JINYHU CHOTHOLICHHA Ca
OCHOBHUTEC KPUCTAJTHU (1)2131/1 B TAX. PC3yJ'ITaTI/IT€ OT KaTAJIUTUIHUTEC TECTOBC Ca MHTCPIPETHPAHU BbB BPBb3Ka C (baSOBI/IH
CbCTaB Ha HOCUTCIIUTC HaA KaTaJlu3aTOpPUTE. YcranoBeHO €, 4€ KaraJluTh4dyHara aKTUBHOCT H (bOpMI/IpaHGTO Ha
KaTaJIMTUYHO aKTHBHHW KOMIIJICKCH 3aBHCAT OT (1)213031/1;1 cbcTaB Ha Hocutrenurte. OT KPUCTAITHUTE (1)331/1 B ChCTaBa Ha
HOCUTECJIINTE MMUPOKCEHBT AOIIPUHACH 3a o6pa3yBaHe Ha Haﬁ-e(beKTI/IBHH KaTaJIMTUYHO aKTHBHU KOMIIJICKCH.
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The aim of the current study was the validation of a TLC-densitometric method for quality control of Estradiol
valerate in drug combination dosage forms. The TLC conditions were: glass plates with silicagel GeoF2s4; mobile phase:
chloroform : water = 90 : 10 v/v. The TLC-densitometric method was validated with respect to the analytical
parameters: limearity, LOD, LOQ, accuracy and precision (repeatability). Linear regression analysis was performed.
The regression calibration curve was built. Linearity accordance between the concentration and spot area in range:
5.10“ g/ml + 3.1073 g/ml was proved by the regression equation: y = 28874286.x + 14290. LOD = 3.15.10"* mg/ml;
LOQ =9.54.10 mg/ml.

For estimating the accuracy the recovery is presented in R [%] = RSD [%] with the respective confidence interval:
R[1.5 mg]: 95.92 % =+ 103.98 %; R[2 mg]: 93.35 % + 108.89 %; R[2.5 mg]: 95.37 % + 103.77 %. Precision is estimated
by standard deviation, relative standard deviation and confidence interval. All data for the obtained quantity correspond
to the confidence interval: 1.88 mg + 2.17 mg. The proposed validated TLC-densitometric method is appropriate for

quality control of Estradiol valerate in commercially available tablets.

Key words: TLC-densitometry, Estradiol valerate, validation, linearity, accuracy.

INTRODUCTION

Osteoporosis is a systemic skeletal disease,
characterized by decreased bone mass and altered
bone microarchitecture, leading to increased bone
fragility and fracture risk in women [1] and men
[2]. Estradiol valerate is used for treatment of
symptoms of menopause (hot flashes, burning,
irritation) and types of prostate cancer (androgen-
dependent), for prevention of osteoporosis in
postmenopausal women, replacement of estrogen in
women with ovarian failure or other conditions that
cause a lack of natural estrogen in the body. The
risk of osteoporosis is increased in estrogen
deficiency [3].

Estradiol valerate is included in combined
dosage forms for contraception with Cyproterone
acetate (Femilar) [4] and Dienogest [5, 6]. On the
pharmaceutical market drug products are available
for treatment of climacteric symptoms in
postmenopausal women, containing Estradiol
valerate 2 mg in combination with: Ciproterone
acetate 1 mg (Climen tabl.) [4]; Dienogest 2 mg
(Climodien tabl.) [7], Medroxyprogesterone acetate
10 mg (Divina, Farlutes) [8]; Levonogestrel 0.15
mg (Climonorm tabl.) [9].

The following methods for determination of
Estradiol valerate in tablets are described: 1) UV-
spectrophotometry at A = 280 nm [10]; II) UV-

* To whom all correspondence should be sent:
E-mail: dobrinka30@abv.bg

spectrophotometry - first derivative at A = 270 nm
[11] and A = 292 nm [10]; HI) fluorimetry after
derivatization reaction with dansyl chloride [12].
For determination of Estradiol valerate in drug
combinations containing other components in the
tablets the following methods are developed:

I) UV-derivative spectrophotometry:

1) Estradiol valerate and Cyproterone acetate
[13]

2) 2nd derivative spectrophotometry: at A =
297.4 nm for Estradiol valerate and at A = 273.4 for
Medroxyprogesterone acetate [14]

I1) chemiluminescence method: inhibition of
luminol luminescence by Estradiol valerate [15]

I11) HPLC with UV-detection:

1) Estradiol valerate/Dienogest: stationary
phase: ACE Cg, mobile phase: ammonium nitrate:
acetonitrile = 30 : 70 v/v, flow rate: 2 ml/min, A =
280 nm, internal standard: Cyproterone acetate [16]

2) Estradiol valerate/Medroxyprogesterone
acetate: stationary phase: Cis, mobile phase:
ammonium nitrate: acetonitrile = 30 : 70 v/v, A =
280 nm [17]

IV) GC/MS:  Estradiol
Medroxyprogesterone acetate [18]

V) electrochemical method: carbon electrode
modified with iron tetrapyridinoporphyrazine: 17p-
Estradiol valerate in injections [19].

The aim of the current study is to validate the
TLC-densitometric method for quality control of
Estradiol valerate with respect to the analytical

valerate  and
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parameters:
precision.

selectivity, linearity, accuracy,

MATERIALS AND METHODS
Materials

I) Reference standard: Estradiol valerate

II) Reagents with analytical grade quality:
chloroform (Sigma Aldrich, N: SZBD 074SV UN
1888); 99.98 % ethanol (Sigma Aldrich, N: SZBD
0500V UN 1170), distilled water

II) TLC glass plates precoated with silicagel
GeoF2s4, 20 cm x 20 cm (Sigma Aldrich, N:
2364681).

Method: TLC-densitometry.

I) Instrumentation: densitometer VILBER
LOURMAT CN-15.LC Serial:16263; sample
applicator 10 ul micropipette (Hamilton, Bonaduz,
Switzerland, N:18005701); TLC chamber (22 cm x
12 cm x 22 cm); stationary phase: Silicagel GeoF2s4;
mobile phase: chloroform : distilled water = 90 :
10 vlv, detection at A = 254 nm.

I1) Preparation of solution of RS for linearity
check.

Accurately weighed quantities of the reference
standard Estradiol valerate: 0.005 g, 0.01 g, 0.015
g, 0.02 g, 0.025 g, 0.03 g were dissolved in separate
volumetric flasks of 10.0 ml in 99.98 % ethanol to
obtain solutions with concentrations correspondin-

gly: 510 gml; 1.10° gml; 15.10 g/ml,

2.10 "g/ml, 2.5.10 ‘g/ml, 3.10 " g/ml.

I11) Preparation of model mixtures for accuracy
check.

Accurately weighed quantities equivalent to
0.015 g, 0.020 g, 0.025 g of the reference standard
Estradiol valerate were dissolved in separate
volumetric flasks of 10.0 ml in 99.98 % ethanol to
obtain 3 samples from 3 different model mixtures
with contents equivalent to 80 % (1.5 mg/ml, 1),
100 % (2 mg/ml, 11) and 120 % (2.5 mg/ml, I1) of
the theoretical concentration in the tablets (2 mg).

IV) Preparation of model mixtures for precision
(repeatability) check.

Accurately weighed quantities equivalent to
0.02 g of the reference standard Estradiol valerate
were dissolved in 6 separate volumetric flasks of
10.0 ml in 99.98 % ethanol to obtain 6 model
mixtures with Estradiol valerate content equivalent
to 100 % (2 mg/ml) of the theoretical concentration
in the tablets (2 mg).

RESULTS AND DISCUSSION

The TLC-densitometric method was validated
for the analytical parameters: selectivity, linearity,
accuracy and precision.

1) Selectivity

A ”placebo” solution without the active
substance Estradiol valerate was prepared in the
same manner like the solution of the reference
standard. The selectivity of the applied TLC-
densitometric method was proved by the fact, that
on the chromatograms with “placebo” solutions
there were no spots with Rf, corresponding to the
Rf of Estradiol valerate (0.92).

2) Linearity

Linearity accordance between the concentration
and spot area in the range: 5.10* g/ml + 3.10% g/ml
was proved by the regression equation: y =
28874286.x + 14290. (Fig. 1.). LOD = 3.15.10*
mg/ml; LOQ = 9.54.10° mg/ml.

120000
¥y =28874286.x + 14920 ~
< 100000 R2= (.99 ) = 105000
E S0000 M 85000
=< A 70500
= goo0o -
o _# 56100
?;‘J 40000 - ® 45700
" 30400
20000
0
0 0,001 0,002 0,003 0,004
CONCENTRATION [g/ml]

Fig. 1. Linearity for Estradiol valerate

3) Test for system suitability

The suitability of the system was confirmed by
the lack of a statistically significant difference
between the values of the chromatographic mobility
parameter relative to the front (Rf) in the analysis
of 6 samples of Estradiol valerate: Rf: 0.43, 0.43,
0.43,0.43,0.44, 0.44 (0.43 + 0.005, SD = 1.4).

4) Accuracy

For the estimation of accuracy, in Table 1 are
summarized data for the spot area (A), obtained by
the method of calibration curve for model mixtures,
the quantity [C] and the recovery [RC] of Estradiol

valerate, arithmetical mean ( X ); standard deviati-
on (SD) and relative standard deviation (RSD) (%);

S X — mean quadratic error; P — confidence possibi-

lity (%); t — Student’s coefficient; X =t.S X — con-
fidence interval; E — relative error. Accuracy is pre-
sented by the recovery R (%) and RSD [20].
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Table 1. Data for spot area (A), quantity [C] and degree of recovery [RC] for Estradiol valerate in model mixtures —
estimation of accuracy.

N: A [Ci5] R[Cuis] A [C2] R[C.] A [Cas] R [Cas]
’ [mg] [%] [mg] [%] [mg] [%]
1. 56000 142  97.73 68000 1.84 96.84 84000 239 97.55
2, 57900 149  99.33 71500 1.96 10051 86200  2.47 98.80
3, 60700 159  102.58 76200 2.12 106.0 90300 261 102.35
15+ 1.97+ 249 +
~ 58200 71900 86833
X £SD 0.09 0.14 0.11
R 9] + 92.%5; + 10;.512 £ 4107 99é5; +
RSD[%] : : .
SD 2364  0.09 239 4115  0.14 4.61 368 011 2.49
RSD[%]  4.06 6.0 2.39 572 7.11 4.56 4.42 25
s X 0.05 1.38 0.08 2.66 0.06 1.44
P [%] 90.0 90.0 90.0 90.0 90.0 90.0
t 2.92 2.92 2.92 2.92 2.92 2.92
(s X 0.15 4.03 0.23 7.77 0.18 4.2
X + 135+ 95.92 = 174+ 9335+ 231+  9537-=
_ 1.65  103.98 2.2 108.89 2.67 103.77
S X
E [%] 3.33 1.38 4.06 2.63 2.41 1.45

Table 2. Data for spot area (A), quantity [C] and degree of recovery [RC] for Estradiol valerate in model mixtures —
estimation of precision.

. R[C]
N: c A UA [C] o/l U [C]
1. 1.95 69900 1.14 1.90 97.44 1.22
2. 1.95 70300 0.99 1.92 98.46 1.00
3. 2.00 71900 0.36 1.97 98.50 0.44
4, 2.00 73500 0.27 2.03 101.50 0.22
5, 2.05 75200 0.93 2.09 101.95 0.89
6. 2.05 76100 1.29 2.12 103.41 1.22
X 45D 72817 + 2584 2.01+0.09
R [%] + 100.21 +
RSD[%] 2.39
) 2584 0.09 2.38
RSD [%] 3,51 4.48 2.39
sX 0.04 0.98
P [%] 98.0 98.0
t 3.37 3.37
(s 0.13 3.30
X -tS X = 1.88 = 96.91 +
- 2.17 103.51
X +tS X
E [%] 1.99 0.98
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All results are within the respective confidence
interval: R[1.5 mg]: 95.92 % + 103.98 %; R[2 mg]:
93.35 % + 108.89 %; R[2.5 mg]: 95.37 % + 103.77
%.

5) Precision (repeatability)

Precision is estimated by the uncertainty of the
result, determined by standard deviation (SD),
relative standard deviation (RSD) and confidence

interval (X + t.S X ). Table 2 presents: C — added
content of Estradiol valerate in model mixtures, [C]
— content obtained by the method of the calibration
curve, [RC] - degree of recovery, U[A]
Chauvenet criterion for area, U[C] — Chauvenet
criterion for the obtained content. All data for the
obtained quantity of Estradiol valerate correspond
to the con-fidence interval: 1.88 mg + 2.17 mg (SD
=0.05).

CONCLUSIONS

Estradiol valerate is available on the market in
drug combinations with: Ciproterone acetate,
Dienogest, Medroxyprogesterone acetate,
Levonogestrel. The obtained quantities by the
applied method correspond to the relevant
confidence interval: 1.88 mg + 2.17 mg. The
proposed validated TLC-densitometric method is
appropriate for quality control of Estradiol valerate
in commercially available tablets.
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BAJIMAWUPAHE HA TLC-AEH3UTOMETPUYEH METO/l 3A KOHTPOJI HA KAYECTBOTO
HA ESTRADIOL VALERATE B JIEKAPCTBEHU KOMBUHAIINU

C. Usanosa, /I. IIBeTkoBa™
Kameodpa no ¢papmayesmuuna xumus, @apmayesmuuen gpaxyrimem, Meouyuncxu ynusepcumem-Coust
IMony4ena 28 suyapu, 2016 r., mpuera 25 despyapu, 2016 r.
(Pestome)

Lenta Ha HACTOSAIIOTO H3cienBaHe ¢ BanuaupaHeto Ha TLC-meH3UTOMETpHYEH METOJ 3a KOHTPOJ Ha
kauectBoTo Ha Estradiol valerate B komOunupanu no3upanu nekapctBenn (opmu. Yciosusta Ha TLC ca: cThKICHH
raku: Silicagel GeoF2ss; momBmkHa (asza: xmopodopm : Boma = 90 : 10 v/v. TLC-meH3UTOMETPHUHUAT METOI €
BaJHIUpPAaH IO OTHOIICHHE Ha AaHANUTHYHUTE mapamerpu: nuHerHocT, LOD, LOQ, TOYHOCT M Npenu3HOCT
(moBTOpsiemoct). IlpoBemeH e nmHEeH perpecMoHeH aHanmm3. [locTtpoeHa e kamuOparpioHHa TnpaBa. JInHeiHaTta
3aBHCHMOCT MEXIy KOHIIEHTpalUATa W IUIOINTA HA IIeTHaTa B MHTepBana: 5.107 g/ml + 3.10°% g/ml ce mokasa ot
ypaBHEHHETO Ha perpecus: y = 28874286.x + 14290. LOD = 3.15.10* mg/ml; LOQ = 9.54.10° mg/ml.

3a OllcHKA HA AaHATMTHYHHUS TTApaMEThpP TOYHOCT, € MpencTaBeH aHanmuTHIHMT 106uB B R [%] £ RSD [%],
KaTO pe3yNTaTHTE OTTOBAPAT Ha ChOTBETHHUS moBepurencH uatepsair: R[1.5 mg]: 95.92 % + 103.98 %; R[2 mg]: 93.35
% + 108.89 %; R[2.5 mg]: 95.37 % + 103.77 %. IIpeuusHoCTTa € OILICHEHA Ype3 H3UYKCIABAHE HA CTAHAAPTHO
OTKJIOHCHUE, OTHOCHTEIHO CTAHIAPTHO OTKJIOHEHHE M IOBEPHUTEICH HHTEpBaJ. BCHYKM JaHHU 3a IIONYYCHHTE
KOJIMYeCTBAa CHOTBETCTBAT Ha jaoBepurenHus uHtepBaix: 1.88 mg + 2.17 mg.. IIpennoxenust Bamugupan TLC-
JCH3UTOMETPUYCH METO € IOAXOISAI 32 KOHTPOJ Ha KadecTBOTO Ha Estradiol valerate valetate B Tabnetku.
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Synthetic cannabimimetics are some of the most aggressively marketed narcotic drugs. Most often they are added to
herbal incenses or are sold in powder as “bath salts”, “research chemicals/not intended for human consumption”, “plant
foods”, etc. In our country for the period of 2010-2013 in herbal incenses were identified JWH-018, JWH-073, MAM-
2201, UR-144u STS-135. Analysis of the information about their effects after human’s consumption reveals that they
are psychoactive substances often with stronger effects than the marijuana itself. The time of their appearance on the
market coincides with their worldwide distribution and almost always precedes their inclusion into the List of forbidden

substances. Our legislative system attempts to include the new designer drugs under regulation as quickly as possible.

Keywords: cannabimimetics, JWH-018, JWH-073, MAM-2201, UR-144, STS-135

INTRODUCTION

Synthetic cannabinoids and cannabimimetics are
amongst the most aggressively marketed narcotic
drugs. To this day, more than a hundred substances
of this kind have been synthesized. Synthetic
cannabinoids are substances structurally similar to
A%-tetrahydrocannabinol (THC) — the active
component of marijuana. The chemical structure of
cannabimimetics does not bear any resemblance to
THC, but produces similar pharmacological/
physiological effects on the body. Although the two
terms are often used as synonyms, it is important
from a judicial point of view to distinguish them;
as, according to the legislation of many countries
cannabinoids are illegal from the moment of their
production, unlike cannabinoids, the regulation of
which comes into effect months, and sometimes
years, after they have been synthesized.

Around 2004, herbal smoking blends (‘herbal
incense’ or ‘spice’) appeared in Europe as an
alternative to cannabis. At first it was thought that
their cannabis-like effects were herb-induced;
however, it was soon rightly suspected that they
also had synthetic substances added to them.
Synthetic cannabinoids and cannabimimetics are

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

commonly added to dried narcotic herbs that, when
smoked, produce psychopharmacological effects:
Salvia divinorum, Mitragyna speciosa (Kratom),
Turnera  aphrodisiaca  (Damiana), Leonotis
leonurus (Lion’s ear), Pedicularis densiflora
(Indian Warrior), Rosa canina (Dog Rose, rosehip),
Althaea officinalis (marshmallow), etc. to produce
the so called °‘synthetic marijuana’. Synthetic
cannabimimetics are first dissolved in acetone or
ethanol, which the herbs are sprayed with and
dried, producing various concentrations of these
potentially toxic substances [1]. They usually come
in small packages, wrapped in foil, with attractive
labels.

According to our country’s National Focal
Point for Narcotics and Addiction, during the last
few years there has been a steady trend in the use of
synthetic cannabinoids and cannabimimetics.

We present our experience with newly-
discovered cannabimimetics in our country — the
subject of forensic medicine reports for the period
2010-2013. The subjects for analysis are dried
herbal blends, reported to the Center for Expert
Forensic Analysis and Trials — Research Institute of
Forensic Science and Criminology — Ministry of
Interior, Sofia, for the purpose of determining their
significance in forensic toxicology.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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METHODS

The following techniques were used for
analysis:

1. Visual and microscopic analysis, weighing
analysis — conducted on a Sartorius MC 210-S
weighing balance, class | accuracy according to
The Bulgarian Institute for Standardization (BDS)
EN 45501:2001, max — 210 g; min-0.02 g, scale
interval (d) 0.0001. The balance has a calibrating
certificate  from the accredited calibration
laboratory Kalibra Bulgaria Itd.

2. Thin-layer chromatography (TLC): TLC plate
with adsorbent: silica gel; solvent;
chloroform:methanol (9:1); solvent front: 10 cm;
developing material: iodine platinate.

3. The following analytical methods were used
for measuring the respective proportion of each of
the components in the analyzed blends:

a) Gas chromatography: Thermo Finnigan GC
Ultra Gas Chromatograph, quartz capillary column
EC-5 (30 m x 0.32 mm x 0.25 pum), injector at 270
°C, flame ionization detector at 300 °C, with
temperature programming from 160 °C to 290 °C
(10 min) with a heating rate of 30°C/min, carrier
gas: nitrogen 1.3 ml/min.

b) Gas chromatography: Hewlett Packard 6890
Gas Chromatograph, injector at temperature of 270
°C, quartz capillary column EC™ 20 /15 m x 0.25
mm/ with temperature programming from 100 °C to
290 °C with a heating rate of 15 °C/min, carrier
gas: nitrogen 1.5 ml/min. Flame ionization detector
with hydrogen 35 ml/min at 300 °C.

4. Gas chromatography was used for identifying
the substances in the analyzed samples — mass
spectrometry (GC-MS) — Thermo Finnigan Trace
GC/MS Gas Chromatograph — column: AT-5MS
(30 m x 0.25 mm x 0.25 um) by Alltech.
Temperature programming: 60 °C/4min/ - 15 °C —
290 °C /10min/. Carrier gas: helium at flow rate:
1.0 ml/min. Split injector at split ratio: 1:20 at 270
°C. Interface at 280 °C and ionization chamber at
250 °C. Scan range: 40-460 amu. lonization mode:
electron ionization (EI).

Identification of the obtained mass spectra was
done by their comparison with two mass spectral
libraries by using computer software.

RESULTS AND DISCUSSION

The active components were isolated from the
vegetal matter using methanol. The procedure is
easy to perform and gives fixed results, which is
most likely due to the substances being added to the
vegetal matter, and therefore not having to be
isolated from cell components.
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As expected, none of the extracts cross-reacted
with the cannabinoid panel of our immunological
screening laboratory test (Randox Evidence).

By wusing the above-described analytical
methods and by doing comparison with a database
and the existing body of literature, we identified the
following compounds: JWH-018, JWH-073,
MAM-2201, UR-144 and STS-135. As Bulgarian
legislation forbids the use of narcotics, regardless
of their effects and the level of impact, the precise
concentrations were not further discussed.

JWH-018 and JWH-073

In samples analyzed in 2010 and 2011, JWH-
018 (see Table 1), and its butyric analog - JWH-073
(see Table 2) were determined. The literature
search revealed that these substances were
synthesized at the end of the past century [2], with a
high affinity for the endocannabinoid receptors
CB1 and CB2. In December 2008, two laboratories
— THC Pharma (Germany) and AGES PharmMed
(Austria), independently determined the presence of
JWH-018 in smoking blends [3]. The same results
were obtained in other laboratories across Europe
and Japan [4, 5]. A direct link was discovered
between JWH-018 and the psychotropic effects of
smoking blends in which it was present [6].

Before JWH-018 was made illegal in Western
Europe at the beginning of 2009, JWH-073 was
found in predominantly low concentrations in
smoking blends. Blends that possessed it were
mostly regarded as impure [7].

However, after the ban, JWH-073 fully replaced
JWH-018 (before its ban in 2011).

The effects of JWH-018 and JWH-073 were
tested on animals, and it was found that they are
similar to those produced by THC — the classic
‘cannabinoid tetrad’ was observed, which includes
hypothermia, analgesia, catalepsy, and locomotion
suppression [8, 9]. Moreover, the effects of JWH-
073 and, to a greater degree those of JWH-018,
were much more clearly expressed than the ones
produced by THC.

No systemic research has been done on the
effects of JWH-018 and JWH-073 on humans.
Information about them is mostly found on Internet
forums. The most common mode of use of
synthetic cannabinoids is smoking, although peroral
use is also possible. The contents of JWH-018 and
JWH-073 in smoking blends vary between 2.3
mg/g and 35.9 mg/g, and between 5.8 and 22.9
mg/g, respectively [4, 7].

In humans, the effects usually occur either
instantaneously, or in 1 to 10 min after smoking. In
different individuals, these last 20 min to 4-6 h, and
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they resemble those produced by marijuana: high
spirits and euphoria; antistressor effect; creative,
philosophical, abstract mental activity; increased
sense of hearing, smell, taste, vision; altered body
sensations; altered perception of time; analgesia;
reduced nausea and increased appetite. Adverse
effects: increased heart rate (palpitations); eye
redness; dry mouth; impaired short term memory;
impaired motor coordination; delayed reactions.
Although not well documented, excessive use has
been found to produce effects not typically
observed in marijuana users — agitation and
vomiting [10]. There is a reported case of addiction
to Spice Gold (a smoking blend containing JWH-
018) (after daily consumption of 3 g for several
months, followed by the development of
withdrawal syndrome, similar to the one produced
by hard drugs [11]). There is also a reported case of
acute intoxication with seizures and tachycardia,
leading to hospitalization [12]. A recently published
systematic literature review on psychopathological
events resulting from the use of synthetic
cannabimimetics summarized the results of 223
trials, leading to its authors coining the term
‘spiceophrenia’ [13]. Although there is currently no
scientific evidence, these substances have been

found to trigger acute psychosis in susceptible
individuals, and/or exacerbate psychotic episodes in
individuals with established psychosis.

A literature search revealed that in February
2011, JWH-018 and JWH-073 were included in the
list of “Plants and chemicals with high degree of
risk for social health because of the harmful effect
of their abuse, prohibited for putting in practice in
human and veterinary medicine”.

MAM-2201

In samples we analyzed in 2012, we established
the presence of a substance called MAM-2201 (see
Table 3), which is thought to act as a powerful
agonist of the cannabinoid receptors. It was first
isolated in laboratories in Germany and
Netherlands in June 2011, as a component of
synthetic cannabimimetic smoking products [14].
MAM-2201 is a new substance developed by
‘research chemical’ suppliers of grey-market
recreational drugs. Structurally, MAM-2201 is a
hybrid of two known cannabinoids, JWH-122 and
AM-2201, which were used as active components
of cannabinoid smoking blends, before being
internationally banned. MAM-2201 was banned in
New Zealand in July 2012.

Table. 1. JWH-018 — general, physical and analytical data

IUPAC name
Synonyms
Molecular weight
Chemical formula
Appearance

Melting point (°C)

GC-MS spectral data

CH3

JWH-018

Naphthalen-1-yl-(1-pentylindol-3-yl)methanone

AMG78,
pentyl-3-(1-naphthoyl)indole
341.189 g/mol
C24H23NO
White to grey powder
51.9

(Principal GC-MS ions)
127.1, 214.2,270.2, 284.2, 324.3, (341.3 [M*])
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Table. 2. JWH-073 — general, physical and analytical data.

IUPAC name
Synonyms
Molecular weight

Chemical formula
Appearance
Melting point (°C)

GC-MS spectral data

JWH-073

Naphthalen-1-yl-(1-butylindol-3-yl)methanon
327.16 g/mol

C23H21NO

White powder

99.8

(Principal GC-MS ions)
127.1,144.1, 200.2, 284.2, 310.3, (327.3 [M*])

144

284

Relative Intensity (%)
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Table. 3. MAM 2201 — general, physical and analytical data.

IUPAC name
Synonyms

Molecular weight
Chemical formula
Appearance

Melting point (°C)
GC-MS spectral data

s
L

MAM 2201

(1-(5-Fluoropentyl)-1H-indol-3-yl)(4-methyl-1-
naphthalenyl)-methanone

373

CasH24FNO
White powder
109.4

115.2, 141.1, 169.3, 181.1, 232.2, 284.2, 298.1, 356.2,

=
Intensity[x 10°]

0.5

AM 2201 4-methylnaphthyl analog;

JWH-122 N-(5-fluoropentyl) analog
.462 g/mol

(Principal GC-MS ions)

373.1 [M*]
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Internet forum testimonies of herbal incense
smokers claim that MAM-2201 does not cause
chest tightness, its taste is not very appealing but its
effect is stronger and longer-lasting than that of
cannabinoids. The minimal effective dose is 500
ug, and the dose-response curve is very steep. In
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some cases, panic attacks and vomiting are
observed. There is a lack of clinical data for MAM-
2201.

In medical literature, several cases of MAM-
2201 intoxication can be found. One of them is that
of a 31 year-old man of Japanese origin who, after
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smoking 300 mg smoking incense through a bong,
falls into a transitory acute psychotic state with
agitation, aggression, anxiety and vomiting, with a
comorbid sympathomimetic syndrome (arterial
hypertension, tachycardia, hyperglycemia) [15]. His
condition required immediate hospitalization. One
hour after smoking, his blood contained 49 mg/ml
MAM-2201. His psychological state recovered 1.5
hours after smoking.

Another case is that of a 59 year-old man, with a
fatal outcome [16]. The forensic medical report,
done on the 4" day post mortem, established the
presence of MAM-2201 in the blood and in a
number of tissues; its concentration in the adipose
tissue being 124 times higher than that in the blood.

There is also a case of an intranasal ingestion of
the powdered substance, paired with the local
anesthetic benzocaine, by a 20 year-old individual,
who was urgently admitted to the emergency room
6 hours later with agitation, xerostomia, chest pain,
severe dyspnea, tachycardia, and hypertonia. These
effects are thought to be due to the noradrenalin
secretion — one of the supposed mechanisms of the
cannabinoid receptor agonists [12].

There is a reported case of seizures and death of
a 36 year-old man after a simultaneous intake of
several synthetic cannabinoids through smoking
blends, including MAM-2201 and UR-144, and
amphetamines [17].

At the time we identified MAM-2201 in
smoking blends (2012), it was not included in the
list of “Plants and chemicals with high degree of
risk for social health because of the harmful effect
of their abuse, prohibited for putting in practice in
human and veterinary medicine”. However, its
analog AM-2201 was included, which justified the
undertaking of legal action.

UR-144

In smoking blends analyzed in 2012-2013, the
substance UR-144 or KM-X1 (see Table 4) was
also identified. Apart from the compound itself, its
main pyrolysis product-artefact was also found in
the samples; which is due to the molecular
rearrangement caused by the high temperature in
the GC injector port.

The chemical structure of UR-144 is very
similar to that of JWH-018, the first synthetic
cannabinoid. The presence of UR-144 in herbal
incense was first reported in Korea in 2012, and it
quickly spread throughout Europe and New
Zealand [18]. The substance was found in Russia,
Croatia, Sweden, Germany, Finland, Norway,
Hungary, Japan, and the USA.

UR-144 is a clinical candidate developed by
Abbott Laboratories, which acts as a full agonist of
the peripheral cannabinoid receptors CB2, but with
a much lower affinity for the psychoactive CB1
receptors [19]. The CB2 receptors play a role in the
perception of pain, and therefore similar
compounds are of medical interest. Despite the
relatively low affinity of UR-144 to the CBl
receptors, Internet forum reviews of users of this
substance show that it is popularly sought-after for
its psychoactive activity.

UR-144 is mainly distributed as a research
chemical, in quantities of 0.25 to 100 g. Although it
is labeled as “unfit for human consumption’, UR-
144 is usually smoked like a joint (mixed with
tobacco, St. John’s worth, and other herbs). New
UR-144-smokers usually start with doses of 0.5-2
mg, and often reach doses of up to 2.5-20 mg (its
contents in cigarettes is 0.05%-0.4%). Some users
take several doses at a time in order to prolong the
effect, which leads to the intake of several tens of
mg of the substance in one smoke.

The effect occurs 0.5-2 min after smoking,
reaches its peak 3-5 min later, and wears off after 1-
2 hours (after 4 hours at high doses). Its users
compare its effect to the ones produced by JWH-
122, AM-2201, and marijuana. At inhaling, it
produces a cocaine-like euphoric and aphrodisiacal
effect that comes with an opiate-like tidal feeling,
which slowly subsides after 35-40 minutes. During
the effect, euphoria, uplifted mood, relaxation,
drowsiness, hallucinations, and increased appetite
are observed. Most commonly reported adverse
effects include anxiety, paranoia, attention deficit,
depression and hallucinations, which can last for
several days. At high doses, especially during the
first few minutes, the hallucinogen effect is very
intensive. Overdosing causes tachycardia, nausea,
disorientation, dysphoria, blurred vision, inability
to communicate, extreme hallucinations, and loss of
consciousness. UR-144 tolerance can be developed,
compelling the users to increase the doses they take
over time. There is one reported case of an epileptic
fit after smoking UR-144 [3].

In 2012, UR-144 was the most commonly found
synthetic cannabinoid in laboratories in Russia and
Poland. It was the most popular synthetic
cannabinoid for 2012. In 2013, two UR-144
analogs were released to the market. In many
countries, including the UK, Russia and New
Zealand, UR-144 was banned in 2012. At the time
we discovered this substance in smoking blends, it
was not yet banned in Bulgaria. In 2013, it was
included in the list of “Plants and chemicals with
high degree of risk for social health because of the
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harmful effect of their abuse, prohibited for putting
in practice in human and veterinary medicine”.

STS-135

STS-135 is a designer synthetic cannabinoid,
which acts as a full powerful agonist to the CB1
and CB2 receptors (see Table 5).

This compound has a unique carboxamide bond
between the adamantyl side chain and the indole
ring, which allows for it to circumvent regulation.
STS-135 has a 5-fluoropentyl side chain, which is a
commonly  found modification in  the
aminoalkylindole series of designer drugs. It is
known that the adamantoyl group is a selective
CB1 agonist; the adamantyl carboxamide group is

described in literature and may possess higher
affinity for CB2 receptors in the periphery. Similar
compounds include AB-001 (1-pentyl-3-(1-
adamantoyl)  indole), JWH-018 adamantyl
carboxamide, AM1248, AKB48, and AKB48-N-(5-
fluoropentyl) analogs. The origins of the name of
STS-135 are unknown, but it is thought that it is
derived from the name of the last US space
mission; a metaphor for the psychoactive activity of
the substance. There are reported cases of abuse of
compounds with the adamantoyle structure, and
unpublished reports about the presence of STS-135
in synthetic cannabinoid samples.

Table. 4. UR-144 — general, physical and analytical data of the compound (A) and its main pyrolysis product (B)

IUPAC name (1-Pentylindol-3-y1)-(2,2,3,3-
tetramethylcyclopropyl)methanone
Synonyms KM-X1
G Molecular weight 311.461 g/mol
3
o CHs Chemical formula C21H2sNO
CHs | Appearance White powder
3\, M€ Melting point (°C) 68.0
N\/\/\CH3 GC-MS spectral data (Principal GC-MS ions)
of UR-144 (A) and
its main pyrolysis 116.2,130.1, 144.1, 214, 229.1, 296.0, 311.1[M"]
UR-144 product (B)
(A)
(B)

Redalive Inensity (%)
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Table. 5. General, physical and analytical properties of STS-135

IUPAC name

Synonims

Molecular weight 382.51 g/mol
Chemical formula Ca4H31FN2O
0 NH Appearance White powder
Melting point (°C) 138.6
I: GC-MS spectral data (Principal GC-MS ions)
116.2,130.1, 144.1, 173.1, 232.1, 307.0, 365.1, 382.3[M*]
F .
STS-135

#
43 597 (o1 | 115 145

.‘-L:JTJ.E.T Ul ,JL ':LT:“‘. EL:M..\@-T.LL m.fﬁ‘.‘.'m.fsﬁ. R I

N-adamantyl-1-fluoropentylindole-3-carboxamide

5F-APICA
5-fluoro-APICA

03 130
77 as, 118

212
173 207 264

50 200 250 300

There are no official statements on the
pharmacological profile of STS-135 as of yet. The
only information available is on Internet forums,
provided by users of the substance: there are short-
term panic attacks of 10-15 minutes. During
smoking and evaporating, the substance gives off
an unpleasant smell. The effect is pleasant, but less
euphoric than that of cannabis. Some report a
‘bipolar effect” — exaltation, followed by
depression. It also causes a certain hallucinogenic
effect.

CONCLUSION

The manufacturing, distribution and use of
illegal drugs and chemical substances has seen
dynamic changes over the last few years, as,
together with the wide distribution of explosives,
the so-called ‘designer drugs’ or ‘legal highs’ have
had an unprecedented success. These are
uncontrolled substances whose effects are similar to
the controlled ones. Manufactured in semi-legal or
illegal laboratories, widely marketed on the
Internet, and with misleading labels such as
‘research chemicals/unfit for human consumption’,
or as ‘smoking blends’, ‘bath salts’, ‘plant food’,
etc., they are either structural analogs of controlled
substances, or have different structure but similar
effects. Laws for the regulation of these substances
are too slow to come into effect, compared to the

speed with which the substances are distributed on
the market. Since 2010, designer synthetic
cannabimimetics are categorized by the World
Anti-Doping Agency as ‘banned substances
prohibited in sport’.

Most of these substances were originally
developed by scientists researching the CB1 and
CB2 receptors in the human body. Often, the
newly-synthesized cannabinoids and
cannabimimetics prove to be more powerful than
THC. Therefore it is difficult, and in the case of the
cannabimimetics — downright impossible, to be
detected by standard marijuana screening tests.
That and the uncontrolled status of synthetic
cannabimimetics at their initial release to the
market, is the reason behind the mass consumption
of ‘synthetic marijuana’.
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Surface modification attrition treatment was carried out on commercial magnesium disks in a SPEX 8000 shaker
mill. Morphological and microstructural evolution during the severe plastic deformation process have been investigated
by scanning electron-microscopy and X-ray diffraction line profile analysis, respectively. Complementary hydrogen
absorption experiments in a Sieverts’-type apparatus revealed that hydrogen kinetics and the microstructural parameters

exhibit correlation.

Keywords: Hydrogen storage; Mg-based; Microstructure; Severe plastic deformation; Surface modification by attrition

treatment.

INTRODUCTION

Magnesium attracts high interest in solid state
hydrogen storage due to its remarkable gravimetric
storage capacity, lightness and moderate cost [1, 2].
Unfortunately, the relatively high stability of the
hydride phase and the poor Mg«—MgH> kKinetics
retain the wide-spread application of commercial
MgH: [3]. In order to overcome these obstacles,
magnesium is extensively subjected to severe
plastic deformation (SPD) by different technical
routes [4, 5]. Among them high energy ball milling
(HEBM) is applied, since this technique leads to the
most effective particle-size and crystallite-size
reduction [3, 6-8], which significantly enhance the
hydrogen sorption kinetics due to the increased
volumetric density of grain boundaries and lattice
defects [9, 10]. Moreover, the addition of metal or
metal-oxides catalyst powders to magnesium [9, 11,
12] results in the thermo-dynamical destabilization
of MgH: [8]. Notwithstanding that HEBM exhibits
several advantages, drawbacks are also present due
to powder processing, i.e. surface oxidation, large
energy consumption, the necessity of an inert
atmosphere, a potential fire risk and the difficulty
of industrial level production.

These disadvantages of HEBM have extensively
been eliminated very recently by novel bulk SPD
techniques, including high-pressure torsion (HPT)
[13-16], cold rolling [17-19] and equal-channel
angular pressing [20-23]. These bulk methods have
numerous benefits, i.e. the process is less intensive
than HEBM, scaling up to larger quantities at a
lower cost has a larger potential, impurity

* To whom all correspondence should be sent:
E-mail: reveszadam@Iludens.elte.hu

concentration is lower and causes less safety
concerns [20].

Recently, an alternative SPD method was
invented by Lu and coworkers by modifying the
surface layer of a bulk material by mechanical
attrition [24, 25]. Conventional surface-modified
techniques wusually involve chemical reactions
resulting in an optimized mechanical, tribological
or chemical structure of the surface layer in order to
improve the general performance of the end-
product. Nevertheless, the change of the surface
microstructure by decreasing the grain size of the
top-most layer of the bulk material can also
accelerate the different reactions. Namely, the
surface mechanical attrition treatment (SMAT)
technique involves repeated multidirectional
impacts by flying balls to induce severe plastic
deformation in the surface layer of a target sample
accompanied  with  large grain  boundary
misorientation, formation of dislocation blocks and
surface nanocrystallization [26]. This
nanocrystalline surface layer becomes chemically
active, promoting the effectiveness of subsequent
treatments such as nitriding [24] and chromizing
[27]. Examination of the Mg alloy subjected to
SMAT indicated an improved wear resistance of
the surface nanocrystalline layer with an average
grain size of 30£5 nm [28, 29]. As a result of the
SMAT process, the micro-hardness of a
biodegradable Mg-alloy has increased considerably
in the near-surface region, however, the high
dislocation density and abundant grain boundaries
have severely weakened the corrosion resistance
[30]. Cross sectional structural investigations
revealed that the SMAT affected layer can be sub-
divided into three zones, i.e. an ultrafine grain zone
at the top surface, a subsurface transition zone and
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a deformed zone where the initial grains are only
plastically deformed [31]. The enhanced hardening
achieved by the non-uniform deformation and
grain-size gradient microstructure during the
SMAT technique can satisfactorily be correlated by
the physical model of Li et al. [32].

In the present experiment, we applied the SMAT
technique on commercial Mg disks for different
treatment times to generate a different
microstructure in the severely deformed top layer.
We demonstrate the correlation of hydrogen
absorption kinetics and the microstructure obtained
by applying the Convolutional Whole Profile
Fitting (CMWP) algorithm of X-ray line profiles.

EXPERIMENTAL
SMAT processing

The mechanical treatment by the SMAT
technique was carried out on commercial
magnesium specimens (Goodfellow #MG007918)
in a SPEX 8000 mixer mill. The conventional end
cap of the container was replaced by a well-
attached Mg disk target (50 mm in diameter and 5
mm in thickness). In order to ensure an
approximately homogeneous distribution of the
impacts, the stainless steel vial was filled with
plenty hardened steel balls. Based on preliminary
experiments [33], we applied 40 balls with a
diameter of 6.35 mm and 12 balls with a diameter
of 12.5 mm for different treatment times (15 min,
30 min and 90 min). The whole SMAT process was
carried out in air. It is noted that the use of a few
balls can lead to a non-uniform distribution of the
impact points, while too many balls result in many
ball-to-ball collisions and a reduced impact
velocity.

Microstructural characterization

Microstructural characterization of the surface
of the SMATed disks was performed by X-ray
powder diffraction (XRD) with Cu-Ka radiation on
a Philips X'pert powder diffractometer in 6-26
geometry. The instrumental pattern was measured
on NIST SRM660a LaB6 peak profile standard
material.

The recorded X-ray diffraction patterns have
been evaluated by the CMWP fitting procedure
developed by prof. T. Ungar and co-workers [34].
Briefly, the CMWP analysis incorporates the direct
fit of the whole of the X-ray diffractogram as
measured by summing up the background,
theoretically constructed profile functions and
measured instrumental profile. These profile
functions are calculated for each Bragg-reflection
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as the inverse Fourier transform of the product of
the size and strain of Fourier coefficients and the
Fourier coefficients of the corresponding measured
instrumental profile [35]. In the simplest version of
the CMWP analysis it is assumed that the
crystallites are spherical and obey lognormal size
distribution:

G(x) = (2n)Y2 o't xt exp[—(In(x/m))?/257] , (1)

where ¢ and m are the variance and median of the
distribution, respectively. Besides the
microstructure size parameters, the line profile
analysis provides the strain parameters, the average
dislocation density (p) and effective outer cut-off
radius of dislocations (Re). From the available data,
the average coherently scattering crystallite size can
be determined [34] as:

(D) =mexp(2.56%), (2)

More details of the fitting algorithm and its
systematic application to ball-milled Mg-based
powders can be found elsewhere [10, 35, 36].

The morphology was studied on a FEI
QUANTA 3D dual beam scanning electron
microscope (SEM). The local composition was
guantitatively determined by energy dispersive
X-ray (EDX) analysis.

Hydrogen sorption Kinetics

Hydrogenation kinetic curves of the SMAT
processed Mg samples were measured by a
Sieverts'-type apparatus (PCT) at 573 K. The initial
hydrogen pressure was set as 1 MPa. For details,
see [15].

RESULTS AND DISCUSSION

The microstructural variations associated with
the SMAT process of commercial Mg disks can be
monitored in Fig. 1. The diffractograms carried out
on the topmost surface of all treated states are
evidently characterized by the peaks of hexagonal
Mg (JCPDS 35-0821). As the milling commences,
the breadth of the Bragg-peaks changes slightly,
indicating a variation of lattice strain and average
grain-size induced by the severe plastic
deformation during the surface modification. In
addition, faint diffraction peaks corresponding to
the MgO phase emerge at the end of the treatment
process. As a result of the surface treatment, one
might expect some evolving anisotropy,
nevertheless the relative intensities of the Mg-peaks
change only negligibly, contrary to other different
SPD-processed Mg-alloys [15, 23]. An example of
the CMWP fitting procedure is presented in Fig. 2,
where the measured diffractogram corresponding to
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the sample SMATed for 15 min, the fitted pattern
and the difference plot between the measured and
fitted patterns are presented. An obvious correlation
between the measured and fitted pattern is clear,
however slight differences occur at the high
intensity peak centers.
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Fig. 1. XRD patterns taken from the surface of the
Mg plates treated for different times. The brackets (...)
and [...] denote the Bragg-peaks of hexagonal Mg and
MgO, respectively.
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Fig. 2. Measured XRD pattern of the Mg disk
SMATed for 15 min, the function fitted by the CMWP
method and the difference between the measured and
fitted data.

The median and the variance of the magnesium
crystallite-size distribution as a function of the
SMAT procedure time determined by the CMWP
procedure can be realized in Fig. 3. As seen, the m
value decreases continuously from the initial value
of 29 nm to 18.5 nm at the early stages of the
treatment time, however, a remarkable increase up
to 32.4 nm is noticed after 90 min. At the same
time, o gradually decreases for up to 30 min from
0.74 to 0.58 and then obeys a subsequent increase
(0.81) at the end of the SMAT treatment. From the
calculated data of m and o, the corresponding

normalized log-normal distribution functions can be
plotted, see Fig. 4. A simultaneous shift of the
distribution maxima to lower values and a
significant narrowing of the histograms up to 30
min of SMAT treatment are evidenced from the
curves, indicating that not only a crystallite-size
reduction occurs in the uppermost layers of the Mg
disks, but a homogenization on the nanoscale also
takes place. Surprisingly, these phenomena do not
continue until the end of the SMAT process, on the
contrary, longer treatment time exhibits a wider
distribution of the crystallite size referring to a
relatively more inhomogeneous microstructure.
Moreover, the right-hand sidetail of the distribution
function becomes more pronounced, corresponding
to the formation of larger crystallites.

0,94

0e 4

i N

m (nm)

0 15 30 ' ' ' 90
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Fig. 3. Variation of the median (m) and the variance
(o) as a function of treatment time.
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Fig. 4. Crystallite size distribution functions of the
Mg disks. The volume averaged crystallite size ((D) = m
exp(2.5¢2)) for each treatment time is also denoted.

The calculated volume averaged crystallite size
values ((D)) are plotted in Fig. 5. As one can
conclude, the SMAT process changes the
microstructure of the top deformed layer
considerably, (D) decreases by a factor of 3 (to 43
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nm) after 30 min of treatment. Thereafter some
kind of recrystallization takes place, reaching a
final value of {D)=167 nm. As described above, the
CMWP analysis provides also the strain
parameters, in our case the average lattice defect
density, i.e. the dislocation density plays a crucial
role. Fig. 5 also presents the variation of p as a
function of the surface treatment time. A roughly
linear increase can be noticed reaching a maximum
value of p=2.5*10'* m? after finishing the SMAT
process. This value is slightly lower than that as
found for ball-milled Mg powder [35] and an Mg-
alloy processed by equal channel angular pressing
[37]. Despite the large defect density, the obtained
average defect distance L>200 nm (L=p /) exceeds
the average crystallite size (D) at any treated state.
Consequently, a significant portion of the
crystallites can be considered as defect-free. In
addition, as obtained from the analysis, the severe
plastic deformation during SMAT favors the
formation of (a)-type dislocations with a Burgers’
vector b=(2110), exhibiting the lowest formation
energy among the possible types of dislocations.
The relative fraction of (a+c) and {(c)-type of
dislocations is negligible.

180

<D> (nm)
O S I I
( Z_LU ZLO L) J

20

15

0 15 3b 90
t (min)

Fig. 5.Variation of the average crystallite size ({D))
and the average dislocation density (p) as a function of
the SMAT treatment time.

SEM images taken on the cross-section of the
sample SMATed for the longest treatment time (90
min) explain some aspects of the relevant XRD
pattern and exhibit several interesting features
concerning the morphology of the severely
deformed top layer (Fig. 6). As the low
magnification micrograph (250x) indicates, the
surface of the treated sample is uneven, clear signs
of surface shearing and folding are visible and can
be divided up into well-separated areas of different
contrast. In some areas the formation of a non-
contiguous bright surface layer is observed. One
might also notice that cracks perpendicular to the
surface, which are favorable for accelerated
472

hydrogen diffusion, penetrate into the bulk regions.
At higher magnification (1000x) it is clear that the
surface layer is not uniform, its thickness spans
over a wide range with an average value of 22 um.
The results of the EDS elemental analysis carried
out on three different regions (denoted by
rectangles) can be found in Table 1.

Region Il
® Region

S
8]

Fig. 6. SEM images taken on different parts of the
cross section of the disk treated for 90 min.

Table 1. Elemental concentrations of the three
different regions obtained on the cross section of the Mg
disk treated for 90 min of SMAT.

Region | Region Il  Region Il

Element Atomic percent
Mg 76,41 99,10 99,75
Fe 20,93 0,33 0,14
Ni 1,85 0,10 0,04
Nb 0,66 0,23 0,07
Al 0,15 0,24 0,00

Concentrations averaged for the brightest white
area (Region 1) are significantly enriched in iron.
Regions Il and 11l are abundant in magnesium, the
contrast difference may originate from the different
iron and trace element content. At first glance, the
detected high iron content at some positions of the
surface layer is surprising, since no elemental Fe
could be identified on the corresponding XRD
pattern (see Fig. 1). Henceforth, it is assumed that
iron is dissolved in the Mg-lattice and on the grain
boundaries among the individual crystallites, even
though Fe is immiscible in Mg according to the
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equilibrium phase diagram [38]. Nevertheless, the
extreme severe plastic deformation occurring at the
contact points between the target and the balls may
result in highly non-equilibrium processes that can
promote some solubility of iron in Mg. The
detected significant amount of iron presumably
originates from the milling media, i.e. the steel vial
and the balls. During the initial stages of the SMAT
process the bombarded Mg-targets become harder
and physically active. After a certain amount of
processing time, the abundant ball-to-target
collisions can induce some removal of hardened
Mg particles (chips) from the top layer. Later on
these particles are mixed with iron debris in the
milling container due to the ball-to-ball collisions.
As a final step, this powder mixture is re-depositied
onto some parts of the fresh and active surface of
the target disk forming the observed non-

contiguous iron-rich top surface
layer.
1,2
--- 15 min
— s 30 min
S O l==somn,
0,0 T T T T T T
0 500 1000 1500
t(s)

Fig. 7. Normalized hydrogen Kkinetic absorption
curves of the Mg plates, treated for different SMAT
times.

Normalized hydrogen absorption kinetic data (o)
for the different Mg plates obtained at 573 K are
presented in Fig. 7. All the specimens absorb
hydrogen almost without activation, as the
maximum capacity is reached after the first full
absorption-desorption  cycle. The detectable
maximum capacity of the disks increases gradually
with the SMAT treatment time, confirming the fact
that Mg or Mg-based alloys processed by SPD
under air are able to absorb hydrogen [39]. As one
will also notice, the initial absorption Kinetics is fast
for all samples, reaching 50% of hydriding within
500s. As the CMWP results indicate (see Figs. 4
and 5), the specimen treated for the longest time
(90 min) suffers a recrystallization of the
nanocrystalline Mg-grains, however, it exhibits the
largest defect density. Henceforth, the observed
increase in the maximum H-capacity can be
attributed mainly to the lattice defects (dislocations)

generated during the heavy shear deformation
during the SMAT process which can act as
hydrogen absorption sites in the grain interiors by
enhancing the diffusion of the H atoms, while the
role of the grain boundaries and particle surfaces is
remarkably less important. In a recent paper we
have shown that abundant lattice defects have a
crucial role in the creation of new and easily
accessible hydrogen sites in Mg-Ni alloys produced
by HPT [15]. Moreover, Horita and co-workers
demonstrated  noticeable  hydrogen  storage
performance in coarse-grained MgNi» processed by
HPT due to the intense anisotropic strain, although
this compound possesses no measurable capacity
under equilibrium conditions [13].

The normalized absorption curves for all
treatment times can satisfactorily be fitted by the
contracting volume function (CV) [40]. In brief,
this model is valid when the nucleation starts at the
surface of the particle and growth takes place from
the surface into the bulk and the growth of the new
phase occurs with a constant interface velocity. The
kinetics can then be described by:

acv (t, R) :1_ (1_ kcvt)n ’ (3)
where K, is a reaction constant and can be given

as K., = /R, where u is the velocity of the hydride

metal interface motion and R is the average
crystallite radius. n depends on the dimensionality
of the growth, with n =3 for three-dimensional and
n =2 for two-dimensional growth. The parameters
obtained from the CV fits are listed in Table 2. As
realized, the dimensionality parameter increases
monotonously with the treatment time referring to a
more isotropic hydride formation. The u value is
significantly the greatest for the disk processed for
90 min of SMAT, indicating that the growth
velocity of the hydride phase is the largest for this
specimen, in accordance with the above findings,
i.e. despite the larger average crystallite size, the
abundant lattice defects account for the observed H-
storage performance. In addition, we can further
assume that iron as a catalyst can also influence the
hydrogenation of the Mg-disks processed by the
SMAT technique.

Table 2.Fitting parameters of the CV-model for
different times.
nm
time n u (T)
(min)

15  (4,686+0,010)-10* 2,378+0,007 0,020+0,024
30  (4,997+0,009)-10** 2,669+0,006 0,003+0,014
90  (4,112+0,033)-10** 2,798+0,029 0,082+0,027

Treatment 1
;)

5
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CONCLUSIONS

In this study commercial Mg disks were
subjected to intense plastic deformation by SMAT.
The CMWP analysis of X-ray line profiles revealed
that the uppermost layer of the disks undergoes
significant microstructural changes, i.e. the volume
averaged coherent crystallite size reaches a
minimum of (D)=43 nm after 30 min of SMAT
treatment, while a significant recrystallization takes
place after that ((D)=167 nm). During this process,
the removal of hardened Mg particles from the top
layer occurs which are mixed with iron debris in the
milling container later on. As a final step, this
powder mixture is re-depositied onto the target disk
forming a non-contiguous iron-rich top surface
layer. Combined XRD and SEM experiments
confirmed that iron forms a non-equilibrium solid
solution in the Mg-lattice. At the same time the
average lattice defect obeys a roughly linear
increase up to a final value of p=2.5*%10" m2. The
hydrogen absorption curves of all the SMAT
processed samples can satisfactorily be fitted by the
CV function. By analyzing the fitting parameters,
we found that the growth velocity of the hydride
phase is the largest for the disk treated for 90 min,
indicating that lattice defects (dislocations)
generated during the SMAT process can act as
hydrogen absorption sites in the grain interiors,
while the role of the grain boundaries and particle
surfaces is remarkably less important.

Acknowledgements: AR. is indebted for the
Janos Bolyai Research Scholarship of the
Hungarian Academy of Sciences. T.S. is grateful to
the FP7 project Beyond Everest. The authors
appreciate the support of G. Varga in the SEM
experiments. We acknowledge the support of the
COST Action MP1103.

REFERENCES

1. E.C.E. Ronnebro, E.H. Majzoub,MRS Bull., 38,
452(2013).

2. L. Schlapbach, A. Zittel, Nature, 414, 353(2001).

3. R.A. Varin, T. Czujko, Z.S. Wronski,Nanomaterials
for Solid State Hydrogen Storage, Springer Science,
New York, 2009.

4. R.Z Valiev, R.K. Ishlamgaliev, LV.
Alexandrov,Prog. Mater. Sci.,45, 103(2000).

5. Y. Estrin, A. Vinogradov, Acta Mater., 61, 782
(2013).

6. L. Zaluski, A. Zaluska, P. Tessier, J.O. Strom-Olsen,
R. Schulz,Mater. Sci. Forum, 225,853 (1996).

7. D. Fatay, A. Révész, T. Spassov,J.
Compd.,399, 237(2005).

8. W. Oelerich, T. Klassen, R. Bormann,J. Alloys
Compd.,315, 237 (2001).

474

Alloys

9. A. Révész, D. Fatay,
Compd.,434-435, 725(2007).

10.D. Fatay, T. Spassov, P. Delchev, G. Ribarik, A.
Révész,Int. J. Hydrogen Energy, 32, 2914 (2007).

11. X. Zhao, S. Han, Y. Zhu, X. Chen, D. Ke, Z. Wang,
T. Liu, Y. Ma, J. Solid State Chem., 221, 441 (2015).

12.X. Zhu, L. Pei, Z. Zhao, B. Liu, S. Han, R. Wang, J.
Alloys Compd., 577, 64 (2013).

13.Y. Kusadome, K. Ikeda, Y. Nakamori, S. Orimo, Z.
Horita, Scripta Mater., 57, 751(2007).
14.K. Edalati, A. Yamamoto, Z.
Ishihara,Scripta Mater.,64, 880 (2011).
15. A. Révész, Zs. Kanya, T. Verebélyi, P.J. Szab6, A.P.
Zhilyaev, T. Spassov, J. Alloys Compd., 504, 83

(2010).

16.T. Hongo, K. Edalati, H. lwaoka, M. Arita, J.
Matsuda, E. Akiba, Z. Horita, Mater. Sci. Engineering
A, 618, 1 (2014).

17.S.D. Vincent, J. Lang, J. Huot,J. Alloys Compd., 512,
290 (2012).

18.J. Bellemare, J. Huot,J. Alloys Compd.,512, 33
(2012).

19.D.R. Leiva, H.C. de Almeida Costa, J. Huot, T.S.
Pinheiro, A.M. Jorge, T.T. Ishikawa, W.J. Botta,
Mater. Res., 15, 813 (2012).

20.V.M. Skripnyuk, E. Rabkin,
Lapovok,Acta Mater., 52, 405 (2004).

21. V.M. Skripnyuk, E. Rabkin, Y. Estrin, R. Lapovok,,
Int. J. Hydrogen Energy, 34, 6320 (2009).

22. A.M. Jorge, E. Prokofiev, G.F. de Lima, E. Rauch,
M. Veron, W.J. Botta, M. Kawasaki, T.G.
Langdon,Int. J. Hydrogen Energy, 38, 8306 (2013).

23.A. Révész, M. Gajdics, L.K. Varga, Gy.Kréllics, T.
Spassov, Int. J. Hydrogen Energy, 39, 9911 (2014).

24.W.P. Tong, N.R. Tao, Z.B. Wang, J. Lu, K. Lu,
Science, 299, 686 (2003).

25. X. Wu, N. Tao, Y. Hong, G. Liu, B. Xu, J. Lu, K. Lu,
Acta Mater.,53, 681(2005).

26.N.R. Tao, Z.B. Wang, W.P. Tong, M.L. Sui, J. Lu, K.
Lu, Acta Mater., 50, 4603 (2002).

27.Z.B. Wang, J. Lu, K. Lu, Acta Mater.,53, 2081
(2005).

28.H.Q. Sun, Y.N. Shi, M.X. Zhang, Surf. Coat.
Technol., 202, 2859 (2008).

29.H.Q. Sun, Y.N. Shi, M.X. Zhang, K. Lu, Surf. Coat.
Technol., 202, 3947 (2008).

30.N. Li, Y.D. Li, Y.X. Li, Y.H. Wu, Y.F. Zheng, Y.
Han, Mater. Sci. Engineering C, 35, 314 (2014).

31.Y. Samih, B. Beausir, B. Bolle, T. Grosdidier, Mater.
Charact., 83, 129 (2013).

32.J. Li, S. Chen, X. Wu, AK. Soh, Mater. Sci.
Engineering A,620, 16 (2015).

33.A. Révész, L. Takacs, J. Alloys Compd., 441, 111
(2007).

34.G. Ribérik, J. Gubicza, T. Ungar, Mater. Sci.
Engineering A,387-389, 343 (2004).35. A. Révész, D.
Fétay,J. Power Sources, 195, 6997 (2010).

35. A. Révész, M. Gajdics, T. Spassov, Int. J. Hydrogen
Energy, 38, 8342 (2013).

36.J. Gubicza, K. Mathis, Z. Hegedis, G. Ribarik, A.L.
Téth, J. Alloys Compd., 492, 166 (2010).

T. Spassov,J. Alloys

Horita, T.

Y. Estrin, R.



A. Révész et al.: Hydrogen sorption of magnesium plates deformed by surface mechanical attrition treatment
37.A. A. Nayeb-Hashemi, J. B. Clark, L. J. 39.P.W.M Jacobs and F.C Tompkins: Classification and

Swartzendruber, Bulletin of Alloy Phase Diagrams, 6, theory of solid reactions, in Chemistry of the Solid

235 (1985). State, W.E. Garner (ed.), Butterworth, London, 1955,
38.J. Huot, S.D. Vincent,J. Alloys Compd., 509, L175 p.184..

(2011).

COPBLIMA HA BOJOPO/] B MATHE3MEBU INTACTUHU JE®@OPMIUPAHU YPE3
I[NOBBPXHOCTHO MEXAHNMYHO U3TPUBAHE

A. Pepem %, I1. Cunaru !, T.Cniacos 2

Y@axynmem no gusuxa na mamepuanume, Homeow ynusepcumem, Byoanewa, H-1518, P.O.B. 32, Vueapus
2Daxynmem no xumus u papmayus, Cogpuiicku ynusepcumem “Ce. Kn. Oxpuocku”, 1 [Joc. Bayuep, 1164 Cogus,
bvreapus

[Monyuena Ha 26 ronu 2015 r., kopurupana Ha 1 nekemspu 2015 r.
(Pestome)

THpProBCcKM MarHe3WeBU IMCKOBE ca MOMUGDHUIMPAHU YPe3 MOBBPXHOCTHO MEXAaHHYHO M3TPUBAHE B MEITHHUIIA THII
SPEX 8000. MopdosornuyHute 1 MUKPOCTPYKTYPHH MPOMEHH MO BpEeMe Ha Tpolieca Ha IUIacTUYHA Jedopmanus ca
U3CJIEBAHK C TIOMOIITa ChOTBETHO HA CKaHHUpAIla €JICKTPOHHA MHUKPOCKOIMHUS U PEHTICHOBO NUGMPAKIIMOHCH JHHECH
npoduiieH ananu3. BogopoHo-abcopOIHOHHN eKCliepUMEHTH ¢ anapatr Ha CHBEpT MOKa3BaT HalW4Ke Ha KOpelalus
MEX/y KHHETHKATa Ha BOJOPO/IHA COPOIHS U MUKPOCTPYKTYPHHUTE MapaMeTpy Ha MaTepuana.

475



Bulgarian Chemical Communications, Volume 48, Number3 (pp. 476— 479) 2016

Chemical composition of Limonium thouinii (viv.) kuntze (Plumbaginaceae) and the
DPPH free radical scavenging activity

M. Lefahal!, M. Benahmed?, L. Djarri, N. Zaabat!, A. E Hay®, M. Kamel*, M.G. Dijoux Franca®,
H. Laouer®, S. Akkal**

tUniversité de Constantinel, Unité de Recherche Valorisation des ressources naturelles Molécules bioactives et
Analyses Physico-Chimiques et Biologiques, Département de Chimie, Facultés des Sciences exactes, Algérie.
2Université Larbi Tébessi Tébessa Laboratoire des molécules et applications, Algérie.
3UMR 5557 CNRS-UCBL — Ecologie Microbienne, CESN, ISPB, 8 Avenue Rockefeller, F69373 Lyon cedex, France
“Université Ferhat Abbas Sétif 1, laboratoire de valorisation des ressources naturelles biologiques. le département de
biologie et d'écologie végétales, Algérie.

Received July 8, 2015, Accepted October 2, 2015

The present work considers the phytochemical investigation and DPPH free radical-scavenging activity of the aerial parts
of Limonium thouinii (Viv.) Kuntze (Plumbaginaceae). The aerial parts of Limonium thouinii (Viv.) Kuntze allow the
isolation of four flavonoids: Quercetin, Vitexin, Isoorientin and Cannabiscitrin. Their structures were elucidated on the basis
of spectroscopic analysis, including UV, MS and NMR techniques. The DPPH free radical-scavenging activity was evaluated

on crude extracts (MeOH, EtOAc and n-BuOH extracts).

Keywords: Plumbaginaceae; Limonium thouinii; Flavonoids; Free DPPH radical scavenging activity.

INTRODUCTION

The genus Limonium Miller belongs to the
Plumbaginaceae family [1]. This genus is
represented by 350 species which are growing
throughout the world [2]. The flora of Algeria
contains 20 species of Limonium among which 8
are endemic [3]. Many Limonium species were
well known in folk medicine for their cure
proprieties, such as L. wrightii species which is
used for the treatment of fever or arthritis [4], the
roots of L. gmelinii are used in folk medicine as an
astringent and for acute gastrointestinal diseases
[5]. Furthermore, L. brasiliense are employed as an
antioxidant medicinal herb [6], whereas L. sinense
exhibits  antiviral  activity [7].  Previous
phytochemical studies of Limonium revealed the
presence of different classes of flavonoids such as
flavanes, aurones, flavonols and flavonol
glycosides [8-14]. Furthermore, it is observed that
Limonium thouinii has been tested as an inhibitor of
corrosion [15]. The present study was aimed to
investigate, for the first time, the constituent aerial
parts of L. thouinii. The fractionation, isolation and
structural elucidation vyielded four compounds,
which are shown in Fig. 1. The crude extracts were
evaluated for their DPPH free radical-scavenging
activity. Flavonoids are a group of polyphenolic
compounds with known properties which include
free radical scavenging, due to the presence of the

* To whom all correspondence should be sent:
E-mail: salah4dz@yahoo.fr
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hydroxyl group in their chemical structures [16].

RESULTS AND DISCUSSION

Structures elucidation compounds 1-4 (fig.1)
were identified by means of spectral data as
quercetin (1), Apigenin 8-C-glucoside (2), Luteolin
6-C-glucoside (3) and Myricetin-3'-O-glucoside (4).
These compounds are identified by spectral data,
co-chromatography with authentic sampling when
possible and confirmed by comparison with data
from the literature [16-20]. Compound 1 was
identified by spectroscopic techniques (UV-visible
and mass spectroscopy), while 2, 3 and 4 were
identified by UV-visible and 1H, 13C NMR spectra
and mass spectroscopy.

Quercetin 1. UV (Amax, nm), MeOH: 255-
368. Mass spectrum (IE) m/z: 302 [M] +, 153 [Al
+ H], 137 [B2]. [17].

Vitexin (Apigenin 8-C-glucoside) 2. UV (Amax,
nm), MeOH: 266-336. Mass spectrum (ES) m/z :
433 [M+H]. & *H NMR (300 MHz, DMSO-d6):
6.71 (1H, s, H-3), 6.21(1H, s, H-6), 8 (2H, d, J= 8.6
Hz, H-2', H-6'), 6.9 (2H, d, J= 8.6 Hz, H-5', H-
3,4.75 (1H, d, J= 9.9 Hz,H-1"), sugar protons
(3.5- 4), 13.13 (1H, s, OH-5). 5 °C NMR (75 MHz,
DMSO0-d6): 163.8 (C-2), 102.4 (C-3), 182.0 (C-4),
161.2 (C-5), 98.3 (C-6), 163.2 (C-7), 104.6 (C-8),
156.0 (C-9), 104.6 (C-10), 121.6 (C-1"), 128.9 (C-
2, 115.8 (C-3"), 160.4 (C-4"), 115.8 (C-5", 128.9
(C-6), 73.4 (C-1"), 70.9 (C-2"), 78.7 (C-3"), 70.5
(C-4"),81.8(C-5"), 61.3 (C-6"). [18].

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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R1 R2 R3 R4 R5

1 H H OH H OH
2 H Glu H H H
3 Glu H OH H H
4 H H OH O-glu OH

Fig. 1. Chemical structures of compounds 1-4.

Isoorientin  (Luteolin 6-C-glucoside) 3. UV
(Amax, nm), MeOH: 266-336. Mass spectrum (ES)
m/z : 447 [M-H].

8 'H NMR (300 MHz, CD30D): 6.57 (1H, s, H-
3), 6.52(1H, s, H-8), 7.39(1H, d, J= 2.2 Hz, H-2",
7.41 (1H, dd, J= 2.2; 8.6 Hz, H-6"), 6.93(1H, d, J=
8.6 Hz H-5'), 4.92 (1H, d, J= 9.9 Hz ,H-1"). Sugar
protons (3.5- 3.9). § *C NMR (75 MHz, CD30D):
166.3 (C-2), 103.9 (C-3), 184.0 (C-4), 162.0 (C-5),
109.2 (C-6), 165.0 (C-7), 95.2 (C-8), 158.7 (C-9),
105.2 (C-10), 123.5 (C-1"), 114.1 (C-2), 147.0 (C-
3), 151.0 (C-4'), 116.8 (C-5"), 120.3 (C-6"), 72.5
(C-1"), 75.3 (C-2"), 80.1 (C-3"), 71.7 (C-4"), 82.6
(C-5"), 62.8 (C-6"). [19].

Cannabiscitrin ~ (Myricetin-3'-O-glucoside) 4,
UV (Amax, nm), MeOH: 254-371. Mass spectrum
(ES) m/z: 479 [M-H], 317[M-H-162]. & *H NMR
(300 MHz, CD30D): 6.18 (1H, d, J= 2.2Hz, H-6),
6.44 (1H, d, J= 2.2Hz, H-8), 7.57 (1H, d, J= 2.2 Hz,
H-2"), 7.73 (1H, d, J= 2.2 Hz, H-6"), 4.93 (1H, H1").
Sugar protons (3.5- 3.96). § *C NMR (75 MHz,
CD30D): 147.2 (C-2), 138.6 (C-3), 177.3 (C-4),
162.0 (C-5), 99.3 (C-6), 165.7 (C-7), 94.5 (C-8),
158.0 (C-9), 104.4 (C-10), 123.3 (C-1), 109.9
(C2), 146.9 (C-3, C-5'), 138.6 (C-4"), 111.6 (C-6"),
104.4 (C1"), 74.8 (C-2"), 77.6 (C-3"), 71.2 (C-4",
78.4 (C-5"), 62.4 (C-6"). [20, 21].

DPPH free radical-scavenging activity

The anti-radical activity extracts of L. thouinii
was evaluated through the ability to scavenge
DPPH radicals. The results are represented in Table
1.

The results shown in tablel indicate that all
extracts present a weak DPPH free radical-
scavenging activity compared to Trolox (TEAC
meon = 0.119, TEAC n.guon = 0.081, TEAC eoac =
0.037).

Table 1. DPPH free radical-scavenging activity of L.
thouinii extracts

|Cs0 ARP TEAC
(Hg/ml)
Trolox 0.106 9.43 1
MeOH 0.89 1.13 0.119
EtOAC 2.87 0.354 0.037
n-BuOH 1.30 0.77 0.081

CONCLUSIONS

The phytochemical investigation of Limonium
thouinii (Viv.) Kuntze revealed the presence of
flavonol (Quercetin), two C-glucoside flavones
(Vitexin, Isoorientin) and one O-glucoside flavonol
(Cannabiscitrin), these four flavonoids are
identified for the first time in this species, but
Cannabiscitrin is a new compound in the
Plumbaginaceae family. The tested extracts of the
plant showed a weak DPPH free radical scavenging
activity. We have also found the relationship of
total flavonoids contents in these extracts with
antioxidant activity, may be the hydroxyl group in
these chemical structures.

EXPERIMENTAL SECTION

The aerial parts of Limonium thouinii (Viv.)
Kuntze (Plumbaginaceae) was collected during the
flowering period, from Setif in the east of Algeria
and identified by Prof. H. Laouer (biology and
plant ecology department, University of Setif,
Algeria). A voucher specimen was deposited in the
Herbarium of our laboratory. Voucher specimens of
the plant material are deposited in the Herbarium at
the department of biology and ecology vegetal,
University of Setif (UFAS).

Extraction and isolation

Air dried aerial parts of L. thouinii (300 g) were
soaked in methanol solvent (70%) at room
temperature for 72 hours. The residue was filtered
and concentrated under reduced pressure to dryness
and the residue was dissolved in hot water and kept
in the cold overnight. After filtration the aqueous
solution was successively extracted with ethyl
acetate and n-BuOH. The n-BuOH extract (5g) was
subjected to a column polyamide MN SC6 and
eluted with a gradient of Toluene-MeOH with
increasing polarity to give ten fractions (F1-F10).
The fractions F5 and F6 were applied to a
preparative PC on Watman n°3 paper using acetic
acid 15%, then by preparative TLC on polyamide
DC6 to yield compounds: 1 (10mg), 2 (8mg), 3
(30mg) and 4 (11mg).The structures of the isolated
compounds were elucidated by spectral analysis

477



M. Lefahal et al.: Chemical composition of Limonium thouinii (viv.) kuntze ( plumbaginaceae) and the DPPH free radical...

mainly MS, UV, H 1 NMR and C 13 NMR as well
as by comparing their spectroscopic data with those
reported in the literature.

DPPH free radical-scavenging activity

The free radical scavenging capacity of the L.
thouinii extracts were determined by using DPPHe
(1, 1-diphenyl-2-picryl-hydrazyl), according to the
method of  Brand-Williams  [22].  Five
concentrations of each extract were prepared from
the stock solution, added in equal volume, to the
methanolic solution of DPPH on 96 well micro
plates. After an incubation of 30 min at room
temperature, the absorbance was determined at 515
nm. Trolox was used as a standard control.

The percentage inhibition of the DPPH free
radical was calculated as per the following formula:

% inhibition of DPPH radical = [(DO control —
-DO sample)/DO control]x100

The IC50 value was defined as the concentration
of antioxidant necessary to decrease the initial
DPPH concentration by 50% [23] and determined
from the results by linear regression analysis. The
lower IC50 values designate the greater antiradical
activity. The antiradical power (ARP) was
calculated as 1/IC50: the highest ARP values
indicate the greater DPPH scavenging effect. The
evaluation of free radical-scavenging activity was
performed by the Trolox Equivalent Antioxidant
Capacity (TEAC). The TEAC value is based on the
ability of the antioxidant to scavenge the DPPH
radical and was calculated by the following
formula:

TEAC=ARP (compound)/ARP (Trolox).

Acknowledgments: This work was supported by
the National Basic Research Program of Algeria
Project (E00920120008).
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XVUMHUYEH CBCTAB HA Limonium thouinii (viv.) kuntze (Plumbaginaceae) u DPPH-
AKTUBHOCTTA 3A OTCTPAHABAHE HA CBOBO/IHU PAJINKAJIN

M. Jleaxant, M. Benaxmen?, JI. Jlxxapu, H. 3aa6at?, A.E. Xaii®, M. Kamen!, M.-T". Jluxy ®panka®, X.
Jaye*, C. Axkan?

YVuueepcumem e Koncmanmun, I'pyna no usciedsane na 0noa30meopsaeanemo Ha npupoony pecypcu, Guoaxmuehu
MOREKYIU, PUBUKO-XUMUYHY U Ouoso2uynyu ananusu, Jlenapmamenm no xumus, Qaxyimem no mounu nayxku, Ancup
2Vuusepcumem Jlapou Tebecu, Anocup
3Vuusepcumem 6 Jluon 1, lenapmamenm no muxpobuonozus, Buiiopban, @panyus
* Vuusepcumem Depxam Abac Cemug 1, Jlabopamopus no ononzomeopssane na buono2uynuy pecypcu, lenapmamenm
no 6Uon02UsA U eKON02USA HA pACMUMenHume pecypcu, Ancup.

Ioctenuna Ha 8 1omu, 2015 r.; npuera Ha 2 okromBpH, 2015 .
(Pesrome)

Hacrosmata pabota pasriexna ¢uroxumidanTe u3cienaanus 1 DPPH-otcTpansBamaTta akTHBHOCT KbM CBOOOIHUTE
paauKaiyd Ha HaJ3eMHUTE yacTu Ha pactenuero Limonium thouinii (Viv.) kuntze (Plumbaginaceae). Hamsemuute yactu Ha
TOBAa PAaCTEHHE TO3BOJISIBAT Ja C€ M30JIMpAT YeTHpPH (IIABOHOHIA: KYSpIETHH, BUTCKCHH, N30-OpHCHTHH U KaHAOWCIUTPHH.
TaxaaTa CTpyKTypa ce ompenens Ha 0azaTa Ha CIIEKTPOCKOIICKH aHammW, BKmousamy YB, MC u SIMP — TexHHKH.
CriocobHoctTa MM na orcrpansBar DPPH cBoOomau pamukanu e ompezensHa BBPXY CYPOBH €KCTPaKTH B METaHOI,
eTHaIeTar u N-0yTaHoJ.
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Evaluation of the drying methods and conditions with respect to drying kinetics,
colour quality and specific energy consumption of thin layer pumpkins
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In this study, the effects of dry air temperature and power levels when drying pumpkin (Cucurbita pepo L.) slices
by five different methods was investigated experimentally. Pumpkin slices were dehydrated by five different drying
methods: open-sun, vacuum, microwave, infrared and hot air drying. In particular, the experiments were carried out at
two different microwave power levels (90 and 180 W), infrared power levels (83 and 125 W) and hot air temperatures
(50 and 70 °C) to investigate the effects of these factors on the microwave, infrared and hot-air drying, respectively. The
vacuum drying experiment was carried out in one vacuum oven dryer at a constant temperature of 50 °C and a pressure
of 0.1 kPa. The experimental moisture data was fitted to some models (hamely Lewis, Henderson and Pabis, Page,
Logarithmic, Aghbashlo et al.,Verma et al. and Midilli et al. models) available in the literature and according to the
results, the Midilli et al. model is superior to the others in explaining the drying behavior of pumpkin slices. The energy
efficiency and diffusion coefficients increased with the increase in microwave power. In terms of colour criteria the best

values were obtained by the hot-air and open-sun drying methods.

Keywords:colour, drying models, mathematical models.

INTRODUCTION

In accordance with the botanical classification
Cucurbitaceae is part of the Dicotyledoneae class,
Cucurbitales team, Cucurbitaceae genus.
Approximate 118 kinds and 825 species are present
in the Cucurbitaceae genus. In the genus of
Cucurbitaceae, Cucurbita pepo L. is a species with
a high economic value [1].

Pumpkin (Cucurbita pepo L.) is one of the most
important vegetables grown in Turkey. In 2012,
pumpkin’s world production reached 24616115
tons meanwhile in Turkey its producion was
395986 tons. The five major pumpkin producing
countries in the world are China, India, Ukraine,
Egypt and the United States [2].

Pumpkins, which grow in the different regions
of Turkey, are a seasonal crop and for this reason a
processing step is often used to preserve pumpkin
products. Depending upon the processing
possibilities, inadequateness of seasonal fresh
vegetables and fruits, Turkey as well as in many
countries are experiencing big economic losses. It
was reported that in the developing countries
approximately 30 to 40 percent of the seasonal
fresh vegetables and fruits are cast away due to
spoilage [3].

* To whom all correspondence should be sent:
E-mail: ismail@yildiz.edu.tr

The excess quantity of agricultural produce
can’t be consumed immediately and its life span is
too short. These products can be kept fresh after
special processing. Great numbers of preserving
techniques such as freezing, heat treatment, drying
etc. are used to increase the endurance of
foodstuffs. In food products with respect to
protection of the vitamin value, maintenance of a
good outward appearance, taste preservation, the
emergence of a decreasing mass advantage, the
improvement of storage and transportation
facilities, drying is the most appropriate method [4,
5].

The most common drying method used for
drying fruits and vegetables in the world and in
Turkey is open-sun and outdoors drying. Because
the solar energy is renewable, clean and cheap,
open-sun drying is carried out commonly in the
tropical countries. As there are no energy
requirements and a maintenance expense, open-sun
drying is a cost-effective method. The only
disadvantages of drying under the sun in
accordance with other processes are that the drying
rate is slow and the time is prolonged [6].

Convective drying by hot air is a widely used
drying method in the literature. In these kinds of
dryers specifical, air speed is practiced by product,
the product has a short drying time. Having a
simple design, manufactured localy, having a small
maintenance and operational cost, drying different
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products according to the season, are among the
advantages of these drying systems [7, 8]. During
both conventional drying processes, considerable
loss in food content takes place. To reduce the food
content losses, to preserve the quality of the dried
food and to shorten the drying time at low
temperatures, the vacuum drying process is
successfully applied instead of the conventional
methods [9].

Microwave and infrared technology, which has
become common in recent years, takes its place in
the food industry by shortening the drying time
associated with providing quality food. Using
microwave driers in combination with hot air live
driers increases product quality and energy
efficiency [10]. The fundamental principle of
microwave heating is provided with the conversion
of electromagnetic energy to thermal energy by
affecting the polar molecules in the material [11].
Microwave heating systems are successfull drying
systems for fruits, cereal crops and many food
products which have a high moisture content. In
brief, drying with microwaves has the
characteristics of 4 important properties; fast
processing, energy efficiency, low cost and a high
quality of the dried product [12].

As stated in [13], various infrared heat sources
could be used for drying applications. IR energy is
a form of electromagnetic energy or heat energy.
The penetration properties of IR radiation into a
given material directly increases the energy flux
without burning the material’s surface and so the
required heating time of the conventional heating
method decreases. The advantages of infrared
heating by conventional heating can be listed as
follows: providing regular heating in a short time,
decreasing deterioration and nutritional loss, the
equipment has simple and flexible usage areas and
considerably economizes the energy consumption.

Drying is also the most energy consuming
process in the food industry. New drying methods
and dryers must be designed and investigated to
minimise the energy cost of the drying process [14].

Although there are some investigations focused
on the drying characteristic of the pumpkin, there is
too much information on the drying characteristics
of the Cucurbita pepo L., which is a subgroup of
pumpkin. The objectives of this study are to
evaluate and compare the drying kinetics, product
quality and specific energy consumption during the
drying of pumpkin slices (Cucurbita pepo L.) by
five drying methods: (1) hot-air convection drying,
(2) open-sun drying (3) the vacuum drying process,
(4) IR drying and (5) microwave drying. Two
different drying conditions were applied for the

microwave, IR and hot-air drying methods. In
addition to this, to obtain the best model for the
drying kinetics of pumpkin slices; Lewis,
Henderson & Pabis, Page, Logarithmic, Aghbashlo
et al., Verma et al. and Midilli et al. models were
fitted to the experimental data. Also effective
moisture diffusivity values were calculated.

MATERIALS AND METHODS
Material

Fresh pumpkin (Cucurbita pepo L.) samples
were obtained from a local supermarket in istanbul,
Turkey and stored in a chamber at 15-20 °C until
processing. The initial moisture content of the fresh
pumpkin samples was determined using the drying
oven (Memmert UM-400, Germany) at 105 °C for
24 h [15]. These experiments were run thrice to
obtain a reasonable average. The average initial
moisture content of the pumpkins was found to be
92 % w.b. Before the drying process the pumpkin
samples were washed, their top and bottom parts
were cut and then the pumpkin samples were cut
into 0.5 £ 0.03 cm sized cylindrical slices using a
knife.

Drying equipment and IR drying procedure

Drying experiments were carried out in a
moisture analyzer with a 250 W halogen lamp
(Snijders Moisture Balance, Snijders b.v., Tilburg,
Holland). During the infrared drying process, a
sample was separated over the entire pan evenly
and homogeneously. The power level was set in the
control unit of the equipment. The drying
experiment was performed at the infrared power
levels of 83 W and 125 W. The pumpkin samples
(approximately 40 + 0.2 g) were taken from the
dryer at 30 min time intervals during the drying
process and their weights were measured with a
digital balance (Precisa, model XB220A, Precisa
Instruments AG, Dietikon, Switzerland) with an
accuracy of 0.001 g. When the samples’ moisture
content reached approximately 0.08 g water/g of
dry matter (dry basis) the drying process was
terminated.

MW

The drying experiments were carried out in a
Robert Bosch Hausgerate GmbH (Germany) model
microwave oven which has a maximum output
power of 800 W at 2450 MHz. The microwave
oven has the capability of operating at different
microwave stages while its power range is 90 to
800 W. The area subjected to microwave drying is
530 mm x 500 mm x 322 mm in size and consists
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of a rotating glass plate which is 300 mm in
diameter at the base of the oven.

The adjustment of the microwave output power
and processing time was done with the aid of a
digital control apparatus located on the microwave
oven. The drying experiments were set at two
different microwave power levels of 90 W and 125
W. During drying, the experiments were carried out
using the sliced pumpkins known weight of
approximately 34+2 g with the thin layer placed on
the rotatable plate fitted inside the microwave oven
cabin. The rotating glass plate was removed from
the oven every 2 min during the drying period and
the moisture loss was determined by weighing the
plate using a digital balance. The microwave drying
process continued until the moisture content
reduced to approximately 0.09 g water/g of dry
basis of the initial moisture content.

Cabinet dryer

The drying experiments were performed in a
cabinet type dryer (APV & PASILAC Limited of
Carlisle, Cumbria, UK). It was made up of stainless
steel sheets and it consisted of a rectangular tunnel
054 m x 14 m x 1.02 m in size. The dryer
consisted of a centrifugal fan to supply the air flow,
an electrical heater and an air filter. The dryer is
operated at dry bulb temperatures of 0-200 °C. The
desired drying air temperature was attained by
electrical resistance and controlled by the heating
control unit. The velocity of the air passed through
the system was measured by an anemometer in the
range of 0.4-30 ms? (model AM-4201, Lutron
Electronic, Taipei, Taiwan). The air flow was
measured directly in the drying chamber. The
samples were dried in the perforated square
chamber, which had a flow cross-section of 30 cm
x 30 cm. Weight loss of the samples was recorded
by using a digital balance (Mettler-Toledo AG,
Grefensee, Switzerland, model BB3000) with a
sensitivity of 0.01 g.

The pumpkin slices of about 100g were
distributed uniformly as a single layer at the sample
tray and then were dried in the hot air dryer. The
hot air drying was carried out by drying the
pumpkin samples at 50°C and 70°C air temperatures
and with a constant air velocity of 1 m/s. Pumpkin
samples’ moisture loss was measured by a balance
and recorded at 30 min intervals. The drying
process was finished when the moisture content of
the samples achieved approximately 0.07 g water/g
of dry matter.

Open air-sun drying
To clean the samples from dust and foreign
materials, the selected pumpkin samples were
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washed with tap water. Open air - sun drying
experiments were carried out during the month of
August 2014 (from 08.00 a.m. to 20.00 p.m.) in
Greece. The pumpkin slices of about 50 g were
distributed uniformly as a single layer on the
sample tray and then were exposed to sunlight for
12 hours daily. Moisture loss and the ambient air’s
temperature was measured by a portable digital
balance during the drying process at 30 min
intervals (Alfais, 12000-1, which has 0-300 g
measurement range with an accuracy of = 0.1 g).
When the drying time took more than 12 h to
reduce the effect of the increase in moisture
content, samples were packed overnight. The
ambient air’s temperature during the drying
experiments was between 36 to 49 °C. The highest
air temperature was reached between 10:30 a.m.
and 14:30 p.m. The drying process continued until
the sample reached the desired moisture level of 9
% (w.b.). The dried samples were packed in low
density polyethylene bags.

Vacuum drying oven

Vacuum drying treatment was performed in the
laboratory type vacuum oven (Nuve EV 0180,
Turkey) with the technical features ~220 V, 50 Hz,
3.5 A and 800 W. The vacuum oven’s temperature,
which has a sensitivity of 1°C, is a maximum of
250°C. The area of vacuum drying was 30 cm x 20
cm X 25 cm in size. A laboratory type vacuum
pump (Carpanelli MMDE80B4, Italy) was used in
the vacuum drying operation. Its operating
conditions were ~220/240 V, 50/60 Hz and 5.1/4.8
A. The adjustment of the vacuum value and
processing temperature was done with the aid of a
digital control facility located on the vacuum drying
oven. In the drying experiments pumpkin slices’
with a weight approximately of 30 + 2 g and a
constant temperature of 50 °C and pressure of 0.1
kPa were used in the vacuum oven dryer. The
moisture loss in the pumpkin slices was measured
with a balance and it was recorded at 30 min
intervals. Good results as a consequence of drying
of the pumpkin slices by vacuum drying were not
achieved.

Mathematical modelling
Moisture ratio

The moisture ratio (MR) and drying rate were
calculated using the following equations:
M, - M
_t e , (1)
M o M e
where MR is the moisture ratio, M; M, and M. are
the moisture content (g water/g dry matter) on a dry

MR =
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basis at any time, initial and equilibrium,
respectively. The equilibrium moisture content
(Me) was assumed to be zero for microwave,
infrared drying etc. and the MR equation (Equation
1) was simplified as Equation 2 [16]:

M
MR=—" (2
M, )
Drying Rate

The drying rate during the experiments was
calculated using the following formula:

dMm :Mt+dt_Mt ,(3)
dt dt
where t is the drying time (min), M; and Mg are

the moisture content at t and t + dt (g water/g dry
matter) respectively.

Effective moisture diffusivity

The effective moisture diffusivity is therefore
calculated by the following equation [17]:

1 exp _(2” +1)*7” Dy 1 4
41*

M -M, 8
MR = M,-M, 7° ;(2n+1)2
where, Derr is the effective moisture diffusivity
(m?/s); L is the half-thickness of the slab in the
samples (m); and n is a positive integer. In practice,
only the first term of Eq. (4) is used to yield [18]:

7t Dyt
EXP| — 4 L2 (5)

MR:M:%
Mo-M, =

The effective moisture diffusivity (Der) was also
typically calculated by using the slope of Eqg. (5). A
straight line with a slope of k, was obtained when
In(MR) was plotted versus the time:

Table 1. List of models.

2
7" Dey
ko = T (6)
Using the slope value of (Eq. 6), the effective
moisture diffusivity could be determined.

The statistical modelling procedure

In order to determine the moisture ratio as a
function of drying time, seven different thin-layer
drying models, namely Lewis, Henderson & Pabis,
Page, Logarithmic, Aghbashlo et al., Verma et al.
and Midilli et al. models were used (Table 1).

Statistical analysis

The statistical analysis of the experimental data was
determined using the STATISTICA computer
program. Three criteria of statistical analysis were
used to evaluate the adjustment of the experimental
data to the different models; the coefficient of
determination (R?), reduced chi-square (#°) and root
— mean-square error (RMSE). The parameters can
be calculated as follow:

M 2
T [MR . —ME j
7 o1 £, { nre i
=
N-z , (7)
| N 5 1/ 2
FMSE=|— ¥ [MR . —ME ]
Nz’:] pre,i exp, I

, (8)

where MRexp,iand MRy i are the experimental and
predicted dimensionless MR, respectively, N is the
number of the data values and z is the number of
constants of the models. Higher R?, smaller 42 and
RMSE values indicated a better fit of the
experimental data to the model [26].

Model name Model Reference
Lewis MR = exp(—kt) [19]
Henderson and . _

Dabis MR = aexp(—kt) [20]
Page MR = exp(—kt" ) [21]
Logarithmic MR =aexp(-kt)+c [22]
Aghbashlo et al. K.t

MR =exp — —= [23]

1+Kk,t

Verma et al. MR = aexp(-kt) + (1-a) exp(-qt) [24]
Midilli et al. MR = anp(—ktn) + bt [25]
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Colour measurement

The sample colour before and after the drying
process was measured using a Chromameter CR -
400 (Minolta, Japan). For the dried samples three
parameters L, a and b, which indicate the brightness
(on a lightness—darkness scale), greenness-redness
and blueness-yellowness respectively, were used to
study the changes in colour. The Chroma was
determined using the following equation [27].

C =+a’+b? ,(9)

Energy consumption
Energy consumption in the infrared

In the IR dryer, sum of the energy was
consumed by the IR lamp to dry the pumpkin
samples.

E: is the total energy consumption during the
infrared drying that is calculated using the
following equation (10).

E, =P*t (10

where E; is the total energy consumption (kwh), P
is the infrared power level (kW), t is the drying
time (h).

Energy consumption in the microwaves

The energy consumption value required for
drying pumpkin slices in the microwaves was
calculated with Equation (11) [28].

E.=P*t 1

where E; is the total energy consumption (kWh), P
is the microwave power output (kW), t is the drying
time (h).

Energy consumption in the hot air

In hot air drying, the total energy consumption
was due to the drying and blowing of air by an
electric heater and fan, respectively. The total
energy consumption value was calculated from
Equation (12) [29]:

E, =p,AVGAT*D, (12

where E; is the total energy consumption (kWh), pa
is the air density (kg/m®), A is the cross sectional
area of the container (m?), herein a sample is
placed, v is the air velocity (m/sec), cp is the
specific heat (kJ/kg °C), AT is a temperature
difference between the air inlet and outlet of the
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dryer (°C), D is the total drying time of each
sample (h).

Calculation of the specific energy consumption

The total energy consumption of the drying
process was evaluated through the Specific Energy
Consumption (SEC). Electrical energy was
consumed during the drying process. The specific
energy consumption, which is a measure of the
energy needed to evaporate a unit mass of water
from the product, was calculated using the
following equation [30]:

Q, - , (13)
m

w

where Qs is the specific energy consumption in
kWh *kg?'[H:0], Q: is the consumed energy in
kwh, my, is the mass of vaporized water in kg
[H20].

RESULTS AND DISCUSSION

Drying curves

Figure 1 shows the moisture ratio as a function
of drying time for the different drying methods and
conditions.

1
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Fig. 1. Drying curves of pumpkin slices at different
drying methods and conditions.

As seen from Figure 1, the drying time was
quite different for four drying methods to reach the
final moisture ratio. The drying time of the dried
pumpkin slices with different drying methods
ranged from 14 to 1140 minutes. The drying curves
are typical and similar to fruits and vegetables. In
Fig. 1 it is discerned that the increase in the
microwave power level [31, 32], air temperature
[33, 34] and infrared power level [35] shortened the
drying period in microwave drying, air-drying and
infrared drying, respectively. The moisture ratio
decreases gradually with the increases in drying
time, exhibiting a downward curve. The figure also
indicates that the drying time for microwave drying
is much shorter than the hot air, infrared and open-
sun drying. The time required to reduce the
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moisture ratio from 1 to 0.006 ranged between 14
and 36 min at two power levels with microwave
drying, while it ranged between 270 and 480 min at
two temperatures with hot air drying, while it
ranged between 210 and 405 min at two power
levels with infrared drying. To reach the desired
final moisture content, 14 minutes drying time
indicated the high efficiency of the microwave
drying method (180 W), which was about 82 times
faster than open-sun drying. The drying time of
pumpkin slices dried under the sun was determined
as 19 h.

The drying time was much faster than for the
other drying methods as compared to the conditions
by microwave drying of pumpkin slices. For this
reason, the drying rate (g water)/(g dry matter*min)
curves are shown in the two different figures as
Figure 1 and 2 in order to clearly see the drying rate
curves.

®— Microwave (180 W)

1 2 Microwave (90 W) - -

Dirying rate (2 water)/(g dry matter* min)
=
&

o : : 6 8 " 2
Moisture content (g water/g dry matter)
Fig. 2. Drying rate versus moisture content of
pumpkin slices at two different microwave power levels.

Since the initial moisture content of the pumpkin
slices was relatively constant (11.5 g water/g dry
matter), the difference in the drying time
requirements was considered mainly due to the
difference in the drying rates. The drying rate
curves for pumpkin slices dried at two microwave
output power levels (90 to 180 W) are given in
Figure 2. Depending on the drying conditions, the

average drying rates of pumpkin slices ranged from
0.407 to 1.008 (g water)/(g dry matter*min) for the
output power between 90 and 180 W, respectively.
The moisture content of the pumpkin (92% w.b.)
was very high during the initial phase of the drying
process which resulted in a higher absorption of
microwave power level and higher drying rates due
to the higher moisture diffusion. As the drying time
progressed, the moisture loss in the product caused
a decrease in the absorption of microwave power
and resulted in a fall in the drying rate. Higher
drying rates were determined at higher microwave
output power levels. Thus, the microwave output
power level had a crucial effect on the drying rate.
The variation of drying rate with moisture content
for the different drying conditions of hot air,
infrared and open-sun drying are shown in Figure 3.

As expected, the drying rate would decrease as
the moisture content decreases. As can be seen
from these figures, no constant rate period exists.
All the drying processes occurred in the falling rate
period. In the infrared drying experiments (83 and
125 W) initially rising but after a while falling the
drying rate period is present. The experiment, in
which the infrared power level is 125 W, the rising
drying rate period is clear by far. During the falling
drying rate period, the predominant mechanism is
the internal mass transfer. The open sun drying
experiment lasted for approximately 19 h.
Consequently, a small rising drying rate period
formed in the figure that originated as a result of
the drying process continued the next day. Similar
results were reported by [36, 14, 37].

Mathematical Modelling of Drying Data

The values of R?, y2 and RMSE were calculated
and given in Table 2.

0.1
- —#— Infrared (125 W) —&— Hot-air(70 °C) x
E —+— Hot-air (50 °C) Infrared (83 W) -
% 008 o
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Fig. 3. Drying rate versus moisture content of pumpkin slices at different drying methods and conditions.
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Table 2. Statistical results obtained from the selected models.

Models Drying methods ~ Drying conditions R? e RMSE
Lewis Infrared 83W 0.9304 0.007238 0.083527
Infrared 125 W 0.9563 0.004683 0.066081
Microwave 0w 0.8991 0.010951 0.101825
Microwave 180 W 0.8982 0.013873 0.110176
Sun 36 t0 49 °C 0.9864 0.001048 0.031551
Hot - air 50°C 0.9826 0.001724 0.040277
Hot - air 70°C 0.9673 0.004022 0.060163
Henderson & Infrared 83 W 0.9803 0.005327 0.070318
Pabis Infrared 125w 0.9676 0.003731 0.056838
Microwave 0w 0.9247 0.008652 0.087956
Microwave 180 W 0.9211 0.012548 0.097011
Sun 361049 °C 0.9876 0.001007 0.030106
Hot - air 50°C 0.9846 0.001626 0.037867
Hot - air 70°C 0.9728 0.003757 0.054825
Page Infrared 83 W 0.9912 0.000947 0.029651
Infrared 125w 0.9937 0.000719 0.024955
Microwave 0w 0.9907 0.000754 0.025974
Microwave 180 W 0.9946 0.000854 0.025309
Sun 36t0 49 °C 0.9904 0.000780 0.026491
Hot - air 50°C 0.9937 0.000664 0.024207
Hot - air 70°C 0.9959 0.000562 0.021209
Logarithmic Infrared 83 W 0.9982 0.000193 0.013117
Infrared 125 W 0.9974 0.000318 0.015943
Microwave 0w 0.9973 0.000324 0.016517
Microwave 180 W 0.9932 0.001284 0.028329
Sun 36t0 49 °C 0.9878 0.001048 0.029848
Hot - air 50°C 0.9989 0.000118 0.009865
Hot - air 70°C 0.9970 0.000474 0.018212
Aghbashlo et al. Infrared 83 W 0.9304 0.007516 0.083527
Infrared 125 W 0.9563 0.005044 0.066081
Microwave 0w 0.8991 0.011595 0.101825
Microwave 180 W 0.8982 0.016185 0.110176
Sun 36t0 49 °C 0.9903 0.000785 0.026586
Hot - air 50°C 0.9825 0.001839 0.040277
Hot - air 70°C 0.9673 0.004524 0.060163
Verma et al. Infrared 83 W 0.9583 0.004685 0.064667
Infrared 125 W 0.9780 0.002743 0.046818
Microwave 0w 0.9758 0.002956 0.049879
Microwave 180 W 0.9868 0.002509 0.039598
Sun 36t0 49 °C 0.9890 0.000944 0.028327
Hot - air 50°C 0.9866 0.001510 0.035258
Hot - air 70°C 0.9847 0.002419 0.041154
Midilli at al. Infrared 83W 0.9994 0.000070 0.00775
Infrared 125 W 0.9984 0.000216 0.012588
Microwave W 0.9991 0.000113 0.009452
Microwave 180 W 0.9986 0.000315 0.012555
Sun 36t0 49 °C 0.9924 0.000692 0.023526
Hot - air 50°C 0.9987 0.000151 0.010758
Hot - air 70°C 0.9990 0.000170 0.010089
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Table 3. Colour parameters of fresh and dried pumpkin slices.

Colour parameters

Drying methods Drying
conditions c*
L a b
Fresh 67.75 11.06 21.77 24.41
Infrared 83 W 49.73 12.80 10.66 16.65
125 W 47.75 14.42 10.74 17.98
Microwave oW 67.19 0.59 27.28 27.28
180 W 57.11 3.89 26.31 26.59
Hot - air 50°C 68.95 11.91 25.65 28.28
70°C 68.68 11.58 26.75 29.15
Open - sun 31-46°C 70.63 11.12 24.2 26.63
Table 4. Effective moisture diffusivity values for the various drying methods.
Drying methods Drying conditions Dett (M?s7)
Infrared 83 W 3.24 x 1010
125 W 6.09 x 1010
Microwave 90 W 0.85 x 107
180 W 2.48 x 107
Hot - air 50°C 2.78 x 10710
70°C 9.38 x 10°%0
Open - sun 31-46°C 2.96 x 101!

Thin-layer drying models, in other words the
Lewis, Henderson and Pabis, Page, Logarithmic,
Aghbashlo et al., Verma et al. and Midilli et al.
were used to describe the drying process during the
drying of pumpkin slices.

In order to describe the moisture ratio as a
function of drying time with different drying
methods, 7 different drying models were fitted to
the experimental data and their coefficient of
determination (R?), reduced chi-square (7°) and
root—-mean-square error (RMSE) were calculated.
R?, RMSE and 2 statistical data with respect to 7
different drying models are given in the Table 2.
The grade of fitting was determined by the lowest
7 and RMSE and the highest R? values.

From Table 2, the statistical data with respect to
7 different drying models used for explaining the
drying circumstance occurred in the falling rate
drying period was examined individually and using
the Midilli et al. model and provided the minimum
error for a separable moisture rate. At drying the
process of pumpkin slices’ standard error (RMSE)
of prediction conducted by this model ranged from
0.00775 to 0.023526. In addition to this as seen
from the table, the chi-square (%) values ranged
from 0.000070 to 0.000692 which are close to zero.

Adequacy of modelling ranged from 0.9994 to
0.9924.

Effect of drying methods and conditions on the
colour of pumpkin slices

Before and after the drying process, the L
(lightness), a (greenness), b (yellowness) and C*
(Chroma) values of pumpkin slices were measured
and these results are given in Table 3.

One of the quality of the parameters of food and
agricultural product is the colour parameter. Too
much colour changes influence the marketing
negatively by affecting the quality of the product. It
is an index of the inherent good qualities of a food
and the association of colour with the acceptability
of a food is universal. Among the several basic
quality characteristics of dried pumpkin slices the
colour is an important one which indicates the
effect levels of different drying methods or
conditions. As stated previously, the L term stands
for brightness, the a term is for a green-red balance,
the b term is for a blue-yellow balance, the Hunter
colour ratio and the chroma are measures for the
colour purity. Values for the L, a, b and chroma
(C*) coordinates of the fresh pumpkin slices were
67.75, 11.06, 21.77 and 24.41, respectively.
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In general, the infrared drying at 83 and 125 W
produced no remarkable changes in the colour
parameters of the pumpkin slices as compared with
the fresh pumpkin. However, the increase of power
level from 83 W to 125 W caused an increase of the
a and b values and a decrease of the L value. The
microwave irradiation drying at 90 W allowed the
obtaining of a product which was more similar to
the fresh sample when the lightness was considered
since the L value varied only from 67.75 to 67.19.
When comparing the values obtained for the
opposing colour parameters between the fresh
sample and the pumpkin slices dried at 90 W, the a
decreased from 11.06 to 0.59, showing that the red
colour decreased with the drying process. As for the
b, it increased slightly from 21.77 to 27.28, the
dried samples were more yellow. These
observations are corroborated with the increase
from 24.41 to 27.28 in the value of the chroma. The
dried pumpkin at 180 W turns into the final product
as much lighter, much less red and more yellow
with L, a and b values for which the values are
57.11, 3.89 and 26.31, respectively. The colour
criteria obtained from the air drying experiments
using 50 and 70 °C temperatures are given in Table
3. According to this the colour is closest to the fresh
product when the air drying process’s temperature
is 50°C and 75°C. When the drying air temperature
increased from 50 to 75 °C; the L, a values
decreased and b values increased. These results
were consistent with the observations made by
different authors on the drying of pumpkin
(Cucurbita pepo L.) slices [38, 39]. As seen from
Table 3, the best colour values were achieved
during the open sun drying and these values are the
closest to the fresh material. This is followed by
hot air-drying, microwave drying and infrared
drying successively. Similar findings are also
available in the literature [40, 41].

Determination of Effective Moisture Diffusivity

The effective moisture diffusivity was calculated
using the method of slopes. Effective diffusivities
are typically determined by plotting the
experimental drying data in terms of In (MR)
versus time. From the Eqg. (6), a plot of In (MR)
versus time gives a straight line with a slope (ko).
This slope is the measure of the diffusivity. The
effective diffusivity values for various drying
methods and conditions are presented in Table 4.

Among the four drying methods, microwave
drying offered the highest values of Dex for
microwave power levels of 90 and 180 W. In
microwave drying, the Des values increased with
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the increasing drying microwave power. If samples
were dried at higher microwave power, increased
heating energy would increase the activity of the
water molecules leading to a higher moisture
diffusivity. The value of Des for infrared and hot-air
drying was slightly higher than the open sun drying.
In drying pumpkin slices by the infrared and hot-air
drying methods, the effective moisture diffusivity
value increases with increasing power and
temperature. In foods the effective moisture
diffusivity values are in the range of 102 to 10°
m?/s and the accumulation of values is in the region
1020 to 10® m%s (75%) [42, 43]. In the literature
there is no study associated with the drying of
pumpkin slices (Cucurbita pepo L.) with infrared
and open sun drying. Some studies dealing with the
drying of pumpkin slices with microwaves are
available in the literature but data about the
effectiveness of moisture diffusivity does not exist.

The Derr value of pumpkin slices (Cucurbita
pepo L.) [8] undergoing hot-air drying at 50 and 60
°C was in the range of 3.38 x 10%° to 9.38 x
107'm?/s, respectively.

Energy consumption

The energy consumption values obtained in the
drying trials carried out with three different drying
methods are given in Figure 4.

When three different drying methods were
compared with the energy consumption values, the
lowest energy consumption occurred in the
microwave drying method and this was followed by
the infrared and hot-air drying methods. Energy
consumption is zero for the open sun drying so this
drying method isn’t accounted for in Figure 4. As
seen in Figure 4, the total energy consumption
decreases with the increasing air temperature and
power level. The best result with regard to energy
consumption was obtained for microwave drying at
the 180 W power level. The energy consumption at
this level was 0.042 kwWh. Among all the drying
methods the highest value with respect to the
energy consumption was obtained for the hot-air
drying process at a temperature of 50°C and 1.35
kWh. Th energy consumption was 0.042-0.054,
0.44-0.56 and 0.75-1.35 kWh for microwave,
infrared and hot-air drying, respectively. As a
result, the energy consumption in the drying
processes carried out at low temperature and power
levels which yielded a longer drying period was
determined to be at higher rates. These results agree
with the observations of previous researchers [44,
45].
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Fig. 4. Energy consumption versus different drying methods of pumpkin slices during the drying process.
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Fig. 5. Specific energy consumption versus different drying methods and conditions for drying of 1 kg wet product.

Specific energy consumption

The specific energy consumption  was
determined by considering the total energy supplied
to dry pumpkin samples from an initial moisture
content of about 11.5 g water/g dry matter to a final
moisture content of approximately 0.05 to 0.10 g
water/g dry matter in all three dryers.

The specific energy consumption of the drying
process under the different drying methods and
conditions was calculated by Equation (13) and this
graph is given in Figure 5.

As can be understood from Figure 5, a minimum
heat energy (1.26 kWh/kg) is needed by the
microwave drying method to dry 1 kg of pumpkin
slices. The maximum energy (16.08 kwWh/kg) is
needed for the hot-air drying method. Because of a
minimum of heat energy consumption (1.26
kWh/kg) and less drying time (14 min) it can be
said from Figure 5 that the microwave drying
method must be selected for drying the fresh
pumpkin samples. Again as seen from Figure 5,
reducing the specific energy consumption was
observed by the increase in power level and

temperature. These results are similar to those
reported by the researchers for the other products
[46, 47, 28, 48].

CONCLUSION

The pumpkin (Cucurbita pepo L.) has an
important place for our country’s vegetable
production. Obtaining new products by drying
pumpkin slices will increase the income gained
from pumpkin production/processing and this
situation will allow for the consumption of
pumpkin all the year round. Researchers were
motivated to prospect using different combinations
of drying technologies because of the increasing
trends in energy cost, product quality and product
quantity.

Based on the conducted experiments, we can
draw the following conclusions. The wvacuum
drying process is not suitable for the drying of
pumpkin slices. The best result based on the drying
period, coefficient of diffusion and specific energy
consumption was obtained by the microwave
drying method at the 180 W output power level.
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In drying pumpkin slices by this method, the
drying period was found to be 14 min, the
coefficient of diffusion was 2.48 x 107 m?s?, the
energy consumption was found to be 0.042 kWh
and the specific energy consumption was found to
be 1.26 KWh/kg.

For the foodstuffs high “L”, “b” and low “a”
values are important parameters.

The measured colour parameters of the dried
samples compared to fresh, the best colour quality
was obtained in the pumpkin slices dried by the
hot-air and open-sun drying methods.

The experimental data was obtained as a
consequence of drying pumpkin slices by five
different drying methods and the conditions were
modelled with seven different thin layer drying
models available in the literature. The Midilli et al.
model, which will be used for determining the
changing of the product’s moisture content, has a
high modelling efficiency. Therefore it is possible
to obtain results very close to the experimental
values.

The opinion is that the microwave drying
method can be easily applied industrially and offers
uniform high quality products to the consumer.
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OLEHABAHE HA METOJUTE 1 YCJIOBUATA HA CYHIEHE CIIOPEJI KUHETHUKATA,
KAYECTBATA HA IIBETOBETE U CIIEHUONYHATA EHEPTMA HA CYILIEHE HA
TBHKHN CJIOEBE OT TUKBA

0. Ucmawmrt?, M.T. Komwkabaiit2

Ulenapmamenm no xumuuno undicenepcmeo, @axyimem no XUMUYHO U Memanypauino undicenepcmeo, Kamnyc ,, Jlagym
nawa ", Texnuecku ynusepcumem ,, Munous*, 34210 Ucmanbyn, Typyus
2Pezuonanna rabopamopus no v3cmanosasane u koncepsayus ¢ Mcmanoyn, Typyus

Ioctenuna Ha 3 aBryct 2015 r.; kopurupana ua 21 centemspu 2015 .

(Pestome)

B Ttasu paborta ca u3cieABaHM EKCIEPHUMEHTAIHO TeMIlepaTypaTa Ha CyIICHE Ha Pe3CHH OT THKBa
(Cucurbita pepo L.) u HuBaTa Ha MomHOCTTa. OOpasuTe ca AeXUApPATUPAHU [0 MeT pa3IudyHU METOJa: Ha
OTKPHUTO, TIOJI BaKyyM, MHKPOBBJIHH, HH(QPAUCPBEHN JTbYM U TOpEIl Bb3AyX. J[Be HMBa Ha MOIIHOCTTa ca
W3MUTAaHU KakTo cienBa: MUKpoBBIHU (90 u 180 W), uadpauepsenu mpun (83 u 125 W) u ropemr Bb3ayx
(50 u 70 °C), 3a na ce uzcneapa edekra Ha Te3u MeToAU. BakyyMHOTO CyIICHE € U3CIICABaHO MPU OCTOSIHHA
temmeparypa ot 50 °C u mansrane ot 0.1 kPa. OnurHuTe maHHW 3a Biarata ca oOpabOTeHH IO Pa3TUYHA
MOJIeTN, U3BEeCTHU B nutTeparypata (Ha Lewis, Henderson§Pabis, Page, noraputmuuen, Aghbashlo u mp.,
Verma u ap. u Midilli u ap.). Cnopen te3u pesynraru MoaeabT Ha Midilli u 1p. mpeBb3X0kK/1a OCTAaHAIUTE B
X0Jla Ha CyIIeHeTo Ha oOpasmute. EHepruiiHaTa eheKTHUBHOCT U MU(y3HOHHUTE KOS(UITUEHTH HapacTBaT C
HapacTBaHE Ha MOIIHOCTTa Ha MHKpOBBIHHTEe. OT IBEeTOBa TIJie[HA TOYKA HAH-TOOpPH pE3yNTaTH ce
[I0JIy4YaBaT IIPU CYLIECHE C FOPEILl Bb3AyX U Ha OTKPUTO.
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Two cadmium compounds, [Cd2Cla(2,2'-bipy)]n (1) and [CdCIx(2,2"-bipy)]n (2) (bipy = bipyridine) with different
extended structures, have been obtained from hydrothermal reactions and structurally characterized by X-ray single-
crystal diffraction. Compound 1 is characterized by a three-dimensional (3D) structure and the cadmium ion is
coordinated by three chloride ions and one nitrogen atom to yield a tetrahedron. Differently, compound 2 features a one-
dimensional (1D) structure and the cadmium ion is coordinated by four chloride ions and two nitrogen atoms to yield an
octahedron. Fluorescence investigation shows that compound 1 displays an emission in the ultraviolet region, while

compound 2 exhibits an emission in the green region.

Keywords: crystal, cadmium, extended structure, fluorescence, hydrothermal reaction

INTRODUCTION

Because of the intrinsic aesthetic appeal and the
various applications, metal halide bipyridine
compounds have recently gained more and more
interest [1-23]. The pyridyl rings of the bipyridine
are characteristic of a delocalized =-system.
Therefore, bipyridine is a useful ligand for
preparing light emitting compounds which can be
applied in many fields such as organic light
emitting diodes, chemical sensors and solar energy
conversion. To our knowledge, a large amount of
metal halide bipyridine compounds have been
reported so far [1]. However, the group-12 (IIB)
metal halide bipyridine compounds are still
relatively rare. Actually, the 1IB metal halide
bipyridine compounds can usually exhibit useful
fluorescence and  photoelectric ~ properties.
Furthermore, 2,2'-bipyridine is a bifunctional ligand
and it can act as a bidentate ligand to coordinate the
metal ions. Our recent efforts in synthesizing 11B
metal halide bipyridine compounds are mainly
aimed at the systems containing the 2,2'-bipyridine.
In this paper, we report the preparation, crystal
structures and fluorescence of two cadmium
compounds [Cd2Cla(2,2'-bipy)]n Q) and
[CdCI,(2,2"-bipy)]n (2) (bipy = bipyridine) which
are synthesized from hydrothermal reactions. It is
noteworthy that both compounds show totally
different extended structures, although they a have
similar molecular formula.

* To whom all correspondence should be sent:
E-mail: cwtqg@aliyun.com
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EXPERIMENTAL
Materials and instrumentation

All chemicals and reagents employed are
purchased and used as received without purification.
Fluorescence studies are performed with solid state
samples at room temperature on a computer-
controlled JY FluoroMax-3 spectrometer.

Synthesis of [Cd2Cl4(2,2'-bipy)]n (1).

A mixture of CdClI, (1 mmol, 183 mg) and 2,2'-
bipy (0.5 mmol, 78 mg) are stirred and dissolved in
1 mL ethanol and 9 mL distilled water at an
ambient temperature. Then, the mixture is heated at
180 °C for 10 days in a 25 mL teflon-lined stainless
steel autoclave. Colorless block crystals of
compound 1 are obtained and dried in air.

Synthesis of [CdCl2(2,2'-bipy)] (2).

This compound is prepared by mixing CdCl; (1
mmol, 183 mg), 2,2'-bipy (1 mmol, 156 mg), 3 mL
ethanol and 7 mL distilled water in a 25 mL Teflon-
lined stainless steel autoclave and heated at 180 °C
for 10 days. After being slowly cooled down to
room temperature at 6 K/h, colorless crystals are
collected.

X-ray structure determination.

The X-ray single-crystal data set of both
compounds are measured on a Rigaku Mercury
CCD X-ray area detector with graphite
monochromatic Mo-Ka radiation (4 = 0.71073 A).
Their data reduction and empirical correction

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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absorption are performed with the CrystalClear
software. Crystal structures for both compounds are
solved by the direct methods and refined by full-
matrix least-squares techniques against F2 with the
Siemens SHELXTL™ Version 5 crystallographic
software package. Non-hydrogen atoms are found
based on the difference Fourier maps, while the
hydrogen atoms are symmetrically generated and
allowed to ride on the parent atoms. The crystal
data and structural refinement parameters are
presented in Table 1. Selected bond lengths and
angles are given in Table 2. CCDC No. 1416689 (1)
and 1416690 (2).

RESULTS AND DISCUSSION

The ORTEP figure displaying the molecular
structure of compound 1 is shown in Figure 1.

Fig. 1. An ORTEP figure showing the molecular
structure of compound 1 (hydrogen atoms were omitted
for clarity)

The X-ray single-crystal diffraction results
reveal that the molecular structure of compound 1
is characterized by a three-dimensional (3D)
structure.  All  of the crystallographically
independent atoms are located on the general
positions. The cadmium ion is coordinated by three
chloride ions and one nitrogen atom to vyield a
tetrahedron. The bond length of Cd-N is 2.208(2) A,
while the Cd-Cl bond lengths are between
2.5185(16) A and 2.6722(13) A. These bond
lengths are normal and comparable with those
previously reported [1-8]. The bond angle of N-Cd-
N is 69.18(7)°. The bond angles of N-Cd-Cl and ClI-
Cd-Cl are in the wide range of 85.70(6)°-
160.069(12)° and 84.35(8)°-178.694(2)°,
respectively. The result of the bond valence
calculation reveals that the cadmium ion is in the
+2 oxidation state (Cd1: 1.7) [1]. The pyridyl rings
of 2,2'-bipy are perfectly coplanar with the nitrogen
atoms pointing in opposite directions. The 2,2'-bipy
of compound 1 acts as a bidentate ligand binding to
two cadmium(Il) ions. The deviation of the atoms
of the pyridyl rings is -0.099 A — +0.081 A apart
from their average ring plane. The molecules of
compound 1 interlink two neighboring ones via the
chloride ions to form an infinite chain running
along the a axis (Figure 1). The chains further
interconnect together to yield a three-dimensional
(3D) framework, as given in Figure 2.

Table 1. Crystallographic data and structural refinement parameters for 1 and 2

Compound 1
Empirical formula
Color and Habit

Crystal Size (mm) 0.140.100.08
Crystal system monoclinic
Space group 12/a

a(A) 7.1691(4)

b (A) 9.3087(5)
c(A) 16.4175(12)
B(°) 93.1810(10)
VvV (A 1093.93(12)
Formula weight 522.78

z 4

Theta range (°) 5.41—25.02
Reflections collected 1734
Independent, observed

reflections (Rint)

Density(cal.) (g/cm?) 3.174
Absorption coefficient (mm1) 4.838
Temperature(K) 296(2)

F(000) 984

R1, wR2 0.0695, 0.1642

Goodness-of-fit 1.018
Largest and Mean Delta/Sigma 0,0
Ap (max, min) (e/A%) 1.265, -0.858

C10 H8 Cd2 Cl4 N2
colorless block

526, 513 (0.0196)

2

C10 H8 Cd CI2 N2
colorless block
0.12 0.08 0.05
monoclinic
C2/c

17.52(2)
9.290(10)
7.165(9)
110.897(14)
1090(2)
339.48

4

4,98 - 25.00
3455

884, 433 (0.0577)

2.665
5.405

296(2)

790

0.0866, 0.1353
0.645

0.004, 0

1.779, -0.872
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Table 2. Some bond lengths (A) and angles (°)

Compound 1
Cd(1)-N(2) 2.208(2) N(1)-Cd(1)-CI(1) 89.56(7)
Cd(1)-ClI(2) 2.5877(13) ClI(2)-Cd(1)-ClI(2) 177.39(5)
Cd(1)-Cl(1)#1 2.6722(13) N(1)-Cd(1)-Cl(1)#1 82.65(7)
Cd(1)-Cl(2) 2.5185(16) CI(2)-Cd(1)-Cl(1)#1 84.91(6)
N(1)-Cd(1)-CI(2) 88.21(7) CI(1)-Cd(1)-Cl(1)#1 96.15(4)

Symmetry codes: #1 x-1/2, -y+2, z.

Compound 2
Cd(1)-N(2) 2.3220(18) CI(1)-Cd(1)-Cl(1)#1 103.40(8)
Cd(1)-N(1)#1 2.3220(18) N(1)-Cd(1)-Cl(1)#2 95.38(6)
Cd(1)-ClI(2) 2.5422(17) N(1)#1-Cd(1)-Cl(1)#2 85.70(6)
Cd(2)-Cl(1)#1 2.5422(17) CI(1)-Cd(1)-Cl(1)#2 94.83(8)
Cd(1)-Cl(1)#2 2.752(2) CI(1)#1-Cd(1)-Cl(1)#2 84.35(8)
Cd(1)-CI(1)#3 2.752(2) N(1)-Cd(1)-CI(1)#3 85.70(6)
N(1)-Cd(1)-N(2)#1 69.18(7) N(1)#1-Cd(1)-CI(1)#3 95.38(6)
N(1)-Cd(1)-CI(1) 160.069(12) CI(1)-Cd(1)-Cl(1)#3 84.35(8)
N(1)#1-Cd(1)-CI(1) 94.61(7) CI(1)#1-Cd(1)-Cl(1)#3 94.83(8)
N(1)-Cd(1)-Cl(1)#1 94.61(7) CI(1)#2-Cd(1)-CI(1)#3 178.694(2)

Symmetry codes: #1 -x+1,y, -z+3/2; #2 X, -y+1, z+1/2; #3 -x+1, -y+1, -z+1.

/7 / / 227
T ) /
ﬁ/ T TS

Fig. 2. A packing figure of compound 1 viewed down
along the c axis.

Compound 2 crystallizes in the space group
C2/c of the monoclinic system, while compound 1
crystallizes in the monoclinic 12/a space group. The
Cd(I) ion of compound 2 is located in a special
position,  while  other  crystallographically
independent atoms reside at general positions. The
crystal structure of compound 2 is characteristic of
a one-dimensional (1D) chain-like = motif
comprising of CdClIx(2,2'-bipy) building blocks. As
depicted in Figure 3, the cadmium ion of compound
2 is coordinated by four chloride ions and two
nitrogen atoms to yield an octahedron. The
equatorial plane of this octahedron vyields two
nitrogen atoms and two chloride ions, while both
apical positions are occupied by another two
chloride ions. The result of the bond valence
calculation reveals that the cadmium ion is in the
+2 oxidation state (Cdl: 2.1). Different from
compound 1, both nitrogen atoms of the pyridyl
rings of compound 2 point in the same direction
and both of them are coordinated to the same
cadmium ion. The bond lengths of Cd-N and Cd-
Cl in the equatorial plane are 2.3220(18) A and
2.5422(17) A, respectively. The bond lengths of the
apical Cd—Cl are 2.752(2) A. The bond distances of
Cd-N and Cd-Cl in the coordination sphere of the
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cadmium ion are normal and comparable with those
reported in the references [1, 2, 3, 4]. Each
cadmium(Il) ion interconnects two neighboring
ones through two uo-chloride ions to form an
infinite 1-D chain-like motif, as displayed in Figure
3. The 2,2-bipy of compound 2 is a bidentate
ligand chelating one cadmium(ll) ion, while that of
compound 1 acts as a bidentate ligand binding to
two cadmium(ll) ions. The dihedral angle between
the pyridyl rings of the 2,2'-bipy molecule of
compound 2 is 7.024(23)°. The 1-D chains stack
together via the van der Waals interaction to give a
3-D packing figure, as shown in Figure 4. The
reason for the 3D structure and 1D chain in
compounds 1 and 2, respectively, should be
ascribed to different coordination modes of the 2,2'-
bipy ligand. In compound 1, two nitrogen atoms of
one 2,2'-bipy point to opposite directions that allow
the 2,2"-bipy to bind to two different cadmium(ll)
ions and yield a 3D structure. However, in
compound 2, both nitrogen atoms of one 2,2'-bipy
point to the same direction and both of them are
coordinated to one same cadmium ion and only
form a 1D chain.

Fig. 3. An ORTEP figure showing the molecular
structure of compound 2 (hydrogen atoms were omitted
for clarity).
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Fig. 4. A packing figure of compound 2 viewed down
along the b axis

To our knowledge, the 2,2'-bipy and the
cadmium ion can generally display fluorescence [5,
6, 7]. Based on this consideration, we deduced the
fluorescence spectra for both compounds by using
solid-state samples at an ambient temperature. As
presented in Figure 5, the excitation spectra of
compound 1 shows that the effective energy
absorption is dominantly found in the ultraviolet
region of 300-350 nm.
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Fig. 5. Solid-state fluorescence spectra of compound
1 under room temperature with the dashed and solid
lines representing excitation and emission spectra,
respectively.

Excitation at 370 nm yields a strong band at 332
nm. The peak at 332 nm, is an intensive emission in
the ultraviolet region. As for compound 2, we also
measured its fluorescence spectra and the result is
shown in Figure 6. As depicted in Figure 6, the
excitation spectra of compound 2, exhibits the
effective energy absorption mainly in the ultraviolet
region of 350-400 nm. The excitation spectra under
the emission of 522 nm display a strong band at
391 nm. By virtue of the excitation peak of 391 nm,
we also measured the emission spectra of
compound 2 and the result shows an intensive
emission peak in the green region with a maximum
value of 522 nm.
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Fig. 6. Solid-state fluorescence spectra of compound
2 under room temperature with the dashed and solid
lines representing excitation and emission spectra,
respectively.

In summary, two cadmium compounds with
different extended structures have been synthesized
through hydrothermal reactions and structurally
characterized by X-ray single-crystal diffraction.
Compound 1 features a 3D structure, while
compound 2 is characterized by a 1D motif. The
coordination environments of the cadmium ions
and the binding modes of the 2,2'-bipy ligand in
both compounds are different, which vyields
different extended structures of the title compounds.
Fluorescence investigation shows that the
compounds display different fluorescence spectra.
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[MPUT'OTBAHE, OXAPAKTEPU3MPAHE U ®JIYVOPECHEHLIVA HA IBE KAIMUEBU
ChbEAMHEHNMA C PA3JIMYHU PA3I'bHATU CTPYKTVYPU

XK.-JL Slo?, UL-T1. Teidt, XK.-U, JIyo?, P.-X. Xy?, W.-C. Sanr!, Yen-Tonr Yen'*

YUnemumym no npunoscna xumus, Konesic no xumus u xumuuno unsicenepcmeo, Kuiowosa nabopamopus no
KOOPOUHAYUOHHA Xumusl 8 nposunyus Anecu, Yuusepcumem [cuneanewan, Jocuan, Anecu 343009, Kumati
2 [lenapmamenv no xumuuno u 6uounsicenepcmeo, Knon @yoxcumn na Yuuseepcumema 6ve Oyoxucusn, @yoxcusn 350300,
Kumaii

Tlocrenmia ua 6 asryct 2015 r..; kopurupana Ha 19 asryct 2015 .
(Pestome)

e xaamuesn coheauuenus [Cd2Cls(2,2-bipy)]n (1) u [CdAClx(2,2-bipy)]s (2) (bipy = Gunupummin) ¢ pa3audHu
pasrbHATH CTPYKTYpH Ca MONYYEeHH MPUH XHUAPOTEPMANHH PEaKId W ca CTPYKTYPHO OXapaKTepH3HpaHH ¢
PEHTTEHOCTPYKTYPEH aHanu3 upe3 audpakius Ha enus kpucran. Creaunenue 1 ce xapakrepusupa ¢ Tpu-u3MepHa (3D)
CTPYKTypa, 8 KaIMHCBHUAT HOH CE€ KOOPAMHHpPA OT TPH XJIOPHIHU HOHA W CAWH a30TE€H arOM C IIOTyYaBaHETO Ha
terpaexbp. CheauHenne 2 ce xapakrepusupa ¢ eaHo-u3mepHa (1D) cTpykrypa, a KaIMHEBUAT HOH Ce KOOPAHHHpA C
YETUPH XJIOPUIHA HOHA M Ta a30THH aToMa C MOJIy4aBaHeTo Ha OKTaexbp. DIyopeCueHTHUTE H3CIICIBAHMUS TI0OKA3BaT, ue
chequHeHne 1 1aBa eMUCHH B YITPAaBHOJIETOBAaTa 00IACT, JOKATO CheJHHEHHE 2 MPOsIBsIBA EMUCHH B 3elIeHaTa 00IacT Ha
CIIeKTBpA.
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The non-Darcy model for the Bingham fluid has a wide range of applications in energy systems and magnetic
material processing. This work investigated the effect of unsteady non-Darcy flow on the velocity and temperature
distributions for non-Newtonian Bingham fluid between two infinite parallel porous plates with heat transfer
considering the Hall Effect. A constant pressure gradient is applied in the main axial direction and an external uniform
magnetic field and uniform suction and injection are applied in the direction perpendicular to the plates. The
dimensionless governing coupled momentum and energy equations taking the Joule and viscous dissipations into
consideration are derived and solved numerically using the finite difference approach. The effect of porosity of the
medium, Hartmann, and Hall current parameters on the velocity and temperature distributions with a Reynolds humber
fixed at 10 (ForR; = 10, non-Darcy model is sufficient) is investigated. It is found that the porosity and inertial effects
have a marked effect on decreasing the velocity distribution in an inverse proportionality manner. Furthermore,

increasing the non-Darcian parameter decreases the temperature values for each value of the porosity.

Keywords: Non-Newtonian fluid, Bingham model, Non-Darcyflow, Heat transfer, Hall current.

INTRODUCTION

Recently, Researchers have considerable interest
in the study of flow phenomenon between two
parallel plates because of its possible applications
in many branches of science and technology, as its
occurrence in rheumatic experiments to determine
the constitutive properties of the fluid, in
lubrication engineering, and in transportation and
processing encountered in chemical engineering,
etc. [1]. On the other hand, Couette flow of an
electrically conducting viscous incompressible fluid
under the action of a transverse magnetic field has
many applications in  magneto-hydrodynamic
(MHD) power generators, aerodynamics heating,
pumps, polymer technology, petroleum industry,
and fluid droplets-sprays [2]. Bharali and Borkakati
[3], studied the effect of Hall currents on magneto
hydrodynamic (MHD) flow of an incompressible
viscous electrically conducting fluid between two
non-conducting porous plates in the presence of a
strong uniform magnetic field. The steady flow of
an electrically conducting, viscous, incompressible
fluid bounded by two parallel infinite insulated
horizontal plates and the heat transfer was studied

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

by Attia and Kotb [4]. Joaquin et al. [5], studied
numerically the variations with velocity of suction,
hall effect, Reynolds and Hartmann number,
particle concentration and Eckert number on the
unsteady MHD Couette Flow and heat transfer of a
dusty and electrically conducting fluid between
parallel plates in the presence of an external
uniform magnetic field and uniform suction and
injection. The transient hydromagnetic flow
through a porous medium between two infinite
parallel porous plates with heat transfer considering
the Hall effect and the temperature dependent
physical properties under constant pressure gradient
was studied by Attia et al. [6]. Also, other research
work concerning the flow between two parallel
plates has been obtained under different physical
effects [7-12].

A non-Newtonian fluid is a fluid that does not
obey Newton’s law of viscosity (viscosity is
variable based on applied stress or force). The non-
Newtonian fluid is a classical problem that has
many industrial applications such as cement,
drilling mud, sludge, grease, granular suspensions,
aqueous foams, slurries, paints, food products,
plastics and paper pulp exhibit a yield stress 1, to
allow for the motion of the fluid. Many non-
Newtonian fluids, encountered in chemical
engineering processes, are known to follow the so-

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 497
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called “Bingham model” which have a linear shear
stress/shear strain relationship and require a finite
yield stress before they begin to flow (the plot of
shear stress against shear strain does not pass
through the origin). Several examples are clay
suspensions, drilling mud, toothpaste, mayonnaise,
chocolate and mustard. Many authors have studied
the flow of a Bingham fluid under different
physical effects and geometries, Walton and
Bittleston [13], described analytical and numerical
solutions for the flow of a Bingham plastic in an
eccentric annulus. The magneto-hydrodynamic
unsteady flow of an electrically conducting viscous
incompressible  non-Newtonian Bingham fluid
bounded by two parallel non-conducting porous
plates was studied with heat transfer considering
the Hall effect by Yang and Zuh [14]. Rees and
Bassom [15], presented an unsteady free convection
flow of a Bingham fluid when it saturates a porous
medium and the flows was induced by suddenly
raising the constant temperature of a vertical
bounding surface.

Fluid flow in porous media is important in many
areas of reservoir engineering, such as petroleum,
environmental and ground water hydrology[16].
According to previous work, Darcy’s law depicts
fluid flow behavior in porous media. The Darcy law
is sufficient in studying small rate flows where the
Reynolds number is very small (R, < 10) [17]. For
larger Reynolds numbers the Darcy law is
insufficient and several models have been adopted
to correct the Darcy law. Based on a review of
previous work, the Darcy-Forchheimer model is
probably the most popular modification to Darcy
flows. In 1901, Philippe Forchheimer assumed that
Darcy’s law is still valid, but an additional term
must be added to account for the increased pressure
drop and represent the microscopic inertial effect
[18]. Recent contributions are the interesting
studies considered in the references [19-24].

In the present paper, an extension has been made
to the study in [25], to assess the influence of Non-
Darcy porous media on unsteady non-Newtonian
Bingham fluid between two infinite horizontal
porous plates, by heat transfer and the Hall Effect.
The fluid is acted upon by a constant pressure
gradient, a uniform suction from above and a
uniform injection from below while it is subjected
to a uniform magnetic field perpendicular to the
plates. The inclusion of the porosity effect and
inertial effects as well as the velocity of suction or
injection leads to some interesting effects, on both
the velocity and temperature distributions to be
investigated.
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MATHEMATICAL MODEL

In the present model, two infinite horizontal
plates located at the y = £h planes and extended
from x = 0 to o and from z = 0 to « have been
considered and filled with incompressible, non-
Newtonian fluid obeying the Bingham model and
electrically conducting fluid through a porous
medium. The characteristics of the porous medium
in this study obey the Darcy-Forchheimer model.
The fluid flows between the two plates under the
influence of a pressure gradient dp/dx in the x-
direction which is constant with time. The two
plates are porous, insulated and kept at two constant
but different temperatures T; for the lower plate and
T, for the upper plate (T: = T.). The upper plate
moves with a uniform velocity U7, whereas the
lower plate is kept stationary. A uniform suction
from above and injection from below, with velocity
1,, are applied impulsively at ¢ = 0. A uniform
magnetic field 8 = (0.B,.0) is applied parallel to
the y-axis which is normal to the planes of the
plates in the positive direction.The effect of the
Hall current is considered which results in a new
component for the velocity in the z-direction.

Uniform Suction

g TTTT

T Upper Plate u=U0

v4 0 O O Q
i ﬁ () o Non-Darcian
: porous medlum Flow Direction
'! ________ -p %QO dp/dx
4
“, Qvf@e‘ Non-Newtonian OO
o«‘bc’é Bingham Fluid
<,
Y O 0 O ﬂf 0 O
y=-h
T=T, ! u=0

Lower Plate
Uniform Injection

Fig. 1. Schematic diagram of the problem

From the geometry of the problem and due to
the infinite dimensions in the x and z directions, it
is evident that the physical quantities do not change
in these directions (8/8x = &8/dz=10 for all
quantities). The flow in the porous medium deals
with the analysis in which the differential equation
governing the fluid motion is based on the Darcy-
Forchheimer law which considers the drag exerted
by the porous medium. The fluid motion starts from
rest at £ = 0, and the no-slip condition at the plates
implies that the fluid velocity has neither a z nor an
X-component aty = £h. The initial temperature of
the fluid is assumed to be equal to T; as the
temperature of the lower plate. Figure 1 represents
a schematic diagram of the proposed problem.

The governing equations of this study are based
on the conservation laws of mass, linear momentum
and energy for both phases.
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The generalized Ohm’s law including the Hall
current is given in the form [26]:

f:a[F+Ex§—i[J_x§}], (1)

Where J is the electric current density vector, o is
the electric conductivity of the fluid, ¥ is the
velocity vector, £ is the intensity vector of the
electric field, 5 is the induced magnetic vector, e is
the charge of an electron and ne is the number
density of electrons.

The fluid velocity vector is given by:

vy, ) =uly. )i+ v +wl. Ok, (2

By neglecting the polarization effect, we get the
electric field vector equal to zero (£=0). The
generalized Ohm’s law equation (1) gives J, = 0

everywhere in the flow. The current density
components J, and J; are given as:

Jx =T (mu —w) | (3a)
Jo =2 (u mw) (3b)

where, m is the Hall parameter, m = 2=,

£y

The vector equation of motion for the fluid is
governed by the momentum equation together with
the generalized Ohm’s law and non—Darcy’s
resistance and can be written as:

o ; A B B K. I
_ﬂDr——Fp+F.{uFﬂ+fxE - Rlblb, (@)

where, p is the density of the fluid, D/Dt is a
differential operator, t is the time, K is the Darcy
permeability, A is the inertial coefficient, and uis
the apparent viscosity.

The two components of the momentum equation
(4) in the x and z-direction become:

du du  -dp a{ Eu) TB;

- tp—=—+—lu—]— —lu + mwl) —
p Er+'ﬂ DEJ‘ dx dy v 2y 1.+r'r.*{ t :]
I3 Ap -
=u——u
K 'y

: ©)

dw dw a ( .31-.-) - i

— ty—=—lu— ) ———w—mu) —=w—
p dt +P e 3y dy v 3y L+m*{ ?J::] E
da 2
K

: (6)

where, u and v are velocity components in the x-
and z-directions.

The energy equation describing the temperature
distribution for the fluid and Joule dissipations is
given by Attia et al.[25]:

ar ar air E a2
PCso; +_.-Jcp1:,_\a—l =k_—+u [(H) + {E) ] +
(4 w?)
1+m=

(7)

where, ¢, and k are the specific heat capacity and
the thermal conductivity of the fluid, respectively
and T denotes the temperature. The second and
third terms on the right side represent, respectively,
the viscous and Joule dissipations. We notice that
each of these terms has two components. This is
because the Hall effect leads to an additional
velocity component w in the z-direction.
The shear stress = of the Bingham fluid model

can be written as follows[25]:

Forled =,
forltl = 1,

T =1, + Kz¥
7=0

where, 7 = ﬂ'(z—;) + (-:;}) is the shear rate, 7, is

the yield stress, Kg is the plastic viscosity of the
Bingham fluid. Thus, the apparent viscosity is
given by:

u=Kz+ ﬁ , (8)

Owing to provides no information about the
stress field wheneverr < ., and is discontinuous.In
order to avoid this discontinuity, Papanastasiou [27]
proposed a modified model with a growth rate
parameter m which controls the exponential growth
of stress. Thus the Bingham model can be re-
written by using Papanastasiou modification as
follows:

t=1[1—e |+ K7 forally, 9)

The parameter m controls the stress growth,
such that the yield stress =, a finite stress is allowed
to vanish, therefore this model is valid for all
regions [28]. For sufficiently the parameter
& = 100 in the above equation mimics the Bingham
plastic model [28]. Thus, the scalar viscosity is
given by:

r[L—g—ElF
.u=K3-|—'D[L e 7]

- , (10)
I#1

The initial and boundary conditions of both the
flow and heat problems are, respectively, given by:

Att =liu=w=0T=T, (11a)
Att=0u=w=06T=T;

at y = —h , (11b)
At t=Du=U0,,w=0T=T,

aty=h. (11c)

The following non-dimensional variables will be
introduced into equations (5)-(7) and (10)-(11):

i _ X W _ ¥ «_=% thp
XT=o gy =nE =t =
n R n n
o _ B . W . @
U =—, W = — = —
L'u’ ' P T
T=T 23
. T=T4 w
"= y W=
T;-Ty Hg

The non-dimensional conservation equations
will be in the following forms:
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Momentum conservation in the x-direction:
au dw _—dp 1@ f .awy _ Ha? .
ar SF_ ax° Rg 8" ('u 3_1") Eeil+m:){ +
mw®) — Futu® —pu””

(12)
Momentum conservation in the z-direction:
dw’ E_ii{ -5‘1_) __ Ha?
ar 56_1" _nﬁgﬂ_r' H ay Agli+m?)
Bu w™ —yw™"

w* —mu®) —

(13)
Energy conservation:
art ATt _ 1 @ Ew[rawnyt, fawy’
¥+f;_ FoPy E_].": * fg I:{'E'J-'-j * {IE'J-"j ]+
EHat 2 o2
Rgil+m:){u tw }
(14)
The apparent viscosity:
gu? _réw
Tn 1—9_1’;‘* Fy) T\Ey ]
=1+ — —, (15)
32y (2
Byt gyt

The dimensionless initial and boundary
conditions of both the flow and heat problems are,
respectively, given by:

At " =hu"=w"=0T" =10, (16a)
At ' =0:u* =w"=0;T" =10
aty=-1, (16b)
At '"=0u"=Lw =0T =1
aty=1, (16c)
where, R. = ﬂ:—"” is the Reynolds number
g
representing the ratio of inertial forces to viscous
forces, He®=ZE2% s the Hartmann number
g
squared  which  represents the ratio of

- . uly
electromagnetic force to the viscous force, 7. = —

is the Prandtl number which dimensionless numbgr
defines the ratio of the momentum diffusivity
(kinematic  viscosity) to thermal diffusivity,

7

7, = 2 is the dimensionless yield stress, 5=
R}

is the suction parameter representing the mass o:‘
the fluid passing through the lower plate and
exiting through the upper plate (when § = 0 the

suction at the upper plate and injection at the lower
plate), E, = ——is the Eckert number which

p(T2=T1)
defines the ratio of the kinetic energy of the flow to
the enthalpy difference, #=—— is the porosity

R K

parameter,fy:‘%‘ is the dimensionless non-Darcy
E-I.-'u

parameter, and n =
parameter.

is the dimensionless growth

R
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NUMERICAL SOLUTION

There are many numerous methods available for
the solution of the differential equation system. In
the present work the finite difference method is
used to solve the coupled non-linear partial
differential equation systems (12)—(15) under
conditions (16a), (16-b), and (16-c). The
computational domain is discretized with a uniform
grid of dimension At and Ay in time and space
respectively as shown in Figure 2. A finite
difference scheme for coupled partial differential
equation systems (12)-(15) is created using the
Crank-Nicolson implicit method which can be
achieved by doing an average of the central
difference schemes at time levels n and n+1.

To solve for the n+1™ time step, where we know
already the n™ time step, we consider our scheme as
if we were standing at the n +0.5 time step and then
take the average of the forward half time step and
backward half time step. So the discretized
equations would be of the form:
x-direction momentum equation:

sHtl .m S T T, 5 o T sl
L Wopsg W -3 FU j2g—U i—1]
At 40y

i)

sm+i sm+i - =M T+l sl -1 =T
Moy —B gt TR i—i) ('1 ixg —Wiog +U eyl [—1) +

( 440y
u-‘_:_i_'_u-t CaREL | Gmdl omEl
EN Rl Ll (-.L T s

Ay

+

m+ B + n + n 2
I r +0 wi o, WP,
a i Loy ——

y-direction momentum equation:

(17

m¥l .m am¥l _ .mEl .m T
wp W +s Wy —W g +W 3y —W [_1] _
At ahy
am+1 s+l ' -4 =M T+l «T+1 =M =1
N e i R i—1] ("- et =W oy AW ey - i—i] +
g 40y 4y

2432

m# B ¥ " +
[ N 7} T T
i( i | I:)(L jeq —IWTp T4wW—y +
T
L
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unknown values n+1
n+0.5 | - ( oo Im

known values n

>y*
Fig. 2. Mesh layout for the Crank-Nicolson implicit
method.

Similarly, the Crank-Nicolson approximation to
the Energy equation is:

T+l "~ M+l M+l -~ =T
Ty T +5(T feg T [y +T [2y-T i-iJ
At

mEL L _mEl L mHl - I
1 (:r e R Ty —T [ +T M:I .

mH#l m#l .m I
Viieq —W i g +W f2q—W ;_1] ]

40y +

E.Ha® wi” Lout : wpTt we :
g=:-1+ m2] ( 7 ) + ( ; ] )
! (19

Finally, the resulting block tri-diagonal system
is solved using the generalized Thomas-algorithm.
All calculations are carried out for the non-
dimensional variables and parameters given by,
% =C =-5. Grid-independence studies show that
the computational domain 0 <t <o and1 <y =<1
is divided into intervals with step sizes
At = 0.0001 and Ay = 0.005 for time and space
respectively.

T

]

RESULTS AND DISCUSSION

Figures 3-5 show the evolution of dimensionless
velocities u* and w* and temperature distribution T*
with time t* for various Darcy and non-Darcy
parameters (4 and y) at Ha=3, m=3, S=1, R.=10,
P=1, Ec=0.2 and 7, = 0.1. Figures 3 and 4 show
the effect of Darcy and non-Darcy parameters (5
and y) on the time development of w*and w”. It is
obvious that increasing the Darcy parameter S
decreases u"and w*and its steady state time as a
result of increasing the resistive damping porosity
force on u"and w*. On the other hand, increasing
the non- Darcy parameter y for each value of £
decreases the velocity «"and w* and its steady state

time which reflects the expected resistance because
of the inertial effects.

Also, it is observed that the charts of the
velocity u*are asymmetric about the y = 0 plane
because of the suction. Figure 5 shows the effect of
Darcy and non- Darcy parameters on the time
progression of the temperature T*. It is observed
that the increase of the Darcy parameter $ and non-
Darcy parameter y decreases T*and its steady state
time. The increasing  and y decreases =" which in
turn decreases the viscous dissipation andT*. Also,
increasing the non- Darcy parameter y for each
value of g further decreases the temperature and its
steady time because of the additional resistive
inertial effects. Figures 3-a, 4-a, and 5-a, indicate
the unsteady non-Newtonian Bingham fluid case
where the plates and medium are non-porous (=0
and y=0) obtaining the highest velocity and
temperature distributions, which were considered
earlier by Attia [25].In addition, we mean a flow
without additional inertial effects and the Darcy
case where =1 and y=0 as shown in figures 3-b, 4-
b and 5-b, obtained to provide an easier quick path
for the fluid flow and temperature values.

Figure 6 presents the profiles of the velocity
component »* and w* and temperature distribution
T~ at the center of the channel (¥~ = 0) with time ¢~
for various non-Darcy parameters y and for
7p = 0.01and 0.1 at Ha=3, m=3, S=1, R.=10,
P=1,E.=0.2. The figures show that, with
increasing the yield stress 7 decreases the velocity
components u“and w~ and temperature profile T~,
the time at which they reach their steady state
values also decreases as a result of increasing the
viscosity. It is obvious that increasing the non-
Darcy parameter y decreases u*, w*, T and its
steady state time as a result of increasing the
resistive damping porosity force on «“and w*. Also,
it observed that the velocity component u* reaches
the steady state faster than w* which, in turn,
reaches the steady state faster than T~. This is
expected as u” is the source of w~, while both u”
and w" act as sources for the temperature.

The influence of the non-Darcy parameter y on
the velocity componentsu®, w*and temperature
distribution T* with time t* for various Hartmann
numbers Ha are shown in figure7 at the center of
the channel (¥ = 0). It is clear that, with increasing
the value of the non-Darcy parameter y (v = 0.1.2),
there is a marked decrease in the velocity
components u* and w*, i.e. the flow is accelerated
strongly with the decrease in the non-Darcy
parameter, owing to a simultaneous increase in the
inertial force in equation (12) —yu*® and in
equation (13) —yw*".
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1

(c)
Fig. 3. Time variation of the profile of u" for various
values of y and g. (a) f=0 and y=0; (b) p=1 and y=0; (c)
p=1and y=1.

Figure 7-a shows that, with an increase of the
Hartmann number Ha, the magnitude of the
velocity component u“is reduced because the

hydromagnetic ~ drag  force in  equation
(12); ;fm:j{u%mw“]is proportional to the

square of Ha and remains with a negative sign.
Therefore, by increasing the Hartmann number Ha
creates a larger negative force. On the other hand,
figure 7-b indicates the increase in the velocity
component w~with a rise in the Hartmann number
because the  hydromagneticforce in  (13)

(—=— (w* — mu")) has two components, positive

Rol1+m?)

502

1

0.1 015 . 0.25
w*

(c)
Fig. 4. Time variation of the profile of w " for various
values of y and g. (a) f=0 and y=0; (b) =1 and y=0; (c)
p=1and y=1.

"y ™u”) and negative “{:_:w“) S0
the collective effect is markedly boosted with a rise
in the Hartmann number. The temperature T" is also
increasing substantially with increasing the
Hartmann number Ha indicating that the regime is
cooled by stronger magnetic fields.

Figure 8 presents the influence of the non-Darcy
parameter y on the velocity components «*, w* and
the temperature distribution T* with time t* for the
Hall parameter m at g =1, S=1, Ha=3, Re=10, P,=1,
E.=0.2, 7=0.1. It is clear that by increasing the
non-Darcy parameter y (inertial effect), u”, w™ and
T'" decrease.Figure 8-a, indicates that the velocity
ofcomponent u”increases by increasing the Hall
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parameter m which can be attributed to the fact that
an increment in m decreases the resistive force.
Figure 8-b shows that the velocity componentw”
decreases with the increasing Hall parameter m
which can be attributed to the fact that an increment
in m increases the resistive force. Figure 8-c shows
that T* decreases with the increasing Hall parameter
m for all values of time as a result of an increase in
the Hall current parameter m, will decrease the
contribution from the Joule dissipation term.
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Fig. 5. Time variation of the profile of T* for various
values of y and g. (a) =0 and y=0, (b) p=1 and y=0; (c)
p=1and y=1.

CONCLUSIONS

The unsteady couette flow of non-Newtonian
Bingham fluid between two parallel porous plates
containing a non-Darcy porous medium has been

studied with heat transfer and the Hall effect in the
presence of uniform suction and injection.
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2
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Fig. 6. u", w", and T" versust"at cannel center

(¥" = 0) for various values of y and $ andvarious values
Tp. (@) u”; (b) w™; (c) T Profile.

The governing momentum and energy equations
are solved numerically using the finite difference
approximations. Through the numerical results the
following can be concluded:

e The effects of the resistive porosity force and
the inertial force (Darcy and non-Darcy
parameters B and y) on the velocity
components and temperature distribution
have been investigated. The increase in f and
y will decrease the velocity and temperature.

e The yield stress z; has a remarkable effect on
the wvelocity components and temperature
distribution. An increase occurred in g
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accompanied by a decrease in the velocity ]

and temperature as well as their steady state NI

time. B O —
o The effects of the Hartmann number Ha on il /'

the velocity components and temperature =

distribution have been studied. By increasing IR SN —

Ha the x-component of the velocity will 157 \

decrease, while the z-component of the 1

velocity and temperature will increase. 0.5 et s
e The effect of the Hall parameter m on the o

velocity components and temperature f

distributions has been assessed. The Hall (a)

parameter m is directly proportional to the x-

component of the velocity while it is Y
inversely proportional to the z-component of 03 T
the velocity and temperature distribution. 03 /
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ce mpmiiara MoCTOSHEeH T'paJiueHT Ha HaNATaHeTO, MEePIeHIUKYIIIPHO Ha IUIOCKOCTUTE Ce NMpHjara MOCTOSIHHO BBHIITHO
MarHuTHO I0JIe, KAKTO M PAaBHOMEPHO BCMYKBaHE M BIPBCKBAHE.B CHIIOTO HallpaBiieHHE. VI3BeIeHNE ca U YHCIIEHO ca
penieHn 0e3U3MEpPHNTE ypaBHEHHS Ha JIBM)KEHHETO M €HEPTUATA, OTUYMTAIIN MEXaHUYHATA ¥ BUCKO3HATA JMCHUITAINS Ha
eHeprusara. VcnmenBann ca eQpeKkTHTe Ha IOPHO3HOCTTA HA CpejaTa, Ha XapTMaH M XOJI, Ha CKOpPOCTTa H
pasmpeneNeHHeT0 Ha TeMIieparypara 3a uuciio Ha PefiHonmc paBHo Ha 10 (3a Ree > 10 He-Ilapcue‘BUAT Momen e
JocTarbyeH). HamepeHo e, uye NOPHO3HOCTTA M HHEPIHOHHUTE e(EKTH HMaT 3a0eNe)KUMO BIHSHHE BBPXY
pasmpeneneHueTo Ha ckopocture. OCBEH TOBa, HapaCTBAaHETO Ha He-Jlapcu‘eBus mapaMeThp MOHMKAaBa TeMIlEpaTypara
IIPU BCSIKA TOPHO3HOCT.
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Convective heat transfer of viscous fluid over a stretching sheet embedded in a
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In this article we have investigated the heat transfer of an electrically conducting viscous fluid over a porous stretching
sheet in a thermally stratified medium. The governing non-linear partial differential equations are reduced to ordinary
differential equations using appropriate similarity transformations. The resulting ordinary differential equations are then
solved in the form of a confluent hyper-geometric function for an exact solution. The developed exact solutions of the
velocity and temperature fields are graphically sketched and examined for various values of pertinent parameters
including the Prandtl number, stratification parameter, suction/injection parameter and the magnetic parameter. The skin
friction coefficient and the local Nusselt number are tabulated and thoroughly discussed.
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INTRODUCTION

The study of the boundary layer flow on a
stretching sheet has been done by a large number of
researchers during the last few decades with the
aidof significant applications of industrial and
technological processes. To name a few; these
applications include manufacturing of glass fiber,
drawing plastic films and wires, the condensation
process, crystal growing polymer extrusion and
others. These processes are highly dependent on the
subject of heat transfer of stretching surfaces. In his
ground breaking work, Sakiadis [1] presented the
studies on the boundary flow layer over
continuously moving surfaces and obtained the
numerical solution. Natarjaet al. [2]obtained the
closed form solution for the boundary layer flow of
walters’ B-type fluid, over a stretching sheet for the
heat transfer and obtained the coefficients of skin
friction. Meanwhile, Crane [3] provided the closed
form solution for the boundary layer flow of a
stretching sheet. The heat transfer in hydrodynamic
flow of viscoelastic fluid over a stretching sheet was
analyzed by Char [4]. Liao [5]studied the analytic
solution of unsteady boundary layer flows caused by
an impulsively stretching plate. Khan and
Sanjayanand [6]presented the analytic solution for
the heat transfer of visco-elastic boundary layer flow
with viscous dissipation. Devi and Ganga [7]bring
into account the non-linear MHD flow in a porous
medium over a stretching porous surface including
the effects of viscous dissipation. Abel et al. [8]have

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

investigated the heat transfer over a stretching
surface for second grade fluid through porous
medium with viscous dissipation and a non-uniform
heat source/sink. Cortell [9] investigated the flow
and heat transfer through a porous medium over a
stretching surface with heat generation/absorption
and suction/blowing. Hayat et al. [10]provided the
analytic solution for the axi-symmetric flow and
heat transfer of second grade fluid past over a
stretching sheet. Xu and Liao[11]considered the
unsteady MHD flows of non-Newtonian fluids over
impulsively a stretching plate. In another related
article Cortell[12]studied MHD flow heat transfer of
visco-elastic fluid by considering the effects of
viscous dissipation.

Thermally stratified flows are of significant
interest because of their importance in
thermo-hydraulics, volcanic flows, geothermal
systems and also in industrial thermal processes.
Stratification of a medium arises due to temperature
variation which resultsin density variationof the
medium. Stratification may also arise due to the
presence of different fluids so that a stable situation
arises when the lighter fluid lies over the denser one.
Keeping in view these applications of stratified
mediums several studies have been carried out.
Hayat et al. [13]studied the thermally stratified flow
of third grade fluid over a stretching sheet including
radiation. Kandasamy and Khamis [14]discussed the
effect of thermal stratification on heat transfer across
a porous vertical stretching sheet. Ishak et
al.[15]studied the mixed convection flow to a
vertical plate in a thermally stratified medium.
Mukhopadhyay and Ishak [16]examined mixed
convection flow along a stretching cylinder in a
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thermally stratified medium. MHD boundary layer
flow and heat transfer over an exponentially
stretching sheet in a thermally stratified medium
have also been investigated by the same author
Mukhopadhyay [17].

It is clear that the suction/injection of fluid can
play a significant role in changing the flow field.
Roughly speaking, suction tends to enhance the skin
friction, whereas injection acts in the opposite
manner. These processes have great importance in
many engineering activities like the design of thrust
bearing and radial diffusers, thermal oil recovery
and many more.

In manufacturing processes the properties of the
final product highly depend on the rate of cooling. In
this scenario, an electrically conducting fluid proves
to be beneficial for industrial application. The
applied magnetic field may play a key role in heat
transfer and momentum of the boundary layer flow.
Keeping all these factsin view, recently Chen [18]
examined the analytic solution of MHD flow and
heat transfer for two types of visco-elastic fluid over
a stretching sheet, also bring under consideration the
energy dissipation, internal heat source and thermal
radiation. Liu [19] presented an analytic solution for
heat transfer of second grade MHD flow subject to
the transverse magnetic field across a stretching
sheet with power law surface heat flux. Shahzad and
Ali [20, 21] contributed a couple of articles on an
approximate solution for MHD flow of a
non-Newtonian Power law fluid over a vertical
stretching sheet with convective boundary
conditions and radiation effects, respectively. Kar et
al. [22]studied the heat and mass transfer effects on
dissipative and radiative visco-elastic MHD flow
over a stretching porous sheet.

The exact solution for the flow problem with heat
transfer is highly demanding in many research areas.
The exact solutions are handy to compare with the
numerical counter parts in the study of several flow
problems. The purpose of the present study is, to
give the exact solution of fluid flow and heat transfer
of an electrically conducting viscous fluid over a
stretching sheet in a thermally stratified medium
with suction/injection. We derived a closed form
analytic solution in the form of a confluent
hyper-geometric  function for non-dimensional
velocity and temperature profiles. The skin friction
coefficient and heat flux at the wall with a constant
wall temperature are brought into account. The
influence of different non-dimensional parameters
like the Prandtl number, magnetic number,
stratification ~ parameter and the  surface
suction/injection are graphically discussed with
respect to velocity and temperature profiles.

MATHEMATICAL FORMULATION

We consider the steady two-dimensional
boundary layer flow of an incompressible
electrically conducting viscous fluid, which is
passed over a stretching sheet in the presence of a
magnetic field coinciding with the plane y =0.The

flow is generated due to linearly stretching of sheet
by applying two equal and opposite forces along the
X —axis keeping the origin fixed as observed in

figure (1) . A variable magnetic field B, is applied
normal to the sheet. It is assumed that the surface
temperature of the sheetis T, (X) =T, +a(*)*and
is embedded in a thermally stratified medium of a
variableambient  fluid temperatures T =
T, +b(*)* where T, >T, , T, is the reference
temperature,a >0, b >0 are constants.

Boundary layer
B,

T 1.1 1 1T 1 y
LD DD el ]

1
Uy ———»

Fig. 1.Sketch of the physical problem.

Under these assumptions the steady state
boundary layer equations governing the flow and
heat transfer of viscous fluid are

—+

)
oX 0O

or  aT _ k o°T
U—+v—=——, (3)

ox oy pc, oy
where X and y are the directions along and

perpendicular to the sheet respectively, withu and
v the velocity components along the x and y

directions, respectively, T the temperature of the
fluid , v the kinematic viscosity, p the density of

the fluid, o the electrical conductivity, B, the
applied magnetic fieldand ¢, is the specific heat at
constant pressure. The corresponding boundary
conditions for the momentum equation are
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u=U =EXx
u—0asy— o,

v=-v, at y=0,
4)

where E > 0 is called stretching rate, v, > Qis the

velocity of suctionand v, <0 is the velocity of

injection. To facilitate the analysis we introduce the
following transformations:

u=Uf'(n), v=—JEuf(y), n=\/§y,(5)

clearly u and v satisfy Eq. (1), here f(7)is the
dimensionless stream function, 7 is the similarity
variable and denote the differentiation with respect
to n . Making use of Eqg. (5) in Eq. (2) the
following third order non-linear differential
equation is obtained:

f"—f2+ff"-M_f'=0, (6)

where M | = ":LEZ , is the Magnetic parameter.

Similarly the boundary conditions in Eq. (4)can

be written as:
f'(n) =1,
f'(n) > 0asn — o,

f(n)=S =0,
(7) atn @

N
injection) parameter.

Lawrence and Rao [23] presented a general
method and obtained an all non-unique solution of
the modified Eq. (6) . Recently Taha et al.[24] have
discussed a unified compatibility method for the
exact solutions of non-linear flow models of
Newtonian and non-Newtonian fluids, we consider
the following solution:

£(7) =S+%(1—e><p[—ﬂf7]), ®)

where S =

>0( or <0) is the suction (or

2
where B = NS iy 52 4404 M, )20,
The physical quantities of interest are the skin
friction coefficient C, and the local Nusselt number

N, defined as:

T Xq
Ci=—~, N, =—"—, 9
oyt KT, -T) ©
where 7, = /J(%“ly:o is the wall shear stress and
qW:—k(%nyo the wall heat flux. In terms of

dimensionless variables defined in Eq. (5) we can
write:
Re?C, =1f"(0), Re™?N,=-6'(0), (10)

where Re = %% is the local Reynolds number.
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SOLUTION OF THE HEAT TRANSFER
EQUATION

In order to solve the governing heat transport Eq.
(3),we consider the boundary with a prescribed

surface temperature (PST). In this case we employ
the following surface boundary conditions on
temperature:

T=T,(x)=T, +a(X)? at y=0,
: (11)
T :Too(x)zTo+b(|5)2 as y—> o,

whereT,, andT_ are the temperatures at the wall

and far away from the wall, respectively and T, is
the reference temperature. In order to obtain the
similarity solution we define the non-dimensional
temperature variables as:

T-T
9(n)=T =.(12)

Making use of the transformations (5) and (12),

we obtain the following non-dimensional form of
temperature Eq. (3) as:

0" +Pr(f0 —210) = 2StPr ', (13)

where inthe non-dimensional parameters Pr= pck””

the Prandtl number and St=§ is the stratification

parameter. We note that St>0 for a stably
stratified environment and St = O corresponds to an
unstratified environment.
Thenon-dimensional form of the boundary
conditions in Eq. (11) is:
0=1-St at =0,
0—>0 as n—oowo
Following the introduction of a new variable
&= —%exp(—ﬂn), Eg. (13) becomes:
d’e
4 42
4
and the boundary conditions presented in Eq. (14)
reduce to:
0(&)=1-St at &=-Pr7,
0(&)=0 at £=0,
where Pr’ = % is the modified Prandtl number.

Equations (15) and (16) constitute a

non-homogenous boundary value problem. Let us
decompose the temperature £(&) into two parts:

0(¢) =0.(5) +6,(5), (17)

(14)

+(1- Pr*—§)3—§+ 20=-2St, (15)

(16)
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where 6, (&) stands for the complemenrty solution
and 6, (&) isaparticular solution. The closed form
particular solution is given by:

0,(&) =-St. (18)

The complementary factor 6, (£) can be written

in the form of a confluent hyper-geometric function
[25] as:
0,(£) = AM[-2, 1-Pr", £]+B&™ M[-2+Pr*, 1+Pr*, &]

(19)
where M is the Kummer's function defined as:

o n
M(a,b,2) =1+ Ehl
= (b.),n!
n=l n (20)
(@), =a(a +)(@ +2)---(a +n-1),
(0,), =b,(b, +)(b, +2)--- (b, +n-1).
The solution of Eq. (15), subject to the boundary
conditions of Eq. (16) is determined to be:

o) =
StM[-2, 1-Pr*, £]+
1-StM[-2, 1—Pr*, —Pr*]
(=Pr )" M[-2+Pr*, 1+ Pr*, —Pr']

}gF"’M[—u Pro, 1+Pr, & -st.

21
The temperature profile interm of 7 is giveg b3
O(n) = StM[-2, 1-Pr*, —Pr* exp(-Bn)] +
{1— StM[-2, 1—-Pr*, —Pr'] }X
M[-2+Pr", 1+Pr", —Pr’]
exp(=BPr*n) M[-2+Pr*,
1+Pr*, —Pr*exp(-Bn)]-St.

(22)

The derivative of the Kummer's function
M(a,,b,,z) with respectto z is given by:

d M[a,,b,,z]= (a°)” M[a, +n,b, +n, z].
dz" (b,),

The dimensionless wall temperature gradient is
obtained from Eq. (22)

—2StBPr
1-Pr’
_(1-SM[-2, 1-Pr', -Pr'] | (23)

M[-2+Pr*, 1+ Pr*, —Pr’]
{—ﬁpf“*”‘) M[-1+Pr', 2+Pr, —Pr*]}

0'(0) = M[-1, 2—-Pr*, —Pr*]

1+Pr*

+ BPr*M[-2+Pr*, 1+Pr*, —Pr’]

GRAPHICAL RESULTS AND DISCUSSION

Momentum and heat transfer in a boundary layer
flow of a viscous fluid over a stretching sheet in a
thermally stratified medium have been discussed in

this article. The governing non-linear partial
differential equations have been reduced to a set of
non-linear ordinary differential equations. The exact
solutions are developed for the reduced problem in
terms of the Kummer's function. In order to have a
clear insight of a physical problem, the influence of
various pertinent parameters on velocity and
temperature profiles are shown graphically through
figures (2—9). Figures (2a,2b) depict the
influence of the magnetic parameter M on the
velocity profile f'(#) for both suction/injection S

cases. It is observed that the velocity profile f'(7)
decreases with an increase in the values of the
magnetic parameter M for both suction/injection
parameters S . The boundary layer thickness also
decreases here. The variation of suction/injection
parameter S on the velocity profile f () is shown
in figures (3a,3b). The velocity profile f'(7)

decreases in the case of the suction parameter
(S >0), while the opposite behavior is noticed in
case of injection (S <O0). Figures ( 4a,4b) are
plotted to see the effects of the Prandtl number Pr
on the temperature profile €(r7) in the presence of

suction/injection parameter S. It is obvious from
these figures that an increase in the Prandtl number
Pr results in a decrease in the temperature profile
6(n) for bothcases suction (S >0) and injection
(S <0), however this decrease in the temperature
profile &(n) is more prominent in the case of
suction (S >0). The influence of the suction
/injection parameter S on the temperature profile
A(n7) is displayed in figures (5a,5b). These
figures show that by increasing the suction
parameter (S > 0) the temperature profile 6(z)
increases while an adverse behavior is observed in
the case of injection (S <0).
In order to see the effects of the stratified medium
St on the temperature profile @(77) in the
presence of the suctions/injection parameter S
figures (6a,6b)are plotted. These figures illustrate
that the temperature profile &(77) decreases as the
stratification parameter St increases for both
suction/injection parameters S . As the increase in
the stratification medium St implies an increase in

ambient fluid temperature or a decrease in the
surface temperature, which results in a decrease of
the thermal boundary layer thickness.
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Fig.2. Variation of velocity profile f’(7) with 7 for several values of magnetic parameter M

the suction/injection parameter S.
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Fig. 3. Variation of the velocity profile f'(77) with 7 for several values of the suction/injection parameter S.
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Fig. 4.Variation of the temperature profile H(U)With n for several values of the Prandtl number Pr.
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Fig. 5.Variation of the temperature profile H(U)with n for several values of the suction parameter S.
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Fig. 6.Variation of the temperature profile g(;;) with 7 for several values of the thermal stratification parameter St

inthe presence of suction/injection s,
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Fig. 7. Variation of the temperature gradient¢'(;) with7 for several values of the Prandtinumber Pr.
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Fig. 8.Variation of the temperature gradient ¢'(7) with7 for several values of the suction/injection parameter S.

T T T
Pr=07, M=10, 5 =05

Pr=07, M=10, 5§ =-05

OlfF OlfF
0oL 00
— —
™~ -01F ™~ -01F
2 &
o -oaf ] T -e2f
— - -4
-03 St = 00, 02, 05, 0.8 -0} St =00, 02, 05, 03
-0.4 -04fF
-0 : ' —osk : '
0 2 4 & g 10 1] 2 4 & g 10
7 7
9a 9b

Fig. 9.Variation of the temperature gradient 9'(77) with 77 for several values of the thermal stratification parameter

St.
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The influence of the Prandtl number Pr on the
temperature gradient 9’(77) in the presence of
suction/injection S is displayed in figures (7a,7b) _

From these figures it is observed that initially an
increase in the Prandtl number Pr results in a
decrease in the temperature gradient 6'(17). It is also

observed that the temperature gradient 49’(17)starts
increasing after a certain distance 7 from the
surface. Moreover this effect is more prominent in
the case of injection (S < 0). From figures (8a,8b) it
can be seen that by increasing the suction parameter
(S >0) the temperature gradient 9’(17) increases

up to a certain distance from the surface and then
decreases. Quite the opposite behavior is observed in

the case of injection (S < 0). To analyze the effect
of the stratification parameter St on the temperature
gradient the figures (9a,9b) are plotted. It is
noticed that the temperature gradient 0'(n)
increases with an increase in the stratification
parameter St for both suction andthe injection
parameter S . Furthermore, it is also observed that
this increase is more prominent in the case of
injection (S <0).

Table 1. Values of the skin friction coefficient C,

ReY? = f"(0) for several values of the material
parameters.

M S -0
00 05 1.28078
0.5 1.50000
1.0 1.68614
05 -1.0 0.822876
~05  1.00000
00 122474
05  1.50000
10  1.82288

Table 1 is displayed in order to see the effect of
the  magnetic parameter M and the
suction/injection parameter S on the skin friction
coefficient. We can see that by increasing the values
of the magnetic parameter M and the
suction/injection parameter S , the values of the skin
friction coefficient increase. Table 2 shows the
effect of the Prandtinumber Pr, suction/injection S
and  stratification parameter St on the
dimensionless heat transfer rate at the wall. It has
been observed that the increase in thePrandtl number
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Pr and stratification parameter, St results,an
increase in the dimensionless heat transfer rate at the
wall. While increasing values ofsuction/injection
parameter S decreasesthe dimensionless heat
transfer rate at the wall.

Table 2.Values of the Nusselt number N

u
Re™? =—-@'(0) for several values of the material

parameters for M =1.

Pr S St -6(0)
05 05 02 0640382
0.7 0.831958
1.0 1.08195
07 05 00 0.87966
0.2 0.831958

0.5 0.760405

07 -1.0 02 1.02462
~05 0.969256
0.0 0.904259

0.5 0.831958

1.0 0.756596

CONCLUDING REMARKS

In this contribution, we have articulated the exact
solutions of a viscous fluid over a stretching sheet in
a thermally stratified medium in the presence of a
magnetic field. The modeled non-linear partial
equations were transformed into a system of
non-dimensional ordinary differential equations
using appropriate transformations. The exact
solutions were found in the form of confluent
hyper-geometric functions (Kummer's function).
The influence of pertinent parameters on the
velocity and temperature profiles were shown
graphically and discussed in details. Numerical
values concerning the skin friction coefficient and
Nusselt numbers with several respective parameters
were provided in tabular form.
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I[TOCTABEH B TEPMNYHO EJJHOPOJJHA CPEJIA

T. Maxmyn?, x. Axmen®”, A. llaxzan?, P. Amu®, 3. Mk6an®

Y lenapmamenm no mamemamuxa, Hayuen paxysmem, Ynusepcumem HITEC, Taxcura Kanm, Haxucmarn
2 Tenapmamenm no ocnosénu nayku, Texnonoeuuno-unoicenepen yuueepcumem, Taxcuna 47050, Iaxucman
$[lenmpanno-asuamcku ynueepcumem, Buwxex, Kupeuscman

[Moctrenuna Ha 19 aBryct, 2015 r.; npuera Ha 7 centemBpu, 2015 .
(Pestome)

B Ta3u craTus HEE H3cIeaBaxMe TOIUIONPEHACSHETO B €IEKTPOIPOBOIAI BUCKO3CH (QUIyn I HaJl pa3TerHAT ITOPhO3CH
JHUCT B TEPMUYHO €IHOpOJHA cpena. He-nuHeliHUTE YacTHH IudepeHIMaiHy ypaBHEHUS Ha MIPEHOca ca CBEICHH 10
OOMKHOBEHH C TTOMOIITA HAa aBTOMOJIENHN TpaHcdopmanuu. [lorydeHnTe 0ONKHOBEHN JudepeHInantHl ypaBHEHHS ca
pEIIeHN TOYHO BBB BHJ Ha M3POAEHH XHUIepreoMeTpudHu QyHKuuu.[lodydeHuTe TOUHN peIeHns 3a CKOPOCTHOTO U
TEMIIEpaTYpHOTO T10JIe ca MPEACTaBEeHH IpaduuHO U ca U3CIIEIBAHM 3a PA3IMYHU CBIIECTBEHU ITapaMeTpH Ha TEYEHHETO,
BKJIIOUBaiiku uuciaoTo Ha [lpanarn, mapamerbpa Ha cTparThdHKanus, napamerbpa 3a BCMYKBaHE/BIPbCKBaHE M 3a
MarHuTHHUTE cBoOcTBa. Tabynupanu ca 1 NOAPOOHO ca 00CheHU KoedHUIeHTa Ha TpUeHe 1 YnucioTo Ha Hycenr.
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