BULGARIAN GHEMICAL
COMMUNICATIONS

2011 Volume 49 / Number 3

Journal of the Chemical Institutes
of the Bulgarian Academy of Sciences
and of the Union of Chemists in Bulgaria






Bulgarian Chemical Communications, Volume 49, Number 3, (pp. 557 — 561) 2017

Radiation induced formation of poly (N-isopropyl acrylamide)-bovine serum albumin
covalent conjugates and their immunogenicity

P. Vurall, M. Karahan?", P. Pelit Arayici®, Z. Mustafagva®

Lyildiz Technical University, Faculty of Arts and Sciences, Department of Chemistry, 34220 Esenler-Istanbul, Turkey
2Uskiidar University, Faculty of Engineering and Natural Sciences, Department of Bioengineering, 34662 Uskudar-
Istanbul, Turkey
3Yildiz Technical University, Faculty of Chemical and Metallurgical Engineering, Department of Bioengineering,
34220 Esenler-Istanbul, Turkey

Received May 18, 2014; Accepted October 3, 2016

Poly (N-isopropyl acrylamide) was bioconjugated to bovine serum albumin by %Co y-rays at pH 7. The covalent binding
mechanism of the radiation induced poly (N-isopropyl acrylamide)-bovine serum albumin conjugate was analyzed by high
performance liquid chromatography while the immunization property was analyzed by ELISA tests. High performance liquid
chromatography results showed the conjugate formation of polymer with protein and also the increase in the radio stability
of the protein as a result of this formation. The immunization results of irradiated conjugates in Balb/c mice were
significantly higher than the free BSA immunization results. This system is attractive for application of a novel

immunogenic model system in vaccine technology.
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INTRODUCTION

The bioconjugation of synthetic polymers with
biomolecules finds various implementations in
many different areas such as biotechnology,
medicine, pharmacy and engineering. Furthermore,
while the solid state (water insoluble) polymeric
systems are used in functional implementations like
tissue engineering and cell generation, the water
soluble polymer-biomolecule bioconjugates are
lately being used in protein purification, enzyme
stability, drug delivery systems, biosensor
production, intracellular transfer of DNA, and
protein modification [1-15].

A new approach is brought about for the
resolution of the synthetic vaccine problem. The
strong effect of the synthetic polyelectrolytes (PES)
(negatively or positively charged polymers) on the
organisms’ immune systems qualifies these PEs to
be used as carrier matrix (and adjuvant) for microbes
and virus antigens (peptides), and a tool for the
synthesis of high antigen-specific immunogenic
bioconjugates (and biocomplexes). Such synthetic
macromolecular bioconjugates (and biocomplexes)
display protective immunity against numerous
diseases such as tuberculosis, flu, salmonella,
working as a synthetic polymeric vaccine system.

Recent in vivo studies have shown that the
bioconjugates which are synthesized by conjugation
of proteins and neutral uncharged synthetic
polymers  (like polyvinyl alcohol, poly-N-
vinylpyrrolidone, polyethylene glycol, dextran, etc.

* To whom all correspondence should be sent:
E-mail: mesut.karahan@uskudar.edu.tr

dissolved in water) have relatively poor
immunogenic properties in contrast to natural
protein antigens. Additionally, it has been proven
that the proteins are more stable within longer
periods. The conjugation of polyethylene glycol with
albumin and liver catalase enzyme decreases the
immune reactivity of these proteins. Polymers with
such structure do not have adjuvant characteristics.
Nevertheless, the high molecular weight synthetic
PEs, negatively or positively charged polymers or
polymers that are charged at the physiologic
conditions of the medium, polybases, polycations,
polyacids and their copolymers show similar
adjuvant effects independently of the chemical
structure of their monomers (auxiliary chemicals
which may enter into the organism with the antigens
to increase the immunity of the organism). As the
complexes or conjugates of different antigens with
PEs are immunized to the living organism, the
number of formed antigen-specific antibodies
increases excessively, and they show protective
characteristics on living organisms against viruses
acting like a polymeric vaccine [1, 6, 12, 16].

In bioconjugate formation of the antigens with
neutral polymers, the surface of the biomolecule is
covered with a neutral and flexible hydrophilic lid.
Closing the antigen determinants in such a manner
makes the antigen molecule inert in the immune
procedure [17-19].

Poly (N-isopropyl acrylamide) which carries
characteristics of PEs was bioconjugated with
bovine serum albumin by ®°Co y-rays at pH 7 in
order to develop synthetic polymeric vaccine model
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systems. The conjugation of poly (N-isopropyl
acrylamide) and bovine serum was analyzed by high
performance liquid chromatography, the
immunization property was analyzed by ELISA
tests.

EXPERIMENTAL
Materials

Poly (NIPAAmM) (Mw: 60 kDa) was supplied by
Prof. Dr. Yoshihito Osada (Hokkaido University,
Sapporo, Japan). Bovine serum albumin (BSA)
(Mw: 66 kDa, pl: 4.9) was purchased from Sigma
Chemical Company (St. Louis, USA).

Synthesis of Poly (NIPAAm) - BSA Bioconjugates

The mixture of 0.1% poly (NIPAAm) and 0.15%
BSA prepared in phosphate buffer solution was
exposed to radiation at 100, 300, 500, 700 Gy from a
®Co y-ray source to form poly (NIPAAm)-BSA
conjugate. The same procedure was previously used
to prepare 0.1% poly (NIPAAm) and 0.15% BSA
solutions each.

Preparation of Phosphate Buffer Solution

In order to prepare 1 | of phosphate buffer
solution, each 1.1998 g of NaH.PO, and 2.6807 g of
Na;HPO, was dissolved in 500 ml ultra pure water.
After mixing these two together, 8.766 g of NaCl
was added to the solution. The pH of the prepared
solution was adjusted to 7 by adding 0.1 M NaOH
solution.

Immunization

Poly (NIPAAmM) - BSA bioconjugates were used
as immunogens. Free BSA was utilized for
controlling purposes. Eight week-old Balb/c mice
were immunized with each of the bioconjugates by
intravenous injections. The blood was collected into
a microfuge tube with sodium citrate and centrifuged
at 6000 g to remove red blood cells. A set of dilutions
of the serum (1/50 and 1/100) was made in
phosphate-buffered saline (PBS). The serum
samples were tested by ELISA [20].

ELISA

To assay BSA specific antibodies, ninety-six well
polystyrene plates (NUNC-immunoplates) were
coated with 200 ng poly (NIPAAmM)-BSA
bioconjugates in parallel with BSA in 100 pl PBS.
Coated plates were incubated at 4°C overnight. The
plates were washed two times with wash buffer
(0.005% Tween-20 in PBS). Then, 0.2% casein in
PBS was added to the wells, and the plates were
incubated at 37°C followed by washing as above.
The mouse serum in dilution buffer was added to
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each well and the plates were incubated at 37°C for
1 h. The plates were washed two times with wash
buffer.  Alkaline-phosphatase  conjugation  of
polyvalent goat-antimouse lIg (Sigma) in 1/750
dilution buffer was then added to each well and
incubated for 1 h at 37°C. After repeating the wash
step five times with wash buffer as above, the
substrate buffer (ImM ZnClz, 1mM MgCl,, 0.1M
glycine, pH 10.4) and 1 mg/ml p-nitrophenyl
phosphate were added. After 45 min, the
absorbances at 405 nm were determined.

Gamma-Radiolysis

Gamma-radiolysis of the aqueous solutions of
poly (NIPAAmM) - BSA bioconjugates was
performed by using a %Co y-source (Picker 9 V). 5
ml sample solutions were irradiated at a position of
10 cm away from the source. The dose rate was
measured to be 28.61 Gy/h as determined by Fricke
dosimetry [21].

Gel Filtration HPLC

Poly (NIPAAm), BSA and the prepared poly
(NIPAAmM) - BSA were analyzed by HPLC (gel
filtration chromatography) before and after
irradiation.

The system consisted of a Bio-Sil Sec 250
column (7.8 mm x 300 mm), pump (LC-10Ai) and
automatic sample injector (SIL-10Ai HPLC). The
eluent was monitored at 214 and 280 nm by using
UV detector (SPD-10Ai). A phosphate buffer
containing 0.1 mol/l NaCl was used as a mobile
phase at a flow rate of 1.0 ml/min at room
temperature. The calibration of the column was
performed by using a protein kit from Sigma
Chemical Co., St. Louis, MO, USA, namely,
thyroglobulin (670 kDa), immunoglobulin (155
kDa), ovalbumin (44 kDa), myoglobulin (16.9 kDa),
and vitamin B12 (1.35 kDa).

Dynamic Light Scattering Method

Photon correlation spectroscopy with a Zetasizer
Nano ZS instrument equipped with 4.0 mV He-Ne
laser operating at a wavelength of 633 nm and a
temperature of 25°C (Malvern Instruments, UK) was
used to examine the average size and the size
distribution of polymer and bioconjugate of protein-
polymer. Before DLS measurement, each solution
was filtered through a 0.2 pm RC-membrane
Sartorius filters to remove the impurities in the
solutions.

RESULTS AND DISCUSSION

Gel filtration HPLC was used for the poly
(NIPAAmM), BSA and poly (NIPAAm) - BSA
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bioconjugates HPLC chromatograms of poly
(NIPAAmM) and BSA are given in Figure 1 and
Figure 2, respectively.

Figure 1 summarizes the gel filtration HPLC
results of the free polymers before and after 700 Gy
irradiation. As seen from the figure, while the
unirradiated free polymer shows a peak in 7.38
minutes, the polymer solution irradiated with 700 Gy
shows no peak at all. It could be said that polymers
are forming water insoluble aggregates by forming
crosslinks in themselves at this irradiation dose.
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Fig. 1. HPLC results of the unirradiated (A) and
irradiated (B) solutions of poly (NIPAAmM) at irradiation
dose (Gy): 700.
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Fig. 2. HPLC results of the unirradiated (A) and
irradiated (B) solutions of BSA at irradiation dose (Gy):
700.

The gel filtration results of free BSA before and
after irradiation at 700 Gy are shown in Figure 2. As
the figure indicates, the retention time (RT) value of the
protein irradiated at 700 Gy decreased and the peak
generated was significantly deformed. From this, we
can suggest that BSA has denatured and its molecular

> RT, min.

weight has increased due to the 700 Gy irradiation
strength.

The gel filtration HPLC results of the poly
(NIPAAm) - BSA mixture with and without
irradiation at 700 Gy are shown in Figure 3. As it can
be understood from the figure, the polymer and the
protein formed a bioconjugate by binding after 700
Gy irradiation so there was a shift in peak retention
time (B), and the protein molecule in the conjugate
structure was protected against irradiation (it is
radiostable), which means that it has not denatured.
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Fig. 3. HPLC results of the unirradiated (A) and
irradiated (B) solutions of a poly (NIPAAmM) - BSA
mixture at irradiation dose (Gy): 700.
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Fig. 4. HPLC results of the irradiated solutions of poly
(NIPAAmM) - BSA mixture at different irradiation doses
(Gy): 100 (A), 300 (B), 500 (C), 700 (D).

HPLC results of the irradiated solutions of the
poly (NIPAAm) - BSA mixture at different
irradiation doses (Gy): 100 (A), 300 (B), 500 (C),
700 (D) are shown in Figure 4. Homogenous
conjugates are formed once radioactive ray between
100-700 Gy was applied to the poly (NIPAAm) -
BSA mixture. The figure shows that, as the radiation
strength increases, the RT values of the peaks of the
generated conjugates decrease, indicating that the
generated bioconjugate had a higher molecular
weight than the components in the mixture. In
addition, it should be mentioned that the best
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bioconjugates are obtained at 700 Gy irradiation.

If the irradiation dose increases, the
hydrodynamic diameter also increases due to
increased interaction between the PE of BSA.
(Figure 5).
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Fig. 5. Hydrodynamic diameter of poly (NIPAAmM)-
BSA bioconjugate at different irradiation doses (100-700
Gy).

\

i
o
1

N
S
1

Zeta Potential (mV)

N
o

T T T T T T
100 200 300 400 500 600 700
Irradiation Doses (Gy)

Fig. 6. Zeta potentials of poly (NIPAAmM) - BSA
bioconjugate at different irradiation doses (100-700 Gy).
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The dynamics of formation of BSA specific
antibodies (OD 405 nm) in the blood serum of mice
immunized with poly (NIPAAm) - BSA
bioconjugate at different irradiation doses (100-700
Gy), and pure BSA are shown in Figure 7. As seen
from the figure, the immunization results of the
bioconjugates generated by irradiating at 100, 300,
500 Gy radiation strengths are close to each other,
the antibody level obtained against the bioconjugate
irradiated with 700 Gy is the highest, and a
significantly higher value of the conjugate is
observed as compared to the free BSA.
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Fig. 7. The dynamics of formation of BSA specific
antibodies (OD 405 nm) in the blood serum of mice
immunized with poly (NIPAAm) - BSA bioconjugate at
different irradiation doses (100-700 Gy) and pure BSA.

CONCLUSION

As the results of the HPLC and ELISA tests
showed, BSA was successfully conjugated to poly
(NIPAAmM) at pH 7 under radiation doses of 100-700
Gy without any degradation in its structure. It is seen
that the best bioconjugate was generated at a radiation
strength of 700 Gy. No denaturation was observed in
the structure of BSA protein in this bioconjugate,
which indicates an increase in its radio stability. The
most important point in the increase of the polymer-
protein radio stability is that the polymer
macromolecules form a cover on the protein and
thus, the protein molecule is protected. This
bioconjugate and synthetic vaccine model system
was developed by ®Co y-rays.
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Schema. The hypothetical structure of water soluble
bioconjugate irradiated with 700 Gy.

According to this, by binding the suitable
synthesized antigenic peptide of a disease with
polymer instead of BSA protein in the bioconjugate
process, a synthetic vaccine can be developed by
using the carrier matrix and adjuvant PEs for the
microbes or virus antigens against that disease.
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PAJJIMAIMOHHO MHAYLIMPAHO OBPA3YBAHE HA KOBAJIEHTHO CIIPETHATU I1OJIN —

(N-M3OIMPOITNIT AKPUJIIAMUW)-AJIBYMUHU OT 'OBEXU CEPYM U TAXHATA
MMYHOI'EHHOCT

I1. Bypan®, M. Kapaxar?®", I1. [Teur Apanmki®, 3. Mycradaepa®

YTexnuuecku ynusepcumem “Hunous“, @axynmem 3a nayka u uskycmeo, Jenapmamenm no xumus, 34220 Ecennep-
HUcmanoyn, Typyus
2Vuusepcumem 6 FOckiodap, @axyimem no unICeHEPCmMeo u NPUpoOHU HayKu, lenapmamenm no GUOUHIICEHEPCMEO,
34662 FOckrooap-Hcmanbyn, Typyus
S Texnuuecku ynusepcumem “Hunouz“, @axyimem no Xumuuno unsicenepcmso u memanypeus, Jenapmamenm no
ououncenepcmeo, 34220 Ecennep-Ucmanodyn, Typyus

[Moctenuna Ha 18 maii, 2016 r.; mpuera Ha 3 oktoMBpH, 2016 .

Mo (N-M301pONII aKpHIAMKL) € GUO-CIIPErHAT KbM aI0yMUH OT FOBEXKIH CEPYM IIPU OOTbUBAHE C Y-Tb4M OT U3TOUHUK PCO
npu pH 7. AHamM3upaH € MEXaHM3Ma Ha PaMalMOHHO MHIYIMPAHOTO crpsraHe ¢ momomrra Ha BETX, a mMyHM3armoHHwTE
cBoiicTBa ca aHamupanu ¢ ELISA-tect. Pesynrature or BETX nokassar o0pa3yBaHeTo Ha CIperHar rnojimmep ¢ MpoTerHa U B
pe3ynTaT — MOBHILEHa PaJro-CTaOMITHOCT Ha MpoTerHa. PesynraTiTe 32 MIMyHOI€HHOCTTA Ha OOTBYBAHUTE KOHIOTATH B MHILKU
Balb/c mice ca sHauntenHo mo-m06pu ot Te3u npu BSA-uMyHH3aMOHHATE pe3yaTaT. Tas3u cHcTeMa € PUBIIeKATEHA
3a MPUJIOKEHHETO Ha HOB MIMYHOT'€HEH MO/ICII B TEXHOJIOTHSATA HA BAKCHHUTE
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A simple one-pot three-component reaction (3CR) was carried out using phthalimide-N-sulfonic acid (PISA) as a solid
acid organocatalyst for synthesis of a variety of 1-amidoalkyl-2-naphthols. The reaction was conducted in order to
preparation of 1-amidoalkyl-2-naphthols under solvent-free reaction conditions at 100 °C within 4-18 minutes and the
corresponding products were formed in 75-97 % yields. The catalyst can be recovered and reused several times and is
efficient, cost-effective, and eco-friendly. Moreover, the described protocol is easy and cheap to implement.

Keywords: 1-Amidoalkyl-2-naphthol, Phthalimide-N-sulfonic acid, Three-component reaction, Solvent-free.

INTRODUCTION

Multicomponent reactions (MCRs) have long
been recognized as uniquely powerful tools to
synthesis of structurally various chemical libraries of
molecules through carbon—carbon and carbon-
heteroatom bond formations in a single reaction
vessel from readily available starting materials
without the isolation of intermediates. MCRs
provided considerably higher efficiency and
molecular complexity. They are usually associated
with a number of advantageous such as green
process of bond-forming, shorter reaction times,
operational  simplicity, avoidance of time-
consuming, energy and raw material saving, high
bond-forming efficiency, minimal waste generation,
reduction in the number of work-up, as well as no
need for complicated purification processes [1-6].

Amidoalkyl naphthols can be wused in
pharmaceutical chemistry [7]. Trough amide
hydrolysis reaction on the 1-amidoalkyl-2-naphthol
derivatives, they can be converted into biologically
useful compounds called 1-aminoalkyl-2-naphthols,
which exhibit depressor and bradycardia effects [8].
1-Amidoalkyl-2-naphthols can be also converted to
derivatives of 1,3-oxazines as an exclusive class of
bioactive compounds that present in many
biologically important natural products and drug
candidates [9, 10], which exhibit broad ranges of
biological activities such as antihypertensive [11],
analgesic [12], antirheumatic [13], antianginal [14],
antibacterial, and antiviral [15].

The synthesis of 1-amidoalkyl-2-naphthols using
one-pot, three-component reaction (3CR) of various
aldehydes, naphthols, and amide derivatives, one of

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

the most effective and efficient reactions in the field
of synthetic organic chemistry. In this context, a
number of catalysts such as Lewis or Bronsted acids
[16, 17], nanomaterials [18-24] and carbohydrates
[25] have been used to catalysing this 3CR.

In recent years, catalytic systems containing
sulfonic acid groups are used to synthesis of these
compounds. Some of these catalysts include
sulfanilic acid [26], 1-methyl-3-(2-
(sulfooxy)ethyl)-1H-imidazol-3-ium chloride
[27], poly(4-vinylpyridinium butane sulfonic
acid) hydrogen sulfate [28], polyethylene glycol
(PEG)-based dicationic acidic ionic liquid
(PEGa1o00-DAIL)  [29], polymer supported
sulphonic acid NKC-9 [30], 1,3-disulfonic acid
imidazolium  hydrogen sulfate{[Dsim]HSO.}
[31], heteropolyanion-based SOsH [32], saccharin
sulfonic acid [33], L-pyrrolidine-2-carboxylic
acid-4-hydrogen sulfate (supported on silica gel)
[34], p-cyclodextrin-butane sulfonic acid [35], and
ionic liquid [36]. Sonochemically mediated silica
chloride catalyst condensation has also been
reported for the preparation of amidoalkyl
naphthols [37]. However, some of the methods
mentioned above, suffer from at least one of the
following drawbacks: long reaction times, the use
of organic solvents, forcing conditions, create
wastes, special instrumentation, relatively
expensive as well as toxic the reagents. Due to
biological and pharmacological role of substances
with amidoalkyl naphthol fragments, major attention
has been focused on the development of convenient,
efficient, inexpensive, and eco-friendly new
methodologies using readily available reagents to
synthesis of these types of valuable compounds.

562 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Scheme 1. One-pot three-component reaction (3-CR) of 2-naphthol (1), aryl aldehydes (2a-p), and amides
(3a-c) in order to synthesis of 1-midoalkyl-2-naphthols (4a-ad) in the presence of PISA under SFRCs

Because many organic solvents are ecologically
harmful, strategies for their minimized usage and
developments toward benign chemical technologies
are highly sought after [38]. From the view point of
green chemistry, the exploration of safe methods
with the aim to achieve greener, more sustainable,
and environmentally friendly conditions is of
eminent important. Among the ways to achieve this
goal is the development of SFRs. They offer several
advantages relative to using organic or other reaction
media include: the compounds formed are often
sufficiently pure, rapid, no need for specialized
equipment, minimizing the energy consumption,
avoidance of functional group protection-
deprotection, environmentally  benign,  cost-
effective, easy operation, high yields, and avoidance
of pollution [39-43].

Phthalimid-N-sulfonic acid (PISA) has currently
been synthesized and utilized by us as an efficient
catalyst in synthesis of the Biginelli compounds
[44]. In the present work, we report a rapid, green
and easy procedure for the synthesis of 1-
amidoalkyl-2-naphthol derivatives (4a-ad) using
PISA as the solid acidic organic catalyst under
SFRCs (Scheme 1).

RESULTS AND DISCUSSION

In continuation of our investigations on synthesis
of amidoalkyl naphthols [45], we decided to use the
new catalyst for the MCR synthesis of the
compounds mentioned above. At the beginning of
the present investigation, phthalimid-N-sulfonic acid
(PISA) was synthesized according to our previous
work [44] and applied to preparation of a series of 1-
amidoalkyl-2-naphthols (4a-ad). In the direction of
optimize the reaction conditions (amount of catalysts
and reaction temperature) for preparation of 1-
amidoalkyl-2-naphthols (4a-ad), synthesis of N-((2-

hydroxynaphthalen-1-y1)(3-
nitrophenyl)methyl)benzamide (4a) was selected as
the model product, and behaviour of its synthesis
was explored in the presence of different amounts of
PISA under SFRCs. The results are summarized in
Table 1.

A test reaction for the synthesis of 4a at 100 °C
deprived of catalyst was implemented with the aim
of establishes the efficacy of the catalyst. It was
found that no product was observed even after 2 h
heating (Table 1, entry 1). The product (4a) is
formed when neat 2-naphthol (1), 3-
nitrobenzaldehyde (2a), benzamide (3a), and 10 mol
% of PISA are mixed at 50 °C (Table 1, entry 2).
Formation of product upon heating in the presence
of a catalytic amount of PISA will further support a
PISA for the achievement of products is essential.
By increasing the reaction temperature from 50 to 70
and 80 °C, the reaction yield was improved, and the
reaction time was shortened (Table 1, entries 3 and
4). The change in the yield from 84 %, to 96 %
occurs when the temperature is increased from 80 °C
to 100 °C (Table 1, entry 5). Further, at temperatures
higher than 100 °C, the reaction did not proceed
efficiently (Table 1, entry 6). In addition to the
temperature of the reaction, the amount of the
catalyst is also an important factor in the product
formation. Hence, the effect of catalyst-loading on
completion of the reaction at ambient temperature
was also studied. The yield of the product was
diminished and reaction time was also prolonged,
when 5 mol % of catalyst was used (Table 1, entry
7). Higher amounts of the catalyst (i.e., 15 and 20
mol %) neither increased, nor lowered the yield%
(Table 1, entries 8 and 9). Screening of the solvents
such as EtOH, H>O, CH,Cl,, EtOAc, and CH3CN as
the media reaction lead to low yields of product and
prolonged reaction times compared with the SFRCs.
Based on
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Table 1. Screening the reaction conditions towards synthesis of N-((2-hydroxynaphthalen-1-ylI)(3-

nitrophenyl)methyl)benzamide (4a)?

O,N
H_ _O
o ° (O
r Temp’
O,N H Jgj
1 2a 3a OH h
4a
Entry  Amount of catalyst (mol%) Temp. (°C)  Time (min)® Isolated Yields (%)
1 - 100 120 5
2 10 50 12 50
3 10 70 10 80
4 10 80 7 84
5¢ 10 100 4 96
6 10 120 3 92
7 5 100 6 90
8 15 100 35 95
9 20 100 2.5 92

2 Reaction conditions: a well ground mixture of 1-naphthol 1 (1 mmol), 3-nitrobenzaldehyde 2a (1 mmol), benzamide 3a (1 mmol),

and the catalyst was magnetically stirred.
bProgress of the reaction was monitored by TLC analysis.
¢ Optimized conditions shown in bold.

the above-mentioned studies, 100 °C and 10 mol %
PISA was found to be the best optimal quantity and
conditions, and satisfactory to push the reaction
forward. Hence, these optimal conditions were
applied to evaluate the generality of this procedure
for the one-pot synthesis of the other amidoalkyl
naphthols from 2-naphthol (1), a number of
benzaldehydes (2a-m), heteroaryl aldehydes (2n-0),
cinnamaldehyde (2p), and amides (3a-c), under
SFRCs at 100 °C (Table 2).

Aromatic aldehydes carrying electron-donating
(such as methyl or methoxy) or electron-
withdrawing (such as nitro or halide) substituents
reacted successfully in the presence of PISA as the
catalyst and gave the corresponding products in
excellent yields and shorter reaction times. It was
also found that substituted benzaldehydes bearing
electron-withdrawing groups (Table 2, entries 1-2, 4
and 6) gave higher yields and faster reacted than
substituted benzaldehydes containing electron-
donating groups (Table 2, entries 7-8, 10-12).When
3-methoxybenzaldehyd is used as substrate, possibly
electron-withdrawing inductive effect is applied and
most likely, this is one reason for increasing the yield
and shortening reaction time (Table 2, entry 9). The
reaction of sterically hindered ortho-substituted
benzaldehydes including 2-chlorobenzaldehyde and
2-nitrobenzaldehyde were studied (Table 2, entries 3
and 5). In these cases, reaction time was longer and
the yield of reaction was lower as compared to those
of products from other benzaldehydes, which can be
attributed to steric factors. The use of acetamide

(3b), urea (3c) instead of benzamide (3a) in the
synthesis of the titled compounds, also gave similar
results, as shown in Table 2 (entries 14-23 and 26-
30). This approach was highly operative for the
preparation of targeted compounds (4a-ad) as well
as in all cases, 1-amidoalkyl-2-naphthols were the
individual products and no by-product was observed.
The reaction of 2-naphthol (1), acetamide (3a), and
an aliphatic aldehyde (i.e., n-butyraldehyde) leads to
trace amount of corresponding amidoalkyl naphthol
product after one day. In addition, a reaction of 2-
naphthol (1) and acetamide (3a) with o,p-
unsaturated aldehydes such as cinnamaldehyde was
implemented and lead to the formation of the
product in good isolated yields (Table 2, entry 26).
The reaction of 2-naphthol (1), and acetamide (3a)
with hetero-aromatic aldehydes [for example
thiophene-2-carbaldehyde (2n) and furan-2-
carbaldehyde (20)] leads to corresponding products
with 79 and 75 % yields, respectively (Table 2,
entries 24-25).

The reusability of the catalyst was also
investigated in the model reaction under optimized
reaction conditions (Table 3). Upon completion, the
catalyst was recovered after each run and reused for
the same reaction. It showed nearly the same activity
as a catalyst along but with a slight decrease of
yields. The procedure was repeated and the results
indicated that the catalyst could be recycled five
times with only a slight loss of catalytic activity.
This indicated that the PISA was an efficient and
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recyclable catalyst for the preparation of 1-
amidoalkyl-2-naphthol derivatives.

Mechanistically (Scheme 2), formation of 1-
amidoalkyl-2-naphthol products (4a-ad) could
proceed via formation of ortho-quinone methides
[31-33] between 2-naphthol (1) and the aldehydes
(2), assisted by PISA. Then, the Michael addition of
amides (3) to the ortho-QMs delivers the 1-
amidoalkyl-2-naphthols. The SOsH functional group
of PISA could provide acidic site for activating
aldehydes efficiently, so facilitating this 3-CR.

In order to display the applicability and
comparison the efficacy of the PISA catalyst with

other catalysts in the preparation of 1-amidoalkyl-2-
naphthols, the obtained results in the synthesis of 4a
tabulated in Table 4. Compared with some of those
reported in the literature, this method is comparable
to the formerly reported methods in terms of reaction
times and product yields. It can be seen that, PISA is
also an equal or more efficient catalyst for this 3-CR.
Contrary to some of the pervious reported methods,
this work does not require any ionic liquids,
hazardous solvents such as chloroform or special
devices such as ultrasound and microwave.

Table 2. The 3C synthesis of 1-amidoalkyl-2-naphthols (4a-ad) catalysed by PISA under SFRCs at 100 °C

R o (o)
+ +
., "y e

PISA (10 moj %)

SFRCS' 100 C

1 @ mm0|) 2ap ¢ mm0|) 3a’c @ mm0|)
Entr R, Aldehyde z Product  Time Isolated Mp (°C)
y (min)  yields Obs. Rep. [ref.]

(%)

1 3-NO2-CeHy, 2a Ph, 3a 4a 4 96 238-240  234-236 [24]
2 4-NO,-CgH4, 2b Ph, 3a 4b 5 92 239-241  238-240 [24]
3 2-NO2-CsH4, 2¢ Ph, 3a 4c 9 88 261-263  262-264 [24]
4 4-Cl-CeH4, 2d Ph, 3a 4d 6 90 186-187  186-188 [24]
5 2-Cl-CeHg, 2¢ Ph, 3a de 8 87 198-200  263-265 [24]
6 4-F-CeH,, 2f Ph, 3a 4f 5 90 194-195  191-193[16]
7 4-CHs-CeHa, 29 Ph, 3a 49 8 88 216-217  215-216 [24]
8 4-CH30-CgH4, 2h Ph, 3a 4h 8 90 207-209  208-211 [24]
9 3-CH30-CesHa, 2i Ph, 3a 4 5 94 231-233  232[20]
10 2,5-(CH3)20-CeHs, 2j Ph, 3a 4j 7 92 237-239  238-240 [46]
11 2,4-(CH3)20-CgHs, 2k Ph, 3a 4k 8 90 228-230  227-229 [9]
12 3-CH30-4-OH-CgHs, 21 Ph, 3a 41 8 94 218-220  219[33]
13 CeHs, 2m Ph, 3a 4m 5 91 237-238  237-239 [16]
14 3-NO,-CeHgs, 2a CHs, 3b  4n 5 92 242-243  241-242 [28]
15 4-NO,-CgHq, 2b CHs 3b 4o 5 92 244-246  243-245 [28]
16 2-NO,-CeHs, 2 CHs;, 3b  4p 10 86 181-182 182 [18]
17 4-Cl-CgH4, 2d CHs, 3b  4q 7 89 225-227  226-228 [28]
18  2-Cl-CgH4, 2e CHs 3b  4r 8 87 209-211  210-211[27]
19 4-F-CgHq, 2f CHs, 3b  4s 12 84 208-209  206-208 [30]
20  4-CHs-CeH4, 29 CHs, 3b 4t 10 88 220-222  221-223[28]
21 4-CH30-CsHg, 2h CHs3,3b  4u 10 87 181-183  181-183[28]
22 3-CH30-CgHa, 2i CHs3, 3b  4v 6 97 204-206  203-205[28]
23 CeHs, 2m CHs, 3b 4w 5 90 242-243  242-244[28]
24 2-Thienyl, 2n CHs 3b  4x 10 79 223-224  222-224[26]
25  2-Furyl, 20 CHs3, 3b 4y 12 75 218-220  218-220 [47]
26  CeHs—CH=CH, 2p CHs;, 3b 4z 18 88 175-177  174.5-176 [19]
27 3-NO2-C¢Ha, 2a NHz, 3¢ 4aa 7 93 193-195  192-194 [24]
28  4-NO2-CeHs, 2b NHz, 3¢ 4ab 9 94 191-193  192-194 [24]
29  4-Cl-CeHs4, 2d NHz, 3¢ 4ac 6 91 165-167  166-168 [24]
30  GCgHs, 2m NHz, 3¢ 4ad 12 92 176-177  176-178 [24]
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Table 3. Reusability of PISA in the synthesis of 4a?

Catalyst recycle Time (min) Isolated yield (%)
Fresh 4 96
1 5 95
2 5 92
3 8 89
4 15 84
@ The reaction conditions are similar to the optimized conditions described for the template reaction in Table 1.
O-H---0o O N
?/N ) T‘/_\ o \\O Al OH
H
O

SO,H from PISA

sofl

OH

NUC|eOphiliC addition O‘

l "H,0

(@]
Al
J
Z NH
3ac 2 ld Q

4aag

(L

Ortho qu|none
methides (0 QMS)

MiChael addition

Scheme 2. Proposed mechanism for synthesis of 1-amidoalkyl-2-naphthols (4a-ad)

Table 4. Comparison of the catalytic performance of
obtained by reported catalysts.

PISA for the one-pot 3C synthesis of 4a with those

Entry Catalyst (mol %) [g]/conditions [ref.] Time (min) Yield (%)
1 [Msim]CI (10)/SF, 120 °C[16] 5 90
2 Maltose (20)/SF, 100 °C [25] 18 90
3 Sulfanilic acid (20)/SF, MW [26] 8 89
4 Sulfanilic acid (20)/SF, 110-120 °C [26] 14 88
5 MSI (6)/ionic liquid [Bpy]BF4, 80 °C [27] 25 95
6 PEG1000-DAIL (0.03 mmol)/80 °C [29] 5 94
7 [MIMPS]H2PMo012040 (10)/SF, 110 °C [32] 5 93
8 Silica chloride [0.1]/US, 28-30 °C [34] 9 98
9 [Dsim]HSO. (5)/SF, 80 °C[31] 20 97
10 PSSA-NKC-9 [0.17]/chloroform, reflux [30] 360 88
11 2-HSBA (10)/SF, 100 °C [45] 5 95
12 PISA (10)/SF, 100 °C [Present work] 4 96
[Msim]Cl, 3-methyl-1-sulfonic acid imidazolium chloride; SF, solvent-free; MSI, 1-methyl-3-(2-(sulfooxy)ethyl)-1H-

imidazol-3-ium chloride; [Bpy]BF4, N-butylpyridinium tetrafluoroborate; PEG1000-DAIL, PEG-based dicationic acidic ionic

liquid; MIMPS, N-methyl-imidazolium propane sulphonate; [Dsi

m]HSO4, 1,3-disulfonic acid imidazolium hydrogen sulfate;

PSSA-NKC-9, Polymer supported sulphonic acid NKC-9; US, ultrasond; 2-HSBA, 2-hydroxy-5-sulfobenzoic acid.

CONCLUSIONS

In summary, an efficient, simple, and
environmentally benign protocol towards synthesis
of 1l-amidoalkyl-2-naphthols has been developed.
Thermal SFRCs were applied to afford the
corresponding 1-amidoalkyl-2-naphthol
compounds. PISA display excellent catalytic activity
toward this 3CR. The use of PISA in this 3CR is
included merits such as good to high yields, short
reaction times, practical simplicity, recyclable
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catalyst, clean formation of the target products, no
use of solvent, and easy work-up.

EXPERIMENTAL

All chemicals were purchased from Alfa Aesar
and Aldrich as well as were used without further
purification, with  the exception of 4-
methylbenzaldehyde, 4-methoxylbenzaldehyde,
benzaldehyde, and thiophene-2-carbaldehyde which
were distilled before using. All solvents were
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distilled before using. The products were
characterized by comparison of their physical data
with those of known samples or by their spectral
data. Melting points were measured on a Buchi 510
melting point apparatus and are uncorrected. NMR
spectra were recorded at ambient temperature on a
BRUKER AVANCE DRX-400 MHz using CDCls
or DMSO-ds as the solvent. FT-IR spectra were
recorded on a Perkin-Elmer RXI spectrometer. The
development of reactions was monitored by thin
layer chromatography (TLC) analysis on Merck pre-
coated silica gel 60 F2ss aluminum sheets, visualized
by UV light.

General procedure for synthesis of 1-amidoalkyl-2-
naphthols (4a-ad)

A mixture of 2-naphthol 1 (1 mmol), aldehyde 2
(2 mmol), amide 3 (benzamide, acetamide, or urea 1
mmol) and PISA (10 mol %) was stirred at 100 °C
in an oil bath for 4-18 min. After completion of the
reaction (using TLC analysis), the reaction mixture
was allowed to cool to room temperature. After that,
the products was extracted by hot ethyl acetate (the
product is soluble in hot ethyl acetate, but PISA is
not soluble in this solvent), and then the catalyst was
recovered and washed thoroughly with ethyl acetate
and then diethyl ether. After being dried, it was
subjected to another reaction with the same
substrates. Pure 1-amidoalkyl-2-naphthols were
afforded by evaporation of the solvent followed by
recrystallization from ethanol. The selected spectral
data for representative compounds (4a and 4m) as
follows:

N-((2-Hydroxynaphthalen-1-yl)(3-
nitrophenyl)methyl)benzamide (4a) IR (KBr, cm™):
3374, 3262, 3055, 2974, 1633, 1530, 1504, 1475,
1440, 1345, 1253, 1145, 735; *H NMR (400 MHz,
DMSO-ds): 0 = 10.42 (s, 1H), 9.15 (d, J = 8.0 Hz,
1H), 8.11-8.09 (m, 3H), 7.91-7.84 (m, 4H), 7.72 (d,
J=7.5Hz, 1H), 7.60-7.49 (m, 5H), 7.41 (d, J = 8.0
Hz, 1H), 7.34 (t,J =7.5Hz, 1H), 7.25 (d, J = 8.5 Hz,
1H); C NMR (100 MHz, DMSO-ds): 6 = 166.8,
153.9, 148.2, 145.1, 134.4, 133.7, 132.8, 132.1,
130.5, 130.3, 129.3, 128.9, 128.8, 127.9, 127.6,
123.4,122.9, 122.2,121.3,119.2, 117.3, 49.5.

N-((2-Hydroxynaphthalen-1-yl)(3-
nitrophenyl)methyl)acetamide (4m) IR (KBr, cm™):
3395, 3151, 3090, 2989, 1645, 1530, 1435, 1348,
1295, 1279, 1071, 990, 828, 745, 734; 'H NMR (400
MHz, DMSO-ds): 6 = 10.14 (s, 1H), 8.62 (d, J = 8.0
Hz, 1H), 8.02-7.99 (m, 2H), 7.84 (br, 1H), 7.78 (t, J
=8.6 Hz, 2H), 7.59-7.51 (m, 2H), 7.40 (t, J = 7.6 Hz,
1H), 7.26 (t, J = 7.4 Hz, 1H), 7.18 (d, J = 8.7 Hz,
1H), 7.16 (t, J = 8.0 Hz, 1H), 2.02 (s, 3H); *C NMR
(100 MHz, DMSO-dg): 0 = 170.3, 153.9, 148.2,

145.9, 133.4, 132.7, 130.5, 130.1, 129.2, 128.9,
127.3,123.2,123.1,121.8,120.9, 118.9, 118.3, 48.2,
23.1.
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EJHO-CTAUMHA TPU-KOMITOHEHTHA CUHTE3A HA 1-AMUJIOAJIKMJI-2-HA®TOJIN
B [TIPUCBCTBUE HA ®TAJIMMU-N-CYJIGOHOBA KNCEJIMHA

X. Kusan*, X. Jlapbannu

Yyunuwe no xumus, Yuueepcumem J{amexan, 36715-364 Jlamexan, HUpan

Ionyuena na 24 anpun 2015 r.; kopurupana Ha 17 ¢pespyapu 2017 r.

(Pesrome)

W3nurana e npocra, eqHO-cTaauiiHa Tpu-koMioneHTHa peakuus (3CR) 3a cuHTe3aTa Ha pa3nn4Hu 1-aMug0ankui-2-HadTou
pu ¢prammmua-N-cyndoHoBa KucelInHa KaTo TBEPJA OPTaHWYEH KaTann3arop. Peaknusara ce mpoBexna 0e3 pa3TBOPHUTEN NPHU
100°C 3a okoio 4-18 MuHYTH, a CHOTBETHUTE IPOIYKTH ca ¢ 1o0uBM Mexay 75 u 97%. KaranusaTopsT ce BB3CTaHOBSBA U Ce
U3M0JI3Ba HAKOJKO MBTH. TOH € e()eKTHBEH, eBTHH M €KOJIOTHUECKH CbBMecTUM. OCBEH TOBA OIMHMCAHHAT ITPOTOKOJ € JECEH U

C€BTHUH 34 U3IITBJIHCHHUEC.
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Kinetic studies on the formation of silver nanoparticles by reduction of silver(l) with
glucose in aqueous and micellar media
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The kinetics of the formation of silver nanoparticles (AgNPs) by reduction of silver (I) with glucose are studied at
different temperatures in aqueous micellar media. The reaction was carried out under pseudo-first-order condition by
taking the [glucose] (>10-fold) the [Ag*]. The effect of [NaOH], [Ag*], [glucose] and [CTAB] are investigated. Rate of
reaction enhance by increasing [OH]. CTAB stabilized the rate of growth of nanoparticles and the rate of reaction
increases with increasing in temperature. It was observed that nanoparticles are spherical, aggregated and poly
dispersed. On the basis of kinetic data, a suitable mechanism is proposed and discussed for the silver sol formation. The
particle size of silver sols is characterized by the transmission electron microscopic (TEM) and some physiochemical

and spectroscopic tools.

Keywords: Silver nanoparticles; kinetics and mechanism; micelles; reduction; TEM

INTRODUCTION

Metal nanoparticles are attractive due to their
easy synthesis, modification as well as their size,
shape, distribution which are properties dependent
[1, 2]. The preparation of uniform nanosized drug
particles with specific size, shape and chemical
properties is of great interest in the formulation of
new pharmaceutical products [3,4]. Nanoparticles
can be used as labels for optical bio-detection,
substrate for multiplexed aqueous bioassays, probes
for cellular imaging or carriers for therapeutic
delivery [5]. The evolution and technological
progress of silver nanoparticles in the manufacture
are due to their antiviral and antibacterial
properties, in addition to numerous industrial
applications including microelectronics, cosmetics,
an adhesives and catalysis to enhanced solar cells
[6-8]. The formation of nanoparticles using
biological entities has great important due to their
individual shape dependent optical, electrical and
chemical properties have potential application in
biotechnology [1].

The nanoparticles were formed and stabilized by
chemical and physical methods; the chemical
method, such as, electrochemical techniques,
chemical reduction, and photochemical reduction is
most widely used [9] and [10]. The chemical
reduction is the most used method for the formation
of silver nanoparticles as stable, colloidal
dispersions in aqueous or non-aqueous media [11]
and [12]. Hydrazine, aniline, ascorbic acid, lactose

* To whom all correspondence should be sent:
E-mail: hshalby2002@yahoo.com

and sodium borohydride are used as reducing agent
in the formation of nanoparticles [13-17]. The
stabilizing agent such as cetyltrimethylammoniuom
bromide, sodiumdodecyl sulphate, Tritron X-100
and poly(vinyl alcohol) are used as capping agent
to control the shape and size of silver nanocrystals
[13,16,18]. The reduction of silver ions (Ag*) in
aqgueous medium gave a colloidal silver with
particle diameters of several nanometers [19]. The
oligomeric clusters of nanosilver are formed by
reducing of Ag* to silver atoms (Ag°) [20]. The
yellow colour of silver sols, which contain smaller
particles, gave a peak in the wavelength range 390-
450 nm [20].

In this paper, the kinetics of formation of silver
nanparticles by reduction method were studied in
order to obtain a stable, narrow size, uniform and
spherical shape form of silver nanoparticle in
aqueous micellar media. Also, the role of [OH] in
the silver sols formation is investigated.

EXPERIMENTAL
Materials and solutions

Silver nitrate, glucose, cetyltrimethylammonium
bromide, sodium hydroxide and potassium
permanganate (BDH Ltd Poolle England) were
used without further purification. The solutions of
silver nitrate and glucose were prepared daily (to
arrest the aerial oxidation) in cooled and boiled
water. Doubly distilled water was used for the
preparation of all solutions.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 569
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Kinetic procedures

UV-visible LABOMED, INC UVD-2960
spectrophotometer and Perkin Elmer EZ-150
recording spectrophotometer were used to monitor
the absorbance of the formation of silver sols. TEM
images for the determination of the size of silver
particle were recorded using transmission electron
microscope (JEOL, JEM-1011, Japan) The
preparation of samples were carried out by adding a
drop of working solution on a carbon-coated
standard copper grid (300 mesh) operating at 80
kV. The particles were imaged by LEO 440i
Scanning Electron Microscopy (SEM) at an
accelerating voltage of 20 kV.

1 =

0.8 1

0.6 1

Absorbance

0.4 4

0.2 1

300 400 500 600

Wavelength (nm)

Fig. 1. Absorbance spectra of silver sol. Reaction
conditions: [Ag*] = 5.0 x 10°° mol dm?, [glucose] = 2.0
X 10 mol dm3, [CTAB] = 1.0 x 10 mol dm™, [OH] =
5.0 x 10 mol dm* and T =50 °C.

The ultraviolet-visible absorption spectra of the
products (silver sol) were followed
spectrophotometrically for a definite period of time
using the LABOMED, INC UVD-2960
spectrophotometer. All reactants were equilibrated
at the required temperatures in a thermostated water
bath for ca. 15 min before being thoroughly mixed
and quickly transferred to an absorption cell. The
reaction rates were measured by monitoring the
absorbance of product at 405 nm, on a Perkin
Elmer EZ-150 spectrophotometer, where the
absorption of the products is maximal. The
temperature of the reacting solution was adjusted,
using automatic circulation thermostat. The
thermostat was provided with a special pumping
system for circulating water at regulated
temperature in the cell holder.

Pseudo-first-order conditions were maintained
in all runs by the presence of a large excess (>10-
fold) of maltose. Pseudo-first-order rate constants,
Kobs, Were obtained from the slopes of plots of In
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al/(l—a) versus time with a fixed-time method
where a = A/A. and A and A, are the absorbencies
at times and infinity, respectively [21].

The preparation of silver nanoparticles by the
reduction of silver (1) with glucose in presence of
micelles in agueous medium was investigated. A
series of runs were carried out, using a different
concentration of glucose, silver nitrate and CTAB
to obtain a perfectly clear silver sol. In the similar
procedure, 2.0 ml of a 0.001 mol dm™ solution of
silver nitrate and 2.0 ml of a 0.1 mol dm™ sodium
hydroxide solution was mixed with 4.0 ml of a 0.01
mol dm~3 CTAB solution. The pale yellow color of
the silver sol is formed, when 4.0 ml of a 0.02 mol
dm™3 solution of glucose was added to the reaction
mixture at the beginning of reaction. The total
volume of the reaction mixture was always 40 ml.
The presence of pale yellow color, this indicated
that the formation of Ag-nanoparticles [22, 23].

RESULTS AND DISCUSSION

Formation and characterization of silver
nanoparticles

The synthesis and formation of silver
nanoparticles using glucose as reducing agent in
presence of active surfactants such as CTAB is very
important because the shape and size depend on the
nature of stabilizers and reducing agent [24]. For
the characterization of silver sol, in a typical
experiment, Ag* ions (5.0x10° mol dm™3), [NaOH]
(5.0 x 1073 mol dm™3), glucose (2.0x10~2 mol dm™)
with the CTAB (1.0x10°% mol dm™3) were mixed at
50 -C.

UV-visible absorption spectra have been
perfectly sensitive to the formation of silver sol
because silver nanoparticles show a absorption
peak due to the surface plasmon excitation and
spectra of the product recorded were at the
wavelength ranged from 300 to 600 nm (Fig. 1).
The maximum absorption was obtained at
wavelength 405 nm showing the formation of Ag-
nanoparticles. This indicate that the increase in
absorbance at 405 nm with time. The absorption
plasmon band with a Amax at 405 nm is the
characteristic of spherical or roughly spherical
shape Ag-nanoparticles synthesis.

From SEM images it is observed that the
particles had a relatively narrow size and a
spherical shape. The size of silver nanoparticle is
ranging from 10.0 to 45.0 nm and has a various
shapes: sphere and irregular with broader size
distribution (Fig. 2).
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Fig. 3. TEM image of silver nanoparticle.

TEM image of the prepared Ag-nanoparticles is
represented as shown in Fig. 3. From Fig. 3, it
clear that the size of the nearly spherical
nanoparticles ranges between 12.31 and 40.23 nm
and their size distribution is relatively wide. The
TEM image confirms that the CTAB stabilized
particles are spherical rather than hexagonal forms
of silver nanocrystals, as was observed for the
reduction of Ag® ions with hydrazine and ribose,
respectively [25, 26].

Kinetics of formation of silver nanoparticles

Preliminary observations showed that the
presence of NaOH solution is essential to the
reduction of Ag* ions by glucose in presence of
CTAB. Therefore, the choice of the best conditions
for the kinetic experiments is a crucial problem that
we address first. In order to examine the effects of
variables, experiments were tried at [Ag*] (1.25 -
6.25) x10°° mol dm3, [glucose] (1.0 — 3.0) x 102
mol dm~3, [CTAB] (0.5-3.0) x 102 mol dm™ and
[NaOH] (2.50-15.0) x1073 mol dm™3.

Plotting absorbance versus time (Fig. 4) shows
that non-catalytic and autocatalytic reaction path.

Table 1. Dependence of the [Ag*])/[glucose] reaction rate on [Ag*], [glucose] and [CTAB] = 1.0 x 102 mol dm™ at

T= 50.0°C.
103[OH] 105[Ag*] 103[glucose] 10%[CTAB] mol 103Kops
mol dm3 mol dm3 mol dm™ dm3 s!
2.50 5.00 2.00 1.00 0.85
3.75 1.36
5.00 1.78
7.50 3.46
10.00 3.89
12.50 4.03
15.00 4,12
5.00 5.00 1.00 1.00 0.69
1.50 1.12
2.00 1.78
2.50 2.32
3.00 2.73
5.00 1.25 2.00 1.00 1.60
2.50 151
3.75 1.77
5.00 1.78
6.25 1.76
5.00 5.00 2.00 0.50 251
0.75 2.03
1.00 1.78
1.25 1.37
1.50 1.04
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0.4 =
10° [glucose], mol dm? [NaOH] =5.0 x 107 mol dm™3
1 [CTAB] =1.0 x 10” mol dm™
15 [Ag']=2.0x 10°° mol dm™®
2' T =50°C
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Fig. 4. Absorbance-time curves of silver sol formation at different [glucose]

2 -
10°[glucose], mol dm™ [NaOH] = 5.0 x 10° mol dm™
[CTAB] = 1.0 x 10 mol dm®
o1 [Ag'] =2.0x 10®° mol dm™
1 = o015 T =50°C
0
B
)
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Fig. 5. Plots of In a/(1-a) versus time at different [glucose] at 50 °C

The observation of autocatalysis in Fig. 4, is due
to the formation of metal nucleation center which
acts as a catalyst for the reduction of other silver
ions present in solution. In the present study it is
necessary to point out that the plots of In a/(1-a)
against time are linear up to > 87 % of the reaction
(Fig. 5), where a = A/A., and A: and A.. are the
absorbancies at times t and infinity oo, respectively
[21].

The values of the rate constants were obtained
from the slopes of In a/(1-a) versus time plots
(Table 1).
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The unaffected of kos Over the [Ag®] range
(1.25-6.25) x 10°° mol dm= at constant maltose
concentration indicating first order dependence on
the [Ag*] as shown in Table 1. The dependence of
Kobs on glucose was examined over the
concentration range (1.0 - 3.0) x 102 mol dm™ at
fixed [Ag*], [OH], CTAB and temperature. The
kinetic data are graphically represented in Fig. 5.
Table (1), shows that the rate constant, Kobs,
increases with increasing in glucose concentration.

The Kkinetics of the formation of silver
nanoparticles were carried out over a [NaOH] range
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of (2.50 — 15.0) x 10 mol dm? at constant [R-
CHO] = 2.0 x 10 mol dm, [Ag*] = 5.0 x 10°° mol
dm3, [CTAB] = 1.0 x 10° mol dm? and at T =50
°C. In absence of glucose, the solution become
yellow transparent color and the spectra of this
color were recorded as a function of time (Fig. 6).
Fig. 6 shows that the spectra of Ag*—OH™ reaction
product cover the whole visible region of the
spectrum in absence of glucose. No spectral peaks
are observed for 40 min. Fig. 7 and Table 1, shows
the dependency of kqps on [NaOH]. The reaction is
very sensitive to small concentration of NaOH, a

0.5 1

Absorbance

0.4 4
0.3 4
0.2 4
40 min

concentration of 2.5x10°* mol dm™ being enough
to catalyses the reduction of Ag* by glucose. On the
other hand, no reduction of Ag*ions takes place in
absence of [OH"]. The reaction rate increased with
increasing [NaOH] up to 7.5x10° mol dm and no
significant changes in kops were observed at [NaOH]
>10.0x102 mol dm (Fig. 7). These observations
are in good agreement with the results of Huang et
al. [27]. Thus we may safely conclude that
hydroxide ions play a crucial role in the reaction of
Ag" ions with paracetamol [27].

25 min
0.1 4
10 min
5 min
O L] L] L] L] L] L]
350 400 450 500 550 600 650

Wavelength (nm)

Fig. 6. Absorption spectra of silver sol formation as a function of time. Reaction conditions: [CTAB] =1.0x10~% mol
dm3; [Ag*] = 5.0x10°° mol dm3; [NaOH] = 5.0x10"% mol dm™3; T =50 °C

[glucose] = 2.0 x 10° mol dm™

[Ag =5.0 x 10° mol dm™
4 [CTAB] =1.0x 10° mol dm™
T =50°C

10%obs (5™

8 10 12 14 16

10%[NaOH] (mol dm™)

Fig. 7. Variation of koys with [NaOH]
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Fig. 8. Variation of absorbance versus time at different [CTAB].
Table 2. Variation of rate constant, kops, With temperatures.

Temp. 10%T 10%Kobs -In Kobs/ T
(°C) (KY) (s) (s*K™)
35.0 3.25 0.86 12.79
40.0 3.19 1.23 12.45
45.0 3.14 1.48 12.28
50.0 3.10 1.78 12.11
55.0 3.05 2.03 11.99

The effect of CTAB on the formation of silver
nanoparticle by reduction with glucose was carried
out at [Ag*] = 5.0 x 10° mol dm, [glucose] = 2.0
x 10° mol dm®, [OH] = 5.0 x 10" mol dm for a
concentration range of CTAB = (0.5 - 1.50) x 103
mol dm? and T = 50.0 °C. The kinetic data are
graphically represented in Fig. 8. Table 1, indicates
that the reaction rate decreases gradually with
increasing of [CTAB].

The effect of temperature on the rate of reaction
of glucose with silver ion was investigated at [Ag*]
= 5.0 x10° mol dm, [glucose] = 2.0 x 10 mol dm
3 [NaOH] = 5.0 x 10° mol dm?3 over the
temperature range (35.0 — 55.0) °C. Variations of
rate constant, Kops, With different temperatures are
represented in Table 2. show that the rate of
reaction increases with increasing in temperatures
(Table 2). From these results thermodynamic
activation parameters including enthalpy and
entropy associated with kqps are obtained by plotting
-Inkons/ T against 1/T, (c.f. Table 2. Enthalpy of
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activation, AH* and entropy of activation AS* are
equal to 33.1 kJ mol? and -195.4 JK'mol?
respectively.

Mechanism

Before attempting to propose a mechanism for
the silver sol formation, it is necessary to discuss on
the species of Ag* existing in the NaOH medium. It
is known that formation of silver particles in basic
2-propanol media proceed via formation of Ag.O
species involving the Ag* and OH™ [27, 28]. It
should be emphasized here that the formation of
transparent yellow color was also observed in a
mixture of Ag*, CTAB and OH™ before the addition
of glucose (Fig. 6). As the glucose is added, it
results in a sudden increase in the absorbance. The
Ag.0 is most probably in the colloidal form since
no turbidity or precipitation is detected in the
solution [27]. In order to identify the role of OH~
concentrations in the reduction Ag" ions by
glucose, we experimentally tested that at specific
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concentration of NaOH (>7.5x1072 mol dm™3), the
reaction mixture (([CTAB] = 1.0x10°® mol dm~ and
[Ag] = 5.0x10° mol dm™), turned turbid in
absence of glucose. On the other hand, yellow
transparent color appeared at lower [NaOH]
(£7.5x1072 mol dm™3) and the spectra of this color
was recorded as a function of time (Fig. 5),
indicating the formation of colloidal Ag.O during
the fast reaction of Ag" with OH™ [27]. These
observations are in good agreement with the results
of Huang et al. [27]. Thus we may safely conclude
that hydroxide ions play a crucial role in the
reaction of Ag* ions with glucose. The hydroxide
ions is known to have a catalytic effect on the
formation of silver sols, provides the significant
change in the reactivity of Ag* ions that allow the
initiation of the electron transfer from glucose to
Ag* ions, which in turn, preventing a fast corrosion
of the very small silver particles at early stages of
the reaction [27].

On the basis of these observations, the
mechanism is proposed for the reduction of Ag* by
glucose. Egs. (1) and (2) represents the fast
formation of colloidal Ag,O and adsorption of Ag*
from solution onto the surface of Ag,O particles,
respectively. The adsorption of organic reductants
on the surface of the colloidal metal particles in
quasi-equilibrium reactions prior to the redox rate-
determining steps is widely accepted [29, 30].
Thus, the reaction proceeds through the adsorption
of glucose onto the surface of colloidal Ag.O-
(Ag*)n particles (Eq. (3)). By analogy with
previous results, we assume that adsorbed silver
ions are then reduced by reaction with glucose (Eq.
(4); rate-determining step). In the next step, silver
ions adsorbed on the surface of Ag.O are then
reduced via reaction with the delocalized electrons
[29] (Egs. (6) and (7)).

2Ag* + 20H — Ag,0 + H,O (fast) Q)
Ag20 + (Ag)n — AQ20-(Ag*)n  (fast) (2
Ag20-(Ag")n + CH:0H-(CHOH)s;-CHO—
— (Ag20-(Ag*")n-CH20H-(CHOH)4-CHO) (3)
Ag.0-(Ag*)n-CH.OH-(CHOH),-CHO —
—CH20H-(CHOH);-COO~ + Ag.0-(Ag)n + H*

(4)

Ag.0-(Ag)n — € (Ag:0) (fast) (5)
e(Ag0) +Ag" — Ag°® (fast) (6)
2Ag+ + 2Ag°— Ags?* (silver sol, Amax = 405 nm)
(fast) (7)

The role of micelles in catalysis and inhibition
of some reactions are due to the solubilization

and/or incorporation of reactants into the small
volume of micelles through electrostatic,
hydrophobic, hydrogen bonding and Van der Walls
forces [31, 32]. The role of CTAB in the formation
of silver sols can be explained by the positive
charge on Ag* and its metal particles in the reaction
medium.  Furthermore, electrostatic repulsion
between the positive head group (-N*(CHa)s) of
CTAB micelles and Ag* ions will explain why the
rate of reaction decreases with increasing in
[CTAB].

In comparison with the formation of silver
nanoparticles by reduction with ribose [26] under
the same condition, the rate-determining step path
via one electron oxidation-reduction mechanism in
both cases. The rate of formation of silver
nanoparticles by the reduction with ribose is more
than the rate of formation with glucose.The
negative values of the entropies of activation for
this reaction may result from the charge
concentration of the reactants, which causes
substantial mutual ordering of the solvated water
molecules [33]. The intermolecular electron
transfer steps are endothermic as indicated by the
positive AH* values. The support of AH* and AS*
to the reaction rate seem to compensate each other.
This suggests that the factors affecting AH* should
be closely related to those controlling AS*.

CONCLUSIONS

The results from this study show that the
reduction of silver (I) by glucose is enhanced in
presence of NaOH, leading to the formation of
stable and transparent yellow color of silver sol.
The kinetics of silver sol formation was monitored
by recording the absorbance as a function of time.
The reaction proceeds through the adsorption of
glucose onto the surface of colloidal Ag.0O—(Ag)n
particles. TEM, SEM and UV-SP, show that the
formation of spherical, aggregated and poly
dispersed nanoparticles.
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KMHETUYHU U3CJIEABAHIA 110 OBPA3YBAHETO HA CPEBBbPHU HAHO-YACTUILN
YPE3 PEAYKIINA HA CPEBPO (I) C I'"IFOKO3A BBB BOJJHU 1 MULIEJTAPHU CPEIN

X.A. Eyanc?’, U M. Ucmamn*?, K. X. An-Daxamu’

Yumuuecru denapmamenm, Hayuen paxynmem, Yuusepcumem ,, Kpan A60yn Asuc*, laceda 21413, Cayoumcka
Apabus
2[Jenmwp 30 66PX06U NOCMUIICEHUS O ONA36AHE HA OKOAHama cpeoda, Yuusepcumem ,,Kpan A60yn Asuc*,
Iiceoa 21413, Cayoumcka Apabus

Ilonyuena Ha 7 ssHyapu 2016 r.; kopurupasa Ha 14 ampun 2017 r.

(Pestome)

Kunerukara Ha oOpasyBane Ha cpeObpuu HaHo-yactuiu (AgNPS) upes penykius Ha

cpedpo(l) ¢ mmrokosa e

M3CIIe/IBaHa [IPU Pa3IMYHK TeMIlepaTypy BbB BOJHA MHUIIEIAapHA cpena. Peakiusra € OT MCEeBAO-IIbPBU HOPSABK MpPU
JIECETOKPATeH M3JIMINBK Ha TIOKo3aTa. V3cimenmBan e eeKThT Ha KOHIICHTpAIMHWTE Ha HATpueBata OCHOBa, AJT,
TJIFOKO3aTa M IeTwi-TpuMetui-amonneB 6pomun [CTAB]. Peakimsita ce yckopsiBa MpH MOBHIIABAHE KOHIIEHTPAIUATA
ma OH. CTAB crabuwnmsupa pacTeka Ha HAHOYACTHUIIMTE, KaTO CKOPOCTTa HAa pEakIusITa CC¢ IOBUINABA C
Temreparypata. HaOnronaBano e ve HaHouyacTUIMTE ca cepuyHH, arperupaHu u noiuauciepcHu. Ha Oazata Ha
KHHETHYHUTE JaHHU € MPEIIOKEH U 00CH/ICH IMOIXOISII MEXaHU3bM 32 POPMHUPAHETO HAa cpeOBpeH 30i1. Pasmepute Ha
CcpeOBbpHHUTE YACTHIM Ca OXapaKTePU3UPAHU Ype3 TPAHCMHUCHOHHA eekTpoHHa Mukpockormust (TEM) u npyru dusuko-

XUMHWYHHU U CIICKTPOCKOIICKU CPEACTBA.
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Natural zeolite clinoptilolite from Beli Plast deposit (Bulgaria) was studied and characterized as ion-exchanger for
cesium removal from waste water. Batch procedure was applied to investigate the influence of pH, time and Cs
concentration on the sorption effectiveness. The studied system was best described by a pseudo-second-order rate
model with a rate constant k; of 37.03 and 0.103 g meq™ min™ for cesium concentrations of 64.9 and 649 mg L7,
respectively. The equilibrium data were fitted to the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm
models. The best correlation was found with the Langmuir model and the estimated maximum exchange capacity was
1.044 meqg/g. The reaction energy, calculated from the D-R model is 13.4 kJ mol.

Key words: clinoptilolite, Cs+ ion exchange, kinetics, equilibrium.

INTRODUCTION

Nuclear energetic and other industrial and
medical activities lead to generation and deposition
of radioactive and other wastes. The most abundant
radionuclides in these wastes are the radioactive
isotopes of Cs and Sr. Due to their long half lives
these elements are hazardous nuclear contaminants.
The radioactive forms of cesium Cs!®* and Cs™’
have fission yields of 6.54 and 6.18%, respectively
[1]. The leaching of cesium isotopes in
hydrological cycles, combined with their high
solubility and mobility in water media and chemical
similarity to potassium make them bioavailable and
dangerous for all living systems

The management of radioactive wastes aims to
remove the contaminating cations and to make their
disposal more efficient and safety. It should be
taken into account that the radioactive ions are
presented in very low concentrations (ppm and
lower) in strong acidic or alkaline solutions with
high contents of sodium ions. Different separation
techniques and materials are tested for radionuclide
removal, which must be chosen to conform to the
properties of the liquid phase and the specificity of
the solid phase. One appropriate chemical method
that achieved this aim is ion exchange and natural
zeolites appear to be suitable materials due to their
selectivity for Cs isotopes and radiation and
mechanical stability. In addition, they are found in
nature in high amounts and are relatively cheap.

The ion exchange characteristics of a lot of
natural zeolites have been studied with respect to
their potential utilization in nuclear wastewater
treatment. The research interest is generally
centered on clinoptilolite as a member of this group

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

that exhibits good exchange characteristics to metal
cations and is widely distributed in nature [2-12].

The published studies describe different aspects
of clinoptilolite application as ion exchanger.
Cesium removal from aqueous solution by natural
clinoptilolite from different localities and countries
has been reported by Cortes-Martinez et al. [4] and
Rajec and Domianova [5]. Results from
investigation of samples containing clinoptilolite
and mordenite [6] or clinoptilolite, mordenite and
habazite [7] have been reported. Studies of
mixtures of zeolites and other alumosilicate
materials as bentonites [8] or kaolinite [9] are also
presented. Physicochemical characteristics of the
uptake, distribution coefficients and maximal
capacities are compared and discussed with respect
to the mineralogical and chemical composition of
ion exchangers. The effect of zeolite modification
in different cationic forms on its physicochemical
properties for Cs uptake has been discussed as well
[10, 11]. The selectivity of natural clinoptilolite
towards the main radioactive elements Cs, Sr, and
Co in the wastes has been studied by Smiciklas et
al. [12].

In the above cited papers the studies aimed to
describe different characteristics of the Cs* uptake
by clinoptilolite applying a variety of techniques.
The objective was to find effective and reliable
method for removal of cesium from radioactive
wastes.

In the present study we continue the
characterization of Bulgarian clinoptilolite from
Beli Plast deposit as ion exchanger for heavy
metals and ions of radinuclides [13, 14, 15]. The
aim is to study the Cs* behavior as a function of
interaction time, pH, temperature and initial
concentrations under batch conditions and to apply
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the obtained data to different kinetics and
thermodynamic models in order to receive
equations, describing mathematically the run of the
processes. The parameters of models give
possibility to make conclusions about the uptake
mechanism and the rate controlling interactions.

EXPERIMENTAL

The used clinoptilolite rich tuff is from the Beli
Plast deposit (East Rhodopes, Bulgaria). After
grinding and sieving a portion with a grain size <75
pm was separated for the experiments. The
mineralogical composition of the sample was
determined by powder XRD analysis and revealed
that the zeolitized tuff consists mainly of about 85
wt.% clinoptilolite and minor content of opal-CT
~15 wt.%. The chemical analysis of the adsorbent is
described in [15].

The clinoptilolite sample was used in the ion
exchange experiments without any pretreatment.
All used chemicals were of analytical grade. The
cesium stock solution was prepared from CsClI
(Merck). The working solutions were prepared by
appropriate dilution. Cesium uptake was studied by
agitated batch experiments. In general, the
procedure for kinetic, equilibrium and pH studies
was as follows: to an amount of 0.1 g of material in
a screw capped polypropylene bottles there were
added 20 ml of cesium solution with pH, adjusted
by addition of diluted HCI or NaOH. The bottles
were placed on a horizontal shaker, shaken during
necessary contact time and the suspensions were
separated by centrifugation at 4000 rpm. The
recovered supernatant solutions were appropriately
diluted if necessary and cesium concentration was
determined by atomic absorption spectrometry
(Perkin-Elmer 30-30 spectrophotometer). The
cesium content in the solid phase was calculated
using the equation:

q. = M @
m

where, ge (Mg g™) is the concentration of cesium
in the solid phase, Coand C. (mg L) are the initial
and equilibrium concentrations of the cesium
solutions, respectively, V (L) is the volume, and m
(g) is the natural clinoptilolite mass. The
experiments were carried out in duplicate.

RESULTS AND DISCUSSION
Effect of pH on the Cs uptake

The effect of the initial pH of the solution on the
cesium uptake onto clinoptilolite was investigated
by the batch procedure as described above using Cs
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solution with concentration of 664.5 mg L7,
contact time 450 min and pH range from 0.7 to
10.8. As an alkaline element cesium is in the form
of monovalent cation in the entire pH interval. The
relationships between the initial pH and the final
pH and the amount of the retained Cs are presented
in Figure 1. It can be seen from the graph that the
changes in pH are small for the initial pH <4.0 and
pHsin increases in acidic solutions and decreases for
pHin in the alkaline range. This fact demonstrates
that clinoptilolite has amphoteric properties — it
accepts protons at low pH and is deprotonated at
high pH. The uptake of Cs is effective even at low
pHin = 2 (effectiveness E = 64.48%) and then
increases and remains nearly constant (E ~ 69%) at
the range of pHi, 3 up to 10.8. The corresponding
capacities g. of Cs* uptake for these conditions of
the pH experiment at equilibrium are q about 0.7
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Fig. 1. Effect of pHi, on cesium uptake by natural
clinoptilolite (0.1 g + 20 ml 664.5 mg L™ Cs, contact
time 450 min)

These changes in pHsin and the extent of Cs
removal with pH might be explained as follows: at
low pHi, the H* ions are in high concentration and
compete with the Cs* ions in the interaction with
clinoptilolite making ion-exchange with the extra-
framework cations This results in low cesium
uptake and in increasing of pH. At higher pH more
cesium ions can be exchanged and q increases.

Kinetic studies

The kinetic of the Cs* uptake by clinoptilolite
was studied by bath procedure as described above,
using a set of solutions for two concentrations of
649 and 64.9 mg L™ Cs* at pHinit of 5.4 and contact
times of 15, 18. 60, 120, 360, 600, 850 and 1490
min. The rate and extent of removal of Cs* are
shown on Fig. 2 a.

As seen from the run of the plot of the lower
concentration 64.9 mg L and the calculated value
of ge, the loaded amount of cesium increases very
quickly, reaches equilibrium in the first 25 min and
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then remains constant. The removal efficiency
(E%) of clinoptilolite for Cs* changes from 91.3 to
99.5%, i.e. almost all of the Cs* ions were removed
within 25 min of reaction. The initial pH of the
solutions rose slowly from 5.4 to near neutral value
of 6.7 within 120 min and remained at this value to
the end of the interaction. For the higher studied
concentration the results indicate that ge increase
quickly in the first 25 min then the changes are
small until equilibrium is reached after 360-600
min. By this time the removal efficiency increases
from 52.1 to 80.8% and pHsn increases to 6.8.
These changes of pH are result of exchange of extra
framework cations from the clinoptilolite structure
for Cs* cations from solution.
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Fig. 2. a) Cesium ion-exchange Kkinetic for two
different concentrations as a function of interaction time
(0.1 g material, 20 ml Cs* 649 and 64.9 mg L™, pHinit

5.4); b) Pseudo-second-order kinetic model fitted to
experimental data for the Cs-uptake by clinoptilolite

To investigate the mechanism and to determine
the process that governs the rate of the reaction,
three different models describing the kinetics have
been applied. They were pseudo-first-order,
pseudo-second-order, and intraparticle diffusion
models.

The pseudo-first-order rate model was applied in
its linear integrated form [16]:

In (0e — ) = In ge — kat (2),

where ge and g: in meq g are the concentrations
of Cs* in the studied natural clinoptilolite sample at
equilibrium and at any time t (min), k; in min? is
the pseudo-first-order rate constant.

When the relationship between In (. — ¢;) and t
is linear, ki is estimated from the gradient of the
plot.

The pseudo-second-order kinetics is represented
by the linear equation [17]:

t__1t +it (3)

d ko G

where k; (in g meq min-?) is the apparent
pseudo-second-order rate constant. The values of k;
and ge may be calculated from the gradient and the
intercept of the linear plot, respectively.

The data from the kinetic measurements were
interpreted by the method of regression analysis.
The relationship between the experimental results
and the theoretically fitted lines for the pseudo-
second-order model is shown in Fig. 2b. The
obtained equations for the two models with the
corresponding squares of regression coefficients R?
and the apparent pseudo-rate constants ki and k. are
listed in Table 1.

The high values of correlation coefficients R2
(0.9999) for the fitting of pseudo-second-order
kinetic model and experimental data are indicative
for the validity of this model for both studied
concentrations.  In  addition, the calculated
equilibrium values of uptake capacities g. are very
close to the experimentally observed data. The R?
values obtained by fitting the Cs* uptake data to the
pseudo-first-order model are also statistically
significant (about 0.9) but lower and indicate that
this model is less adequate. Moreover, the ge values
obtained from the first—order kinetic model and the
experimental ge values differ from 39.83% to
73.87%. A similar result for kinetics modeling was
described previously in [4, 9, 12].

Table 1. Parameters of model kinetics equations for the removal of Cs* by natural clinoptilolite.

Cs* First-order-rate model

Second-order-rate model

. (e, exps

concentration, 2 . g Qe calc 2 ko e calc 'y

mg L © M) (meqgy @meq’min?) (meqg?) ("4
64.9 0.9054 0.0014 0.0583 0.9999 37.03 0.097 0.097+0.0001
649 0.8986 0.0039 0.202 0.9999 0.103 0.774 0.773+0.014
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As it is known, the simple kinetic models and
the calculated equations are mathematical
expressions and description of the kinetic process
and give only a possibility to predict the results of
interaction between the sample and the cations and
to compare different systems. The actual chemical
reactions and processes that represent the
mechanism and determine the rate of uptake
include interaction phenomena that are fast and
transport phenomena as film diffusion and diffusion
of the solute cations into the interior of the pores.

The estimation of the film and the intraparticle
diffusion by applying the model equations and a
discussion of their role in the uptake is presented in
[18]. Our attempt to apply these equations for
treating the experimental results gives plots that
involve two phases and did not have a zero
intercept, i.e. do not correspond to the requirements
of the models and do not give exact answer for the
rate controlling process. Both mechanisms
contribute to the rate of uptake, but no one
determines the overall rate.

Isotherms studies

The equilibrium isotherms give a possibility to
describe and to design the uptake systems. The
equilibrium data for cesium uptake by natural
clinoptilolite was collected from agitated batch
experiment, varying Cs* concentration in the
interval 64.9-2596 mg L™, at pHini ~5.40 and time
of interaction of 24 h.

Several isotherm models are known and applied
for characterization of uptake equilibrium as
relation between the equilibrium concentration of
exchanged cation in the liquid and solid phases.
Three most often used ones are selected in this
study — those of Langmuir [19] and Freundlich [20]
and Dubinin-Radushkevich (D-R) [21].

The linear forms of Langmuir and Freundlich
isotherm models can be represented by equations
(4) and (5), respectively:

C_ 1 .C
d. 4.0 d,

logq, =log K. +1Iog C. (5
n

where C. (meq L™) and g (meq g?) are
respectively the equilibrium cesium concentrations
in the aqueous phase and in the solid phase, gm
(meq g) represents the maximum uptake capacity,
b (L meq™?) is the site energy factor, connecting to
the equilibrium constant (affinity term). Ke (meq g~
H/(meg L)Y and n (dimensionless) are Freundlich
parameters.

The nature of the sorption process was
investigated by the application of the D-R isotherm
model equation (6):

INge=Ingm—pe* (6)

where, ge gmand Ce (in eq g2) are as described
above, § is a constant related to the sorption energy,
R is the gas constant (kJ mol? K1), T is the
absolute temperature (K), and & is a Polanyi
potential:

e=RT In(1+iJ @)
C.

The constant £ is related to the energy of
interaction E by:

E=(-28)" (8)

The isotherm of Cs uptake by natural
clinoptilolite is plotted as a function of
concentration of cesium onto clinoptilolite versus
the corresponding equilibrium concentration in the
solution (Fig. 3a). The initial pH of the solutions
increased from the values of 5.4 to between 6.6 and
6.7 units for all concentrations of experiment. The
experimental data were fitted by the method of least
squares regression analysis to the three models. The
corresponding linear fits are presented on Fig. 3b, c,
d and the parameters of the three models are
presented in Table 2.

Table 2. Langmuir, Freundlich, and D-R isotherm parameters for Cs* uptake by natural clinoptilolite

Model Linear form of equation R2 b (L meq? Omaic (MG Gmcae « (Mmeq gt
g (L meq™) o) (mgg?) Gmew (MeqgT)
Langmuir | Ce/ge = 0.957C. + 0.129  0.9996 7,384 1.044 138,75 1,031 +0.006
) ; 5 Kr
Model Linear form of equation R (megi-n L3 1) 1/n n
Freundlich | 109 9= 0:27910gCet g 9414 0,672 0.172 357
0.172
Model Linear form of equation R? Omeatc (Meq g™)  B(eg? kI ?) E (kI mol?)
Dubinin —
Radush- | In ge =-6.405 + 0.0028 £2 0.9850 1.650 0.1726 13.4
kevich
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Fig. 3. Isotherm of Cs* uptake by natural clinoptilolite (a); Isotherm models fitted to experimental data — Langmuir

(b); Freundlich (c); D-R (d)

According to the square regression coefficients
R? the best correlation is obtained with the
Langmuir isotherm model. The Freundlich and D-R
models were found to correlate a little less although
there is a good correlation for the lower initial
concentrations in the initial part of the plots. The
calculated equilibrium uptake of Cs* by the
Langmuir isotherm model was 1.044 meq g¢*
(138.75 mg g¢') and is quite close to the
experimentally found value of 1.031 meq g — the
difference being 1.27%. The results, obtained for
equilibrium  modeling of Cs* uptake by
clinoptilolite differ in different studies. Cortés-
Martinéz et al [4] observed that the Langmuir-
Freundlich model describes the isotherms, Shahwan
et al [9] found that isotherm data for Cs™ uptake by
clinoptilolite can be fitted by both Freundlich and
D-R models, while in [12] the Langmuir model is
in good agreement with the experimental data as
are our observations. This result indicates the
monolayer uptake and assumes structurally
homogeneous material with the energetically
identical exchange sites.

The D-R isotherm model gives information
about the nature of interaction between
clinoptilolite and the cesium cations. The parameter
S was applied to calculate the mean energy of
interaction, E (eq. 8), related to the mechanism of
the uptake reaction [22]. The obtained value of E =

13.4 kJ mol is in the range 8-16 kJ mol* and
indicates an ion exchange mechanism.

A lot of papers were found in the literature
concerning the study of Cs* uptake by clinoptilolite
and determination of maximum exchange capacity.
In order to make a reasonable comparison, we
present only the results obtained using non
modified clinoptilolite, the same technique of
interaction and similar conditions with those in our
investigation. Smiciklas et al. [12] reported for
natural clinoptilolite from Serbia a maximal
capacity of 45.53 mg g*. Cortes-Martinez et al [4]
have found for two natural clinoptilolite tuffs from
Mexico values of gm 170.35 and 236.31 mg g7,
respectively. Close to them are the results obtained
from Boraj et al. [7] for natural clinoptilolite from
Japan, Futatsui deposit — 169.8 mg g, whereas
Schahwan et al. [9] found 7.72 Cs* mg g for
clinoptilolite rich tuffs from Anatolia, Turkey.

An other parameter that characterize the
selectivity, capacity and affinity of ion exchange
and allows to compare different systems, is the
distribution coefficient Ky (in mL g™), defined by
the following equation:

K, = 1000q, ©)
C.

Kq is determined using 132.91 mg L* Cs*
(1x107 M) in the above described conditions and
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its value is 17 000+1600. This value is very close to
distribution coefficient Kq = 15 360 for cesium
uptake by sodium titanosilicates [23].

CONCLUSIONS

The natural clinoptilolite from Beli Plast deposit
was studied as a potential material for removing
Cs* from contaminated solutions.

The wused clinoptilolite removes Cs* with
relatively high effectiveness E = 41,3% even from
strong acidic solutions with pH = 0.7. At low
concentration about 69 mg L™ the cesium retention
is about 97-98%. For the studied Cs*
concentrations >500 mg L™ the effectiveness E
reaches 69%.

The exchange Kkinetics of the process is
relatively fast for low cation concentrations. The
obtained pseudo-second-order model equations
provide a necessary tool for prediction and
comparison when such process is carried out.

The modeling of the equilibrium of the process
and the respective Langmuir model equations could
be used for calculation and estimation of the degree
of Cs removal.

On the basis of the obtained results the used
natural zeolite material could serve as well-
performing and economically effective material for
treatment of Cs* contaminated wastes.
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MOJIEJIMPAHE HA MIOHEH OEMEH HA Cs* C IIPUPOJIEH KJIMHOITTUJIOJIUT
BBHB BOJIHU PA3TBOPU

H. JImxapesa, O. Iletpos, f1. I[BeTanosa

Hucmumym no munepanoeusi u kpucmanozpagus, bvieaperka axkademus na nayxume,
ya. ,,Axao. I'eopeu bonues ™, 6n. 107, Cogpus 1113, Bvreapus

IMocrbnuina Ha 2 centemBp, 2016 r.; kopurupana Ha 13 despyapu, 2017 r.
(Pestome)

B Ta3u cratus ce mpeAcTaBAT PEe3yNATATUTE OT M3YYaBaHETO HA MPHUPOJCH 3COJHUT KIWHONTHIIONUT OT HAXOMHIIC
Benu [Tnacr (bparapus) kaTo HOHOOOMEHEH MaTepHall 3a OTCTPaHsIBAHE HA IIE3Hid OT 3aMbpCeHH BOJIU. M3ciienBaneTo e
MIPOBEJICHO M0 METOJIa Ha COPOIHS B ChJ] C pa30bpKBaHE 32 YCTAHOBSBAHE HA BIMSHHUETO HA PH, BpeMeTo Ha KOHTaKT U
KoHIeHTpanusaTa Ha CS BbpXy epeKTHBHOCTTA Ha M3BIMYaHETO My. KMHeTHKaTa Ha Ta3W CHCTeMa Ce OIHCBAa C Haii-
BHCOKa CTENCH Ha KOpealus Ha eKCIIepUMEHTATHITE JaHHU C YPaBHEHHETO Ha MOJIea Ha PEaKIrs OT BTOPH TOPSIIBK
chC cKOpocTHA KoHcTaHTa Kz 37.03 u 0.103 g meq™ min~ 3a nsere xonuentpauuu Ha Cs — pecrnekTuBHO 64.9 u 649 mg
L

ExcniepuMeHTaNHNTE JaHHH OT W3CJIEIBaHE HAa PaBHOBECHETO OsiXxa CHIIOCTaBEHH C MOJENUTE Ha HM30TEPMH Ha
Jlaarmronp, @poitrmmx u Jyourna—PamymkeBnda. Haii-moOpa xopenmamnus Gemre HamepeHa ¢ Mozena Ha Jlanrmioup
KaTO M3YUCIICHUAT MaKcuMalieH oOMeHeH kamarureT Oere 1.044 meq/g. EHeprusita Ha peakiusTa Oellie H3UUCIICHa 110
mozena Ha Jyounua—Pagymxkesuy ¢ £ = 13.4 kJ mol=.
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In the research the technology of preparation of catalysts on block metal carriers was worked out and perfected. As the
secondary carrier was used alumina with an additive of zeolite or Ce*, Ti**, Zr**, La®*, Fe®. The active phase based on
compounds Mn, Ni, Co, Fe and the platinum group metals converted into colloidal state was used. The catalysts were tested
in the reactions of the complete oxidation of NOy, CO, C3Hg and NOx+C3Hes+O, reaction. The activity of Pd-Mo catalyst
increases when carrier modifying with cations Ce**, Zr**. The activity of a palladium catalyst in oxidation reactions CO -
90-100% and is independent of the concentration of metal, in complete oxidation of CsHg at 473-623 K - 78-90%, for Pt -
catalyst - 95-100%. For catalysts based on base metals introducing into the secondary carrier of Ti** significantly increases
the degree of reduction of nitrogen oxides with propylene, at 523 K on a Co-Mn-catalyst - 34%, on Fe-Mn - 29%, at 773 K

- 33% and 55%, respectively.

Key words: catalyst, toxic gases, motor transport, industry, block carriers

INTRODUCTION

Carbon monoxide, nitrogen oxides, unburned
hydrocarbons, and soot are the major toxic
components of exhaust gases of industrial
enterprises and released during operation of the
engine of internal combustion wastes. Decrease of
harmful emissions of motor transport and industry to
international standards currently is possible only
with catalytic methods, which are the most effective
means of cleaning [1-5].

As the catalysts of CO and hydrocarbons
oxidation and decomposition of nitrogen oxides are
used mainly noble metals on carriers having a high
catalytic activity and heat resistance to poisons.
Complete removal of toxic gases and poisons in the
presence of an effective catalyst is possible at the
optimum ratio of oxidizing and reducing agents. For
the first time monolithic blocks have been used in
the end of '60s as the carriers post-combustion
catalysts in non-road means of transport, i.e. in
mining equipment in a fork lift truck, etc. Later so-
called three-route catalysts (TRC) for reduction of
NOy in exhaust gases have been offered. The greatest
distribution was gained by catalysts on metal and
ceramic carriers of honey comb and cellular
structure with an intermediate layer from y-Al,O3
and an active catalytic covering, as a rule, from noble
metals (Pt, Pd, Rh) [6,7]. However, the high cost of
these metals and their low resistance to poisons
stimulate carrying out of scientific research directed
at creation of more optimal from an economic and

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

technological point of view, the compositions and
methods of catalytic neutralizers preparation. One of
the perspective directions in this area - the partial
replacement of noble metal on the oxide components
[8-10]. Performance of this subject of researches is
caused by need of the solution of questions of
ecological safety of Kazakhstan and protection of
bioresources. The development of effective catalysts
of neutralization of harmful emissions of the
transport and industrial enterprises is one of the most
important ways to reduce emissions of substances
that negatively affect the living organism and flora.

The purpose of the work is development of
technology of production of the laboratory and full-
size samples of catalysts on the block metal carriers
and test their efficiency in the processes of
neutralization of toxic emissions of the industry and
motor transport.

EXPERIMENTAL

Authors of the present manuscript for many years
carry out the researches on synthesis of high-
selective stable catalysts of cleaning of exhaust gases
of motor transport and harmful emissions of the
industry on the basis of monolithic metal block
catalysts [11-13]. There is a pilot plant, where all the
technological parameters of preparation of
neutralizers, as well as technical documentation for
the production of neutralizers and drawings on the
non-standard equipment have been worked out. The
designed monolithic block catalysts with the honey
comb structure of channels, developed surface, high
thermal and mechanical stability, low pressure
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difference maintain high efficiency of cleaning of
exhaust gases from CO, hydrocarbons, nitrogen
oxides and correspond to the EURO-3 standard.
Degree of cleaning of exhaust gases of cars running
on gasoline is equal to: CO-CHx-90-100%, NO- 80-
100%. Block catalysts have a cylindrical shape and
are convenient in placing at the source of toxic
emissions. High durability of metal and high
workability give the chance to make carrier walls
rather thin that as a result provides the general
significant increase in the geometrical area of a
metal substrate. These factors reduce the total
catalyst weight by one third in comparison with the
neutralizer on the basis of the ceramic at
preservation of catalytic effect. Due to the small
thickness of the substrate structure may be
configured in such a way that the effective cross-
section may be significantly higher than when using
a ceramic material: at the same time is achieved and
the significant decrease of the hydraulic resistance.
For preparation of the block carrier the heat-resistant
foil with 50 microns thick of need length and width
is cut. Then the foil is subjected to goffering, on a
smooth foil the corrugated tape is applied then they
are rolled into the cylindrical block. The secondary
carrier (washcoat) is applied on the prepared block
metal carriers with the honey comb structure of
channels. In Figures 1 and 2 are shown the
laboratory and full-size samples of neutralizers,
respectively.

|

Fig. 1. Laboratory samples of neutralizers on metal
blocks

Preparation of full-metal catalysts on the block
carriers is carried out on the pilot experimental basis.
Equipment for the preparation of full-size catalysts
on metal carriers on the basis of experimental
development is shown on Figures 3, 4. As a
secondary carrier is used alumina with the addition
of zeolite and alumina modified by additives Ce*,
Ti*, Zr**, La®*, Fe3*. For the preparation of solutions
of the active components of the catalysts were
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applied oxides of Mn, Ni, Co, Fe, prepared from
acetates and formates.

Fig.2. Full-size catalytic neutralizers on block metal

carriers

L Y

Fig. 3. Centrifuge for impregnating metal on the block

carrier

Fig.4. The kilns for the full-size metal catalysts
The previously weighed blocks were immersed in

a solution of acetate or formate of metal were shaken
slightly from the excess solution between the blocks
of channels, then were dried at 423 K for 2 hours in
a kiln, after which they were calcined in an electric
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furnace at 873 K for 2 hours. In this case metal salts
are decomposed to form metal oxides on the surface
of the carrier the block. The blocks were weighed
again and by a difference of masses before and after
deposition the concentration of the deposited metal
was determined. To increase the activity of platinum
catalysts in the reactions of oxidation of CO,
hydrocarbons and nitrogen oxides decomposition
usually platinum metals were transferred to a
colloidal state by impregnation of catalysts by the
previously prepared solutions of polymers with
inclusion of solutions of the deposited metals with
the subsequent thermal decomposition. In the work
platinum nano-size particles were prepared by
reduction with hydrogen in an aqueous solution
containing chloroplatinic acid and citric acid. As the
stabilizer of colloid platinum particles is used
isopropyl alcohol. The obtained colloidal platinum
metal by such methods is coated on carrier block.
Block carriers supported on metal sols were dried in
the furnace for 4 hours at a temperature of 423 K.
The catalysts were calcined in a muffle furnace at
773 K for 2 hours. Also in the synthesis of catalysts
based on platinum and palladium as active
components of catalysts acetates of Pt and Pd and
their =-complexes are used. Solutions of acetate of
palladium were prepared by dissolution of Pd in the
acetic acid containing 3% of HNOs. Nitric acid was
removed in the course of evaporation before
complete cessation of release of nitrogen oxides. -
complexes of Pd and Pt were prepared by reacting of
allyl alcohol with the salts of these metals with
subsequent drying of the catalysts at 423 K and
calcination at T = 773 K for 2 hours. For increase of
thermal stability catalysts were modified with
additives of the second metal and oxides of
refractory metals. For test of catalysts the flowing
catalytic installation with the tubular reactor of
integrated type was used [14, 15]. The gas mixture
was prepared by feeding of hydrocarbons from
container and the compressed air from the line into
the mixer. The hydrocarbon content of the mixture
was about 0.5. %. The oxygen concentration was
varied from 2 to 10 vol. %. The gas mixture was

analyzed by GLC and OPTOGAZ gas analyzer
before and after the reaction. Crystal 2000M and
Chrom 3700 chromatographs with the flame
ionization detector are used. Time of analysis-20-30
min. For testing was used a sample of the 2 cm®
colloidal catalyst on the metal carrier. Previously the
catalyst was calcinated at 773 K within 4 hours on
air in the muffle furnace. The activity of the catalysts
was determined at temperatures of 423-773 K. When
designing the optimal compositions and methods of
preparation of colloid metals were varied its
dispersion, the active metals content, their relative
proportions and a temperature of the preliminary
heat treatment.

RESULTS AND DISCUSSIONS

In Table 1 the data by influence of the
concentration of the n- allylic complexes of Pt and
Pd to activity of the block catalysts in the reaction of
CO, CsHg oxidation and NOy reduction are shown.
Characteristic of activity of the catalyst was the
degree of conversion (o) of initial reagent
(hydrocarbon, carbon monoxide, nitric oxide).
Apparently from Table, activity of Pd-catalyst in
reaction of CO oxidation practically didn’t depend
on concentration of metal and was about 90-100 %
in the investigated interval of temperatures.
However, efficiency of Pd-catalyst in reaction of
complete oxidation of CsHg at low temperatures
(623-473 K) was much lower, than that of the Pt-
catalyst, and was 78-90 %. The higher activity of the
Pt-catalyst in reaction of NO reduction in
comparison with Pd the catalyst was observed at
contents of Pt equal to 0.1 % and T=773 K.

Research of Pt and Pd catalysts on thermo
stability was carried out by maintaining of the
catalyst with an interval of 5 hours at T=773 K in a
reactionary gas mixture with the contents of 0.5 %
of propane-butane with the subsequent analysis of
products of reaction. The total time of researches
was 100 h. The most stable appeared the catalysts
obtained from acetates Pt, less stable - on basis Pd.

Table 1. Influence of concentration of z- allylic complexes of Pt and Pd on a degree of conversion of CO,
CsHs,NOx(volumetric speed of a stream of gases- 35000 h?)

The active metal

Conversion degree, %

at the different temperatures of research of catalysts, K

Catalyst concentration, % CO CsHs NOy
773 623 523 473 773 623 523 473 773 623 523 473
Pt w-allyl 0.01 100 100 89 16 95 85 50 0 20 207 139 O
Pt w-allyl 0.05 100 100 92 50 98 94 73 0 207 211 144 O
Pt w-allyl 0.1 100 100 100 87 100 99 73 17 342 367 171 1.2
Pd n-allyl 0.1 100 100 100 83 53 22 5.0 0 184 168 8.0 0
Pd r-allyl 0.15 100 100 100 90 59 32 18 0 24 266 16 05
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Fig.5. Dependence of stability of catalysts in reaction
of 0.5 % of propane-butane in air oxidation.

Supporting of the secondary oxidic covering on
metal blocks of honey comb structure (oxidic
washcoat), as a rule, allows to produce carriers with
the developed specific surface and porous structure
[16, 17]. High thermal stability of the oxidic
washcoat is provided with introduction to it of the
modifying additives. For example, into the
secondary coating alumina are introduced cations of
cerium, zirconium, lanthanum, which do not only
stabilize y-Al>O3 phase, but also provide resistance
to poisons or sintering of Pt, Pd, Rh- active
components of the catalysts [18, 19]. In the work
metal block Pd-Mo-catalysts on Al.Os; carrier
modified by additives of Ce*, Ti**, Zr*, La%*, Fe**
are prepared and investigated in reaction of
NOx+CsHe+O,.  Activity of Pd-Mo of catalysts
increases when modifying the carrier with cations of
Ce*, Zr*. Activity of Pt-Cu catalysts on the zeolite-
containing carriers NaY, ZSM-5 and their hydrogen
forms is studied. High activity of the catalyst is
noticed when supporting of the active phase on the
carrier in H*-form. A number of oxidic catalysts with
the differing structures of the washcoat (y-Al>Os,y-
Al;O3+TiO;) and composition of the active agent
(Co+Mn, Fe+Mn) promoted and not promoted by
platinum is studied. It is found that introduction into
the secondary carrier of titanium dioxide
considerably increases extent of reduction of
nitrogen oxides by means of propylene on both
compositions of oxidic catalysts in all interval of the
studied temperatures (423-773 K) and was equal to
34% at 523 K on the Co-Mn-catalyst, to 29% -on Fe-
Mn, and at 773 K-33% and 55%, respectively.
Promotion with platinum improves the reduction
ability of cobalt-manganese catalyst on Al.Os; only
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at temperatures higher than 673 K. On the titanium-
containing sample in the presence of platinum
degree of NO conversion id decreased.

The samples of catalysts based on platinum group
metals were investigated by electron microscope
EM-125K with single stage replica method. In a
sample with Pt the small congestions of dense
particles which don't grow together in units and are
dispersed on a carrier surface are observed. The
particles size is predominantly 10.0 nm, 5.0 nm and
less 9.0 nm (Fig.6, a). In the sample with Pd there
are some isolated dense particles in size 12.0 nm-
15.0 nm (Fig.6, b). The platinum produced by
reduction in solution has the sizes about 15.0-18.0
nm, at the same time, the platinum colloid obtained
by reduction with lemon acid had almost
monodisperse distribution, the average size of
particles was equal to 8.0 nm. It is found that the
organometallic complexes of Pd and Pt at
magnification of 33,000 times represent translucent
areas of the clots of polymer filled with dispersed
particles of 3.0 nm. At higher magnification (in the
62,000 times) also small rare congestions of more
dense particles of 5.0 nm in size are observed.

Investigation of Pt and Pd-containing catalyst by
means of XPA showed X-ray scattering, which
confirms the high dispersion of catalysts obtained by
thermal  decomposition  of  organometallic
complexes. Physical and chemical researches of
catalysts on the basis of base metals were carried out
by XRD method on x-ray diffractometer DRON-
4.0.7 with the copper anode. Samples for research
were prepared by mechanical destruction of the
catalyst put on a block metal framework. The fallen
part of the catalyst was crushed in an agate mortar
up to 100 microns and was used for research by
method XPA. It was found, that the oxide catalysts
represented spinel with cubic lattice NiMnO, with
reflexes 2A, 52A, 148A, 203A. Also there were
small intensive reflexes ot CeO, (308A) and alumina
(160A, 256A). The conducted research of supports
and catalysts by means of XPA showed the
formation TiO,- anatase structure, reflexes 3.52;
1.89; 2,38 A. The carrier based on V,0s-WOs- peaks
4.38,3.4,2.8 A, it has an orthorhombic lattice. In the
active phase NiO-crystal lattice is not formed.
Catalysts based on base metals had been investigated
with an electron microscope EM-on device 125M
single by stage replica method. On a nickel-
vanadium-tungsten sample the congestions of dense
particles which don't grow together in units and are
dispersed on a carrier surface are observed. The sizes
of particles were mainly 15.0-20.0 nm.
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b

Fig.6. EM - pictures of distribution of noble metals on the
metal carrier: a- Pt on carrier, b-Pd on carrier.

CONCLUSION

Catalysts for neutralization of toxic gases of the
industry and motor transport on metal carriers with
the honey comb structure of channels are prepared.
As the secondary carrier was used alumina with an
additive of zeolite or Ce**, Ti**, Zr**, La®*", Fe*". For
preparation of solutions of the active components of
catalysts are applied oxides of Mn, Ni, Co, Fe,
obtained from acetates and formates. Also were
synthesized the samples of catalysts based on metals
of the platinum group converted into colloidal state.
It was shown that the activity of the palladium
catalyst does not depend on the metal concentration
in the CO oxidation reaction and is about 90-100%.
The effectiveness of the Pd-catalyst in the CsHg
complete oxidation reaction at low temperatures
(623-473 K) is significantly lower than of Pt-
catalyst, and is 78-90%. For catalysts based on base
metals introducing into the secondary carrier of Ti**
significantly increases the degree of reduction of
nitrogen oxides with propylene, at 523 K on a Co-

Mn-catalyst - 34%, on Fe-Mn - 29%, at 773 K - 33%
and 55%, respectively.
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PA3PALOTBAHE HA TEXHOJIOI'US 3A CUHTE3 HA KATAJIM3ATOPH 3A
OBE3BPEXIAHE HA EMUCHUUN B UHAYCTPUATA 1 ABTOTPAHCIIOPTA

JLP. CacuxoBa®?", A. Hamu6aesa', [[1I. ['misMyHmHOB]

Y Unemumym no zopuea, xamanus u enexmpoxumust ,,J].B. Coxonvexuti “D.V.Sokol’skii*“, 050010 Armamu, Kazaxcmarn
2 Kasaxcku nayuonanen ynusepcumem ,, An-@apabu “, 050040 Armamu, Kazaxcman

[Mocrbnuna Ha 19 maii, 2016 r.; kopurupana Ha 3 HoemBpH, 2016 T.
(Pestome)

Pa3paboTeHa e 1 € YChBBPIIECHCTBAHA TEXHOJIOTHS 38 MPUTOTBAHE HA KATAIM3aTOPH BbPXY OJIOKOBH METAITHU HOCUTEIIH.
Kato BTOpuYeH HOCHUTEI € U3H0I3BaH alyMUHUEB OKCHJL ¢ J0OaBKH Ha 3eonuTH uim itonute Ce*t, Ti**, Zr+*, La’*, Fe?".
AxTuBHaTa (aza ce cbcToM OT cheanHenus Ha Mn, Ni, Co, Fe u MeTanu oT IIaTHHOBATa IPyIa B KOJOUIHO ChCTOSTHHE.
Karanu3aropure ca u3nuranu 3a peakiuute Ha meiHO okuciaeHne Ha NOy, CO, CsHg u NOy+CsHg+O2. AxTuBHOCTTA
Ha KatanuszaTopa Pd-Mo HapacTsa, Korato HocuTenaT e Moguduiupad ¢ Ce** mmu Zr**. AKTUBHOCTTA Ha NaNagueBHs
karanu3atop npu okuciennero Ha CO goctura 90-100% u e He3aBrcHMa OT KOHIIEHTpAIMATa Ha METalla; IPH ITbJIHOTO
okucinenne Ha C3Hs mnpu 473-623 K mpespbmianero ¢ 78-90%, a 3a mratuHoB Karanu3atop - 95-100%. Ilpu
KaTaJIUu3aTOPU ¢ BTOpUYEH HocuTel Ti*" 3HauMTeHO ce IMOBUIIABA HAMAJIABAHETO HA a30THUTE OKUCH C MPOIUIEH HpH
523 K Bbpxy kataiuzatop ot Co-Mn (34%); npu karanuzatop Bepxy Fe-Mn - 29% mpu 773 K - 33% u cpotBeTHO 55%.
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Aerodispersed systems, hereinafter referred to as aerosols are an integral part of the natural environment of man.
Such are the condensation clouds and fogs, dust clouds in deserts and those caused by volcanic activity. Aerosols are
widely used in industry, agriculture, medicine, military science. Therefore, the study of their properties is an essential
necessity. If the concentration of their aerosol phase is increased, they possess certain physical properties similar to
those of liquids, for example the ability to flow.

The current work offers a laboratory method for the determination of the kinematic viscosity and mass density of
concentrated aero dispersed systems formed in a limited volume. This method is based on measuring the time required
for a certain amount of aerosol to flow out through a calibrated outlet pipe under the influence of its own hydrostatic
pressure. This method uses the Poiseuille’s law and the equation of continuity. The time needed for the aerosol to flow
out is determined by monitoring its upper borderline "aerosol—air" using a laser system and photoelectric sensors and is

based on the scattering of laser light by the aerosol.

Keywords: aerosols, kinematic viscosity, mass density, limited volume, laser beam scan

INTRODUCTION

Dispersion state is the ground state of matter,
because most of the substance of the universe is in
powder form. We find this thought in the preface to
the Russian edition of the Reist monograph [1].
Today, although that statement is disputed, no one
can deny the important role of aerosols in human
life. Here at terrestrial conditions, we are daily
confronted with the wide variety of aerosols — eg.
starting from atmospheric aerosols (clouds, fog), on
which depends the life of organisms and ending
with household aerosols (smoke, dust, steam).

The term "aerosol™ is proposed by Donian in the
end of World War 1 [2]. Independently Schmauss
used the same term and the first article in which the
word "aerosol" was used belongs to him [3].

The aerodispersed systems also called aerosols
are mixtures of suspended solid or liquid particles
(dispersed phase) in a carrier gas often air [1, 2, 4,
5]. An object of study are aerodispersed systems
having a particle diameter of the disperse phase in
the range of 1 nm to 1 mm [4]. For the researchers
in this area the case when the size of the particles is
between 10 nm and 100 um is of greatest interest
[1]. In cases when the particles are smaller, i.e., tent
to molecular dimensions their study is the subject
of molecular physics. When the size of the particles

* To whom all correspondence should be sent:
E-mail: ozo@phys.uni-sofia.bg

is significantly larger, the aerosols have a very short
life because of the rapid sedimentation and their
study is of no interest. Also depending on the
dispersibility the nature of the laws describing
aerodispersed systems is also changing [4].

It’s obvious that investigating the aerodispersed
state of matter is essential for human activity.
Therefore, in the middle of the twentieth century a
new science was established — Nanoparticle
Aerosol Science and Technology (NAST) [6]. It
evolved on the foundations laid by numerous
scientists working in different areas. The aerosol
science history edited by Preining and Davis [7],
casts a glance at the events, people and
organizations which transformed the aerosol
science to the internationally acknowledged state it
has today in scientific communities.

Today, in the early 21st century the object of
study of aerosol science is comprehensive — from
the environment in which the humanity lives and
works to space (meteorite, interplanetary and
galactic dust) [2]. Broadly speaking, the subject of
study are the characteristics and laws of the
behavior of aerodispersed systems. Their gas
medium is characterized by parameters such as
temperature, pressure, free path of molecules etc.
Most often it is air whose composition and
properties are studied to the highest level. Special
interest is provoked by the fact that the properties
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of aerosols differ from those of air, where they are
formed. The properties of aerosols are largely
determined by the dispersed phase — size, shape and
composition of particles [1]. In polydispersed
aerosols the functions of size distribution and
particle mass are also important.

Aerosols are generally characterized by several
basic macrophysical parameters. Among them the
mostly applied in practice are the viscosity and
mass density. They determine the behavior of
aerosols in physical reactions taking place in the
industry, radiation balance on earth, agriculture,
health effects, light scattering, etc. Therefor these
two parameters applied to  concentrated
aerodispersed systems are examined in this study.
This type of aero systems is also known as
Aerodispersed  Systems of Limited Volume
(ASLVs).

The concept for ASLVs was introduced for the
first time by Fuchs [4] in studying the denotation of
aerosol systems formed under laboratory conditions
in opened containers, where the volume was limited
by the walls of the container and a horizontal
aerosol-air border. This condition was described
first by Regener [8] and can also be observed in
nature too, for example, mist in a valley field [4].

We carried out the ASLVs kinematic viscosity
and mass density measurements, that are based on
the presence of hydrostatic pressure (in these
systems) and take place in the case of the aerosol’s
flowing out from the container (in which it has been
formed) through a calibrated pipe in the bottom of
the container. Assuming that the stream flows
under the Poiseuille’s law, we derived a set of
equations for the kinematic viscosity and mass
density of ASLV [9-11].

BASIC EQUATIONS AND EXPERIMENTAL
SETUP

Figure 1 shows our experimental setup [9, 11,
12]. The aerosol is formed in a chamber for initial
aerosol formation 2. Using peristaltic pump
(smoking machine) 3 the aerosol is transfered to
aerosol chamber 1 (of section S) through tube 4
(about 35s, until full). The calibrated exit tube 5 of
length £ and diameter 2r is closed (not shown).
When opened, the aerosol starts to flow out and the
upper borderline aerosol-air descends. The laser
beam (laser 6, mirror 7) travels by the cylinder‘s
longitudinal axis. Photosensors 8 register only the
lights scattered by the aerosol in horizontal
direction (90°). The signals are processed by
electronic block 9, which consists of DC amplifiers,
triggers and a logical unit. A Personal Computer 10
records the moment of crossing the upper aerosol-
590

air border line through each of the photosensors.
The final results are processed, visualized and
recorded.
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Fig.1. Scheme of the experimental setup: where 1 is
an aerosol chamber, 2 container for initial aerosol
formation, 3 peristaltic pump, 4 entry to the chamber, 5
calibrated exit tube, 6 laser, 7 mirror, 8 photo sensors, 9
electronic block, 10 PC.

To determine the position of the upper aerosol
borderline in the course of time, we used the
method of laser light scattering at angle of 90° with
respect to the beam followed by detection of the
scattered light using photosensors [13]. The
methods related to using laser light for scanning
have shown their advantages long ago [14].
Therefore in our study we used those methods and
further developed them. This led to significant
reduction of the setup uncertainty 5% and allowed
the use of optoelectronic device [13].

In our setup we used a transperant Polymethyl
methacrylate (PMMA) cylinder, 30 mm in diameter
as an aerosol chamber. The exit tube’s (also made
of PMMA) length is ¢ = 30 mm and has a diameter
2r = 8 mm. The installation constant is b = 4.65 x
107° m?/s2,

In the presented experimental setup the flow
changes direction by 90° when moving from the
aerosol chamber to the calibrated exit tube.
Therefore determining the Stokes number St in this
case is of interest. The Stokes number is the ratio of
the stop distance (the product of the characteristic
time 7 and the fluid velocity u,) to a characteristic
length scale of the flow L. [15]

gt = o — EM (1)
L 18ul

In (1) Dy is the particle diameter, p, the particle
density, C. the slip correction factor and p the gas
viscosity (air).The Stokes number is =1074-10° <<
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1, therefore the particles are accurately following
the change in direction of the flow.

We use 8 sensors (phototransistors), spaced of
30 mm from each other, the first one being 30 cm
above the exit tube. After filling the chamber, we
let the aerosol stay for 1 min (time retention t)
before the outflow. We used a He—Ne laser with
unpolarized light and power of 5 mW for scanning
the aerosol border line.

The aerosol flows in a laminar manner
according to Poiseuille's law. The Reinold’s
number when the aerosol is flowing out through the
calibrated exit pipe is Re < 1. The stream inside the
aerosol chamber has Re << 1 and these
sedimentation of the individual particles Re = 1077,

If we examine the case in which the upper
aerosol-air borderline descends from the level of
photosensor 1 to the level of photosensor 2 for a
time Aty. The volume change Vi of the aerosol is

V1 =S AHl . (2)

For the same ammount of time (At:) the volume
V. of aerosol that flows out trough the calibrated
exit pipe, according to Poiseuille’s law is

nr‘“'i-‘*,'::
Ijz = By, ¢ IEt-:I. (3)

Because of the aerosol’s incompressibility and
the principle of continuity we can assume that V, =
Vi.

The pressure difference Ap is caused by the
aerosol’s own hydrostatic pressure. If we assume
that during the period in which the aerosol flows
between two neighbouring photosensors (in the
order of few seconds) the aerosols density will be
roughly constant, than the hydrostatic pressure
should be

Ap = p,gH, . 4)

After equalizing equations (1) and (2) and taking
in account equation (3), we obtain the kinematic
viscosity of ASLV in the form

g,
v, =b s At, , 5)

where b = z*g/8S.

We obtain the same values for the kinematic
viscosity of ASLV in cases when the aerosol-air
border line is passing through all the other
photosensors. For example, in the case of complete
flow out of the examined aerosol through all of the
eight photosensors (the time required for the
aerosol to travel the distance between photosesors 1
to 8 is 8 to 60 seconds, depending on it’s
concentration) we will get 7 (roughly equal) values
for it’s kinematic viscosity. They can be used as an
essential physical parameter discribing the aerosol
in the moment of measuring.

Unlike liquids, the viscosity and density of
aerosols are constantly changeing over time,
because of the wundergoing processes of
sedimentation, coagulation, evaporation through the
aerosol-air border, precipitation on the walls of the
chamber, etc. Therefore, it is logically to express
the aerosols parameters as a function of time.
Thereby we obtaing the following summarized
equation for determining the kinematic viscosity of
aerosols (ASLV) by the fluid flow method

_niy _ ;B
According to the well-known Einstein’s

equation for the dynamic viscosity of dispersed
systems [16]
n =no(1+2.5¢) , (7

where # is the dynamic viscosity of the
dispersed system, 7o the dispersed medium (air) and
¢ the volume fraction of the dispersed phase. For
the total volume of the aerosol particles (in the case
of tabacco smoke) in 1m® we get =10° md
Therefore ¢ =~ 10°%. We can then neglect the second
term in equation (7) to obtain 5 = 5 = 1.80 x 107
Ns/m? [17].

We can assume that the last assessment can be
applied to other ASLVs systems we examined. If #
is replaced by 7o in equation (6), one obtains the
following equation for the mass density of the
aerodispersed phase

— Mo _ 1aHm,
P = L5 = v (8)

Equation (8) allows us to determine the density
of the aerosol phase p if we assume that the
dynamic viscosity # of the aerosol system is
roughly equal to the dynamic viscosity of air #o (7 =
no) and we measure the time At needed for the
upper border line to decrease with AH.

EXPERIMENTAL RESULTS

We conducted measurements of the kinematic
viscosity and mass density of different ASLVs
under laboratory conditions — smoke from different
types of cigarettes, smoke produced by sublimation
and condensation of solid and liquid substances and
also screening smokes. The aerosol’s phase
particles have a very small size and vastly high
concentration. Indeed their parameters vary to some
extent, depending on the conditions of their
formation.

The results of the kinematic viscosity and mass
density of several types of aerosols (ASLVsS) we
have obtained are shown in Table 1. Each of the
results listed is an average of 7 experimentally
obtained viscosity values (for 7 different volumes
of the aerosol) and t. = 1 min. The experiments

591



K.S. Damov et al.: Characterization of aerodispersed systems with increased concentration according to the kinematic viscosity...

were carried out under standard laboratory
conditions and atmospheric pressure of 970-980
hPa. On line 6 we have shown, for comparison, the
kinematic viscosity and density of air at 20°C and
normal atmospheric pressure [17].

From the results shown, it is clear that the
kinematic viscosity of the limited volume aerosols
is one or two orders higher than the one of air.
Similarly the values of mass density are one or two
orders of magnitude smaller.

In Figure 2 are shown the relations of kinematic
viscosity (1-a) and the mass density of the aerosol
phase (1-b) of ASLVs of the retention time (t;) from
0 min (when the aerosol is released to flow
immediately after filling the aerosol chamber) to 10
min, at 1 min intervals. We used smoke produced
by burning cigarettes of different brands (we show
only 3) using a peristaltic pump. Moreover, we had
the opportunity to fill the aerosol chamber with
each cigarette three times. From the 8 photosensors
are obtained 7 values. That's why any point of the
graph corresponding to a certain retention time is
determined based on 21 values. Relations after
results aproximation, give us the reason to consider
them as linear, but with fluctuations exceeding the
relative error of 5%.

The resulting relationships show that the
smoke of cigarettes with lower tar content and
better quality filters has a lower density, in analogy
with the higher viscosity (in the case Stuyvesant).
The reduction of density, similarly the increase in
viscosity with the increase of t; is caused by the loss
of mass in the process of evolution. We received
similar dependencies with other tested cigarette
brands.

We propose to characterize the change of
density (also similarly viewed the change of
viscosity) of the aerosol system according to the t;
by different volumes (heights from the bottom of
the container), using a density distribution function
(the same concerns the viscosity distribution
function) defined by the following equation

o M1 9
i ‘ﬂpi ENfﬂpf ' (
where N; is the number of the values obtained
experimentally in the range Api, ZN; is the total
number of values. Api = Ap = const are the steps in
density change (the same for viscosity) that are
constant in our experiment. We call this function
(fi) spectrum of the condition of the aerosol system.
This is a common feature of ASLVs and includes a
set of all density values (number 231). They were
obtained during its evolution.

Table 1. Values of thekinematic viscosity and mass density of several types of aerosols (ASLVSs) obtained by the

described method

Aerosol type v, 10 m?/s p, 10°3kg/m®
1 Cigarette smoke — Stuyvesant 144+0.8 141+04
2 Cigarette smoke — Gitanes 10+0.3 19.3+0.5
3 Cigarette smoke — VEGA 8.3+0.3 24+0.8
4 Paraffin vapour 39+0.2 46+1.4
5 Screening smoke — white 53+0.2 33+14
6 Air (at 20°C) 0.15 1200
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Gitanes Gitanes
30 VEGA 404 VEGA
w B 1
E . o
5 : 2
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Fig. 2. Change of viscosity v (a) and density p (b) of ASLVs when the retention time t, increases.
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Fig.3. Spectra of state obtained from the values of the kinematic viscosity (2-a) and the mass density of the aerosol
phase (2-b) of ASLVs, obtained from the smoke of three brands of cigarettes.

Table 2. Parameters of the spectrums of the status obtained from the values of the mass density of the

aerosol phase, characterizing ASLVs

Parameters Cigarettes

Stuyvesant Gitanes VEGA
1 p(1072 kg/m?) 14.1 19.3 24
2 g, (1072 kg/m?*) 0.26 0.34 0.47
3 Pmin(107% kg/m?) 2.8 7.1 6
4 Prae (107 kg/m*) 24.7 384 57.7
5 fiimax (M*/kg) 130 118 64
6  pps (1072 kg/m?) 6 8 17

Figure 3 presents the spectra of condition
derived from the values of the kinematic viscosity
(2-a) and the mass density of the aerosol phase (2-
b) of ASLVs, obtained from the smoke of the three
brands. The smoke of a single cigarette can fill the
measuring chamber three times and having 8
photosensors we obtain 7 values. We worked with
retention times from 0 to 10 min, at 1 min intervals.
Therefore, in our case the resulting values are 231.
We show for clarity only approximations with the
Gauss curve.

The resulting correlations indicate that the
spectrum of density of the aerosol phase (2-b),
corresponding to the smoke of cigarettes with lower
tar content and better filters is shifted to the right, in
the direction of the smaller density values.
Similarly to the spectrum of the viscosity is
obtained shift to the left (2-a), in the direction of
larger values of viscosity. Such dependencies we
received with other tested cigarette brands.

Parameters of the spectrums of the status
obtained from the values of kinematic viscosity and
mass density of the aerosol phase, can be used to
characterize each ASLV. Table 2 (for example,
only the mass density of the aerosol phase of the
three brands) shows these basic parameters of the
spectra of the state — the average mass density g,

corresponding mean square error g, minimum pmin

and corresponding maximum pmax Vvalue of the
entire array (231 values). On the fifth and sixth row
are presented the maximum of the density
distribution function fimax (equation (9)) of the
relevant spectrum and its corresponding half-width

Po5.
DISCUSSION AND CONCLUSION

The current paper, offers a method for
determining the kinematic viscosity and mass
density of concentrated aerodispersed systems
formed in a limited volume (aerosol chamber)
ASLVs. This method is based on the measurement
of the time needed for a certain amount of aerosol
to flow out through a calibrated pipe under the
impact of its own hydrostatic pressure. The volume
of the flowing aerosol is determined by scanning
the upper border aerosol-air. This measurement is
performed using a laser beam scan and a
photoelectronic circuit, on the basis of light
scattering. Poiseuille’s law and the continuity
equation are applied. Two equations for the
determination of kinematic viscosity and mass
density of concentrated aero dispersed systems
have been obtained, based on the experimentally
measured flow out time.

In result of the processes of coagulation and
sedimentation within them, the density of the
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aerosol phase is constantly decreasing. This leads to
reduction of the hydrostatic pressure and after a
certain period of time the flow of the aerosol stops.
The preliminary results show that this method is
applicable to a period of time of the evolution
process in relation to the moment of their
production in order of 10 to 15 minutes. Most of the
experiments we conducted in our experimental
setup were using smokes from various types of
cigarettes and evolution time of up to 10 minutes.
We also investigated the influence of external
factors, such as electric and magnetic fields. The
data we obtained for the smoke’s kinematic
viscosity is in the range (3-65) x 10* m?/s and the
resolution is Av=0.15x 10* m?s. Similarly for
the mass density of the aerosol phase we got (3-
60) x 10 kg/m® and the resolution s
Ap =0.15 x 1072 kg/m?. The relative error is 5%.

Results also show that after the examination of
the change of two parameters in the process of
evolution of the aerodispersed systems and
construction of the spectra of the condition, this
method can be used to create a new type of ASLVs
characterization. The presented experimental data
obtained with the use of cigarette smoke proves the
potential of the method.
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(Pesrome)

Hacrosiiata ctaTus mpejiara METOJ| 3a ONpeAeNsHe Ha KMHEeMaTHYHHs BHCKO3MTET W MacoBaTa ILTBTHOCT Ha
KOHIICHTPHPAHH aePOAUCIEPCHH cHuCTeMH, (OpMHUpaHH B orpaHuueH obem (aeposzosnHa kamepa) — ASLVS
(Aerodispersed Systems of Limited Volume). To3u mMeTon ce OCHOBaBa Ha M3MEpPBAHE HA BPEMETO, HEOOXOIMMO 3a
M3THYaHEe Ha OMPEESICHO KOJIMYECTBO aepo30JI Mpe3 KanuOpupaHa n3xoaHa Tph0a Mo Bb3JCHCTBUETO Ha COOCTBEHOTO
MY XHAPOCTATHYHO Haisrane. OnpenensHeTo Ha 00eMa Ha aepo30J1a, KOWTO U3THYa, CTaBa MOCPEICTBOM MPOCTE/sIBAHE
HAa TOpHAaTa TpaHUIAa aepo30J—Bb3ayx. IIpociessBAHETO ce OCBHIIECTBIBA C IOMOIITA Ha Jia3epeH b4 U
(hoTOCNeKTPOHHA cXeMa, Ha 0a3aTa Ha pa3ceiiBaHEeTO Ha CBeTIMHATA. [Ipuarar ce 3akoHbT Ha [10a3p0li U ypaBHEHUETO
32 HEMpPEeKbCHATOCT. V3BeNeHM ca JBE ypaBHCHHUS 3a OIPEICISHCTO HA KWHCMATUYHUS BHCKO3UTET M MacoBara
IUTBTHOCT HA KOHIICHTPHPAHH ACPOIUCIICPCHU CHCTEMH Ha 0a3aTa Ha EKCIICPUMEHTAIHO M3MEpPBAaHE Ha BPEMETO Ha

HU3TUYaAHC.
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The aim of this study was to presentation of the novel ecofriendly method of synthesis of anatase titanium
dioxide nanoparticles. In this work, TiO, nanoparticles were synthesized using Arnica montana L. by
reduction method. The prepared titanium dioxide nanoparticles were characterized using Ultraviolet-Visible
Spectroscopy (UV-VIS), Total Reflection X-Ray Fluorescence Analysis (TXRF) and Fourier-Transform
Infrared Spectroscopy (FTIR). The morphology of the synthesized titanium dioxide nanoparticles was
verified by SEM-EDS. X-ray diffraction (XRD) was used to calculate crystallite size. The size of titanium

nanoparticles was about 30 nm.

Also, this work presents alterative to chemical methods of synthesis titanium dioxide nanoparticles.

Key words: nanotechnology, nanoparticles, titanium dioxide

INTRODUCTION

Nanotechnology is emerging as a rapidly
growing field with its application in science and
technology for the purpose of manufacturing new
materials at the nanoscale level [1]. In results,
nanotechnology has gained massive applications in
the fields of biology and pharmacology [2].
Nanoparticles have become significant in recent
years and have created an impact in the areas of
chemical, energy, electronic, and biological
sciences. Although such particles can be
synthesized by physical, chemical and biological
methods, in the past few years, the last option has
gained importance [3]. Preparation of nanoparticles
using green technologies is advantageous over
chemical agents due to their less environmental
consequences. In the biosynthesis method, extracts
from plant may act both as reducing and capping
agents in synthesis of nanoparticles [4].

TiO is one of the most widely used material
owing to its many applications in the field of
photocatalysis, gas and humidity sensors, water
treatment, selfcleaning, solar cells, photo
electrochemical cells, protective coatings on optical
elements and bioanalytical chemistry [5]. However,
the performances of TiO; is strongly influenced by
the crystalline structure, the morphology and the
size of the particles [6]. Also, among various
phases of titania reported, anatase shows a better
photocatalytic activity and antibacterial
performance [7]. Besides, titanium oxide (TiOy) is
still  believed as the most efficient and

* To whom all correspondence should be sent:
E-mail: renata.dobrucka@ue.poznan.pl

environmentally [8. TiO, nanoparticles have been
synthesized using natural products like Nyctanthes
arbortristis extract, Catharanthus roseus aqueous
leaf extract, Eclipta prostrate aqueous leaf extract
and Aspergillus flavus. So there is a pressing need
to develop clean non-toxic and eco-friendly
procedures for the synthesis and assembly of
nanoparticles [9].

Arnica montana L. (Asteraceae family) is a
rhizomatous herbaceous perennial herb originated
from the high mountains of the Alps and the
Carpathians. Arnica is a medicinal plant widely
used as an herbal remedy as well as in cosmetic and
liqueur industry [10]. Arnica montana L. contains
volatile oils, terpenoides, sesquiterpenes lactones,
flavonoides [11, 12]. Sesquiterpene lactones are the
most active components [13]. In this study TiO,
nanoparticles were synthesized using Arnica
montana L. by reduction method.

EXPERIMENTAL
Synthesis of anatase titanium dioxide nanoparticles

5 g powder of Arnicae anthodium was boiled for
40 minutes at 80°C with 200 ml of doubly distilled
water. 30 ml of the aqueous extract of A. anthodium
was added in 30 ml of 5mM TiO, at room
temperature. This solution was stirred at room
temperature for 24 h. After this time the solution
was heated to 100 °C for the time 30 minutes. The
solution was filtered by 0,45 pm Milipore
membrane filter and followed by 0,2 um Millipore
membrane filter. TiO. nanoparticles solution was
stored during 24, 48, and 72 hours.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 595
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b

Fig. 1. a) UV-Vis absorption spectrum of TiO;
nanoparticles from water extract of A.anthodium b) XRD
patterns of synthesized TiO; nanoparticles

Characterization of anatase titanium dioxide
nanoparticles

The optical property of TiO, nanoparticles was
analyzed UV-VIS  absorption  spectroscopy
(spectrophotometer Cary E 500) in the range 300
nm-800 nm. The morhology of TiO, nanopraticles
was examined scaning electron microscopy
(SU3500, Hitachi with spectral imaging system
Thermo Scientific NSS (EDS), the tape of detector
(BSE-3D), acceleration voltage (15.0kV), working
distance (11,6 mm), the pressure (in the case of a
variable vacuum conditions)(40 Pa). The binding
properties of TiO, nanoparticles were investigated
by FTIR analysis. Characterization involved
Fourier transform infrared spectroscopy (FTIR)
analysis of the dried powder of synthesized TiO,
nanopraticles by Perkin Elmer Spectrrum 1000
spectrum in attenuated total reflection mode and
using spectral range of 4000-400 cm—1 with a
resolution of 4 cm—1. To confirm the presence of
TiO, nanoparticles using X-ray fluorescence
spectrometer Bruker S2 TXRF Picofox (50 kV and
600 uA). X-ray diffraction (XRD) studies of the
nanoparticles were carried out using a BRUKER
D8 ADVANCE brand *-2* configuration
(generator-detector) x-ray tube copper S = 1.54 A
and LYNXEYE PDS detector. The size of particles
estimation was performed by the Scherrer's
formula.
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Fig. 2. FTIR spectrum of TiO, nanoparticles from
water extract of A. anthodium

RESULTS AND DISCUSSION
UV VIS and XRD analysis

The absorption spectra were taken at different
time intervals. Moreover, 5, 24, 48 and 72 hours
after preparation of the solution, absorbance was

measured. Figure 1a shows the UV-vis absorption
spectrum of TiO, nanoparticles between 300 and

800 nm. Figure 1b presents XRD patterns of TiO-
nanoparticles from water extract of A. anthodium.

The peak was observed at 321 nm which is a
characteristic band for TiO, nanoparticles.
According to Silija et al. [14], the intense band with
absorption maxima around 300 to 350 nm is
associated to the Ti**O* charge-transfer,
corresponding to the electronic excitation from the
valence band to the conduction band. The UV-
Visible spectra of the resulting solutions were
monitored as a function of reaction time. Also, it is
observed the increase in absorbance in time. UV-
Vis absorption spectrum is compatible with X-ray
diffraction profile of titanium nanoparticles. Figure
1b shows the X-ray diffraction profile of titanium
nanoparticles. The size of titanium nanoparticles
was obtained by Debye-Scherrer’s formula given
by equation

D=KM (Bcoso)

where D is the crystal size;

A is the wavelength of the X-ray radiation

(2=0.15406 nm) for CuKa;

K is usually taken as 0.89;

and B is the line width at half-maximum height

[15].

Also, the crystallite sizes were calculated using
Scherrer’s formula applied to the major intense
peaks and found to be the size of 30 nm. TiO;
nanoparticles synthesized from water extract of
Arnicae anthodium shows peaks corresponds to the
planes at 20=25,27° (101), 26=36,70° (103), 20
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=37,80° (004), 20 = 41, 25° (112), 20 =47,90°
(200), 26=53,59° (105), (211), 26 =62,36° (204), 20
=54, 39° (211), 26 =56,64° (220), 20 = 75,01° (215)
indicate anatase form.
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Fig. 3. The structure of a) quercetin 3-O-glucuronic
acid and b) 3,5-dicaffeoylquinic acid

FTIR analysis

FTIR spectrum involves the correlation of the
absorption bands (vibrational bands) with the
chemical compounds in the sample. In effect, the
biomolecules present in plant extracts that are
responsible for the reduction and stabilization
processes of the green synthesis of nanoparticles
can be identified [16]. Also, FTIR spectroscopy
was used to determine different groups on A.
anthodium water extract and predict their role in
nanoparticle synthesis (Figure 2). The strong IR
bands it is observed at 3269 cm-1, 2924 cm-1, 1591
cm-1, 1369 cm-1, 1258 cm-1, 1020 cm-1 and 416
cm-1. The peaks at 1369, 1258 cm—1 and 1020
cm—1 may be attributed to -C-O and -C-0O-C
stretching alcohols, carboxylic acids, esters and
ethers modes. The band at 1591 cm-11 indicate
presence of C=C characteristic of saturated
hydrocarbons Strong absorption peaks at 3269 and
2924 cm-1 correspond to -OH stretching and
aliphatic methylene group -C-H stretching. The IR
band observed at 416 cm-1 indicate presence of
TiO; nanparticles.

15.0kV 4.9mm x3.00k BSE-3D 50Pa 10/31/2014 10.0um

SU3500 15.0kV 4.9mm x2.00k BSE-3D 50Pa 10/31/2014 ' ' 20.0um '

b

Fig. 4. SEM of TiO; nanoparticles from water extract
of A. anthodium a) the scale bar is 10 um, b) the scale
bar is 20 um

Also, FTIR analysis confirmed the presence of
groups characteristic for flavonoids and phenolic
acids. According to Ganzera et al. [17] the most
dominant flavonoid was found to be quercetin 3-O-
glucuronic acid, whereas 3,5-dicaffeoylquinic acid
was the major phenolic acid. These compounds
show significant antioxidant and antibacterial
activities. Figure 3 presents the structure of
quercetin  3-O-glucuronic  acid and  3,5-
dicaffeoylquinic acid which are present in extract of
A. anthodium.

SEM analysis

The morphology of TiO; nanoparticles from
water extract of A. anthodium was verified by
SEM-EDS. Figure 4a, 4b and 5a show the SEM
images of TiO, nanoparticles. The size of TiO;
nanoparticles was about 100 nm. The larger sizes
are results of agglomeration of the particles. In
result, agglomeration makes it difficult to study
individual nanoparticles. EDS profile of the TiO,
nanoparticles the presence of elemental metal
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signal was confirmed. Figure 5b presents four
peaks between 0,5 and 5 kV which are
characteristic for anatase for of TiO, nanoparticles.
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200004
15000

10000+
50004 U
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0

Fig. 5. a) SEM and b) EDS profile of TiO;
nanoparticles from water extract of A. anthodium

TXRF analysis

The sample was determined by X-ray
fluorescence spectrometer TXRF Bruker S2
Picofox, operated at 50 kV and 600 pA. The strong
signal at 4,62 5 keV suggest presence of titanium
nanoparticles in water extract of A. anthodium.
Figure 6 presents TXRF spectrum of TiO;
nanoparticles from water extract of A. anthodium.
Also, TXRF analysis confirmed the presence of
anatase TiO; nanoparticles.
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Fig. 6. TXRF spectrum of TiO2 nanoparticles from
water extract of A. anthodium

CONCLUSIONS

In the study, ecofriendly synthesis of anatase
form of titanium dioxide nanoparticles in low
temperature was presented. Titanium dioxide
nanoparticles were characterized using UV-VIS,
TXRF, FTIR and XRD. The morphology of
titanium dioxide nanoparticles was verified by
SEM-EDS. Anatase phase exhibits the highest
photocatalytic activity. Such properties have led to
use of nano-TiO; for a wide variety of applications.
The water extract of A. anthodium could be used
instead of chemical solvents. Also, this is eco-
friendly and cheap method for the synthesis of
photocatalytic ~ form  of titanium  dioxide
nanoparticles.
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BUOJIOI'MYHA CMHTE3A HA HAHOYACTHUIIMA OT TUTAHOB JIMOKCH ]I (AHATA3)
YPE3 EKCTPAKT OT Arnicae anthodium

P. HoOpynka

Jenapmamenm kauecmeo u exono2us Ha unoycmpuaniu npooykmu, Qaxysmem no cmokosnanue, Hosnancku
uxoHomuuecku yrusepcumem, 61-875 Iosnan, [omua

IMocrenuna Ha 19 despyapu, 2016; npuera Ha 25 HoemBpH,, 2016

(Pesrome)

Ilen Ha Hacrosara pabora € Aa ce NPeACTaBU HOB, EKOJOTMYECKH ChBMECTHM METO 32 CHMHTE3 Ha HAaHOYACTHUIH OT
TUTaHOB JquoKcun (aHata3). Hanouactuimre ot TiO; ca cunesnpanu ¢ nomoinTa Ha Arnica montana L. upe3 peaykuusi.
[Monyuenure wactuum ca oxapaxrepuszupanu dpe3d UV-VIS-cnekrpockomnus, peHTITEHOCTPYKTYpeH (hIyopecleHTeH
aHanu3 ¢ nOeaHO BbhTpemHO oTtpaxkenue (TXRF) u MY-cnektpockonms ¢ Fourier-tpancdopmanus (FTIR).
Mopdosorusita Ha HaHOYACTUIMTE OT CHMHTE3MPAHUsI TUTAHOB JMOKCHJ € NOTBBbPJAEHA Ype3 CKaHHWpalla eJIeKTPOHHA
mukpockonusi (SEM-EDS), pentrenoctpykryper ananusz (XRD), kaTo ca ompejeieHH M pa3MEpHTe HAa YaCTHUIUTE
(oxomo 30 nm). OceeH ToBa, paboTaTa Mmpezyiara U APyrd XMMHUYHM METOJM 3a CUHTE3aTa HA HAHOYACTHIIM OT TUTAHOB

JHOKCHJI.
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Catalytic hydrogenation of coal of the kazakhstan fields in presence of polymers
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Objects of investigation are the coals of the central region of Kazakhstan and solid organic wastes in the form of
polymers. In this work process of hydrogenation of brown coal of the Kazakhstan fields is studied. The mechanochemical
activation of ore catalyst affects not only the degree of carbon conversion but also on the composition of the liquid
products. Processing increases activity of the iron-containing catalyst in reactions of conversion of the high-molecular
asfaltens into maltens possessing smaller molecular weight i.e. increases cracking properties of the catalyst. The presence
of the polymer in the coal leads to release of the volatile and soluble low molecular weight products, which are products
of the destructive conversion of coal and polymers. Their yield, composition and structure depend on the condition of the
hydrogenation, the stage of coalification of coal, the medium, type and mode of mechanical action. The advantage of the
proposed method for producing liquid products from coal is the high yield of hydrocarbon products boiling up to 200°C
and the exception of the stages of selection and hydrotreating processes of the pastes, possibility of recycling of industrial

and household wastes of polymeric materials.

Key words: coal, catalysts, hydrogenation, polymers, mechanochemical activation.

INTRODUCTION

On the background of the current situation of fuel
deficiency in Kazakhstan and reduction of the
amount of oil produced, as well as decreasing of oil
prices especially actual is the question of finding of
alternative fuels, in particular from coal. Complex
use of the fossil opens up new perspectives in the
area of coal-chemical synthesis. The coal reserves
prevail over other types of organic materials, and the
problem of disposing of used tires and polyethylene
from year to year is increasing worldwide in
geometric progression. So the co-processing of solid
organic wastes and coal, today - is one of the most
promising source for production of liquid, gaseous
and solid fuels. In addition, due to such reactions
there is a possibility of the synthesis of the most
important products for further use in the
petrochemical synthesis [1]. Production of liquid
fuel and wvarious chemical products by
hydrogenation of solid organic materials - the most
perspective direction in the fuel and power industry.
Scientists of the leading countries of the world carry
out the intensive researches of processes of
production of synthetic liquid fuels.

Various ways to use catalysts in processes of
transformation of coals are so far offered [2-6].

Synthesis of liquid fuel can be carried out by
means of direct (destructive) hydrogenation of the
initial coal or by hydrogenation of gas, which is
previously synthesized in the process of gasification

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

of solid fuels. The best contact is reached at
introduction of the catalyst to coal by methods of
chemical linkng with reactive groups (for example,
-COON, -CH;OH) on the surface of coal,
introduction into the volume of coal substance, and
also when using catalysts in the dissolved, melted or
volatile states. Implementation of catalytic processes
for coal processing by the mechanism of indirect
catalysis greatly simplifies their technology. In these
cases it is possible to achieve a high efficiency of the
process by applying of the mechanical mixture of
solid catalyst and carbon which is particulate or
suspended in a liquid medium, and a fixed or
fluidized bed of catalyst particles. The greatest
practical interest is represented by cheap catalysts on
the basis of iron (for example, iron salts, iron-
containing ores and concentrates). Their use allows
to refuse from expensive step of catalyst removal
from the solid sludge the process of coal
hydrogenation [7, 8]. However the analysis of
literary data demonstrates that process of a
hydrogenation of coal is carried out at high
temperature and pressure in the presence of the
active  molybdenum-containing catalysts and
disposable catalytic additives on the basis of sulfides
and sulfates of iron.

It's known [9-12] that mechanochemical
processing of solvent and coal is one of the
perspective directions in the field of producing of
liquid products from coal. As a result of mechanical
treatment of coal there is its dispergating leading to
increase of a specific surface. This fact gives higher
solubility of mechanically activated coal in organic
solvents and increase of their reactionary ability in
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further chemical reactions. For transformation of the
organic mass of coal and solid organic waste in the
form of crumb rubber and polyethylene, into liquid
products it is necessary to carry out a destruction of
coal macromolecules to liquid products and to
increase concentration in them of hydrogen that it is
usually reached by coal heating under pressure of
molecular hydrogen among the pastes-polymers
having hydrogen and donor properties. It is known
that such polymers as polyethylene contain about 14
wt. % of hydrogen, in worn-out tires the content of
hydrogen reaches 9-10%. In the course of the joint
thermo-transformation with coal they can act as a
potential source of hydrogen necessary for
transformation of coal into the easily boiling
hydrocarbon fractions. In the course of their joint
thermal conversion with coal there is an interaction
of radical fragments of thermal destruction of coal
with the radicals of polymer that prevents course of
secondary reactions of polymerization and
polyfunctional condensation of the coal products
resulting in the formation of coke.

The aim of the work was to determine the optimal
conditions  (technological mode of reaction,
catalysts) of paste forming to intensify the yield of
liquid products from coal and organic wastes. Study
of influence of iron-containing catalysts entered into
the reactionary mix in the high-disperse form on
indicators of process of hydrogenation of brown coal
of the Kazakhstan fields.

EXPERIMENTAL

The objects of study were coals of the fields
“Karazhira” and “Ekibastuzskii” (Kazakhstan). As
the catalysts were used the samples of concentrate of
the Balkhash field (BC), Kazakhstan, which are
presented the mixture of pyrites and chalcopyrites,
in which there are, particularly, Fe-24%, Cu - 30%,
Al - 12%, S - 12%. Before carrying out of the
experiment the mixtures of solid polymer residues is
subjected to heat treatment and then was carried out
mechano-processing, joint with coal, to the size of
particles more than 200 microns. The resulting
mixtures were stored in compliance with the
precautions to eliminate the possibility of reaction of
oxidation or pollution. As the solvents were used

toluene, benzene, alcohols, naphthalene, and acetone.

In the work for the preparation of a necessary
additive as a polymer was used a plastic bottle which
is warmed and then converted into a powdery state.
Polyethylene terephthalate (CioHsO4)n is the most
widespread representative of the class of polyesters,
condensation product of ethylene glycol with
terephthalic acid (fig.1). Polyethylene terephthalate
belongs to the group of aliphatic-aromatic

polyesters.  In  the conditions of the
mechanoactivation (which is carried out in this
work) in which local temperatures reach 1,000°C
there is a polymer destruction to producing
monomers or oligomers that is easily reached and
polymer can be as additinal source of hydrogen,
leaving at the same time carbon in a catalyst matrix.
In the work described in this manuscript, this
substance must be as a source of hydrogen, as it has
a low decomposition temperature - 350°C.

o = 0
n

Fig.1. Polyethylene terephthalate (C10HgO4)n

IR absorption spectra of the samples were
measured with use of the IR spectrometer Perkin
Elmer Spectrum 65 in the field 700-3,600 cm™ and
UV-750U spectrophotometer in the range of 400-
4,000 cm? in the dismountable cuvettes (liquid
samples) and in potassium bromide tablets (solid
samples). Definition of micropores, data on textural
and structural characteristics of the prepared carbon
materials are received with use of the analyzer of a
specific surface, and also from calculation of the
isotherms of adsorption of nitrogen taken at 350°C
in the range of relative pressures P/Py from 0.005 mo
0.995 on the device “Sorbtometr-M”. X-ray
fluorescent researches and the element analysis of
the solid samples were carried out on the FOCUS-
M2M microanalyzer with use of Fe-radiation in the
range from 2.0 to 37.0 V. The intensity of the
diffraction peaks was evaluated by analytical
method in the tetragonal system. For samples of
initial raw materials (solid polymeric products and
coal) the thermogravimetric analysis was carried out.
Loss of mass of a sample at the given temperature
was determined according to curve of
thermogravimetric measurements. The mass loss
rate was determined by differential
thermogravimetric curve and temperature of maxima
of endo - or exo - effects - on the basis of differential
thermogravimetric adsorption curve, in accordance
to standard procedures. In this work loss of mass is
identical to the yield of volatile products, and the rate
of loss of mass is equivalent to the rate of allocation
of volatile products when heating. Changes of a
surface and structure are revealed by means of the
scanning electronic microscope NtegraTherma with
the lighting modes - "on a gleam" and "on reflection”.
Aromatics content in the coal hydrogenation
products was determined by gas chromatography-
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mass  spectrometry using  Agilent  7890A
chromatograph equipped with a mass selective
detector Agilent 7000ATripleQuad at registration of
the total ion current.

For experiments on coal hydrogenation a rotating
0.5-liter autoclave was used. Reaction was carried
out with use of method developed in the laboratory
[13-17].

Iron containing catalysts were prepared and
introduced into the reaction mixture by following
two ways:

1. A powder BC was subjected to mechano-
chemical treatment in a mixture with water in the
centrifugal planetary mill - activator. The activated
catalyst was added to a mixture of coal and water
(2:10 wt. parts), at the rate of 10% by weight of
organic mass of coal (OMC) and was dispersed for
20 min. The mixture was then dried at 105°C to a
moisture of <1 wt. %;

2. The powdery concentrate BC was subjected to
mechanochemical processing in mixture with water
in a mill-activator, was added to tar accordingly to
calculation from 5.0 to 45.0 % to OMC and was
dispersed with the subsequent removal of water from
mixture at 34°C in a drying box.

RESULTS AND DISCUSSIONS

According to X-ray fluorescence analysis of BC,
the main crystalline phase in selected samples of ore
after mechanical activation of catalysts are hematite
and chalcopyrite transforming into pyrite. At the
coal hydrogenation hematite is reduced into
magnetite, pyrites is decomposed into pyrrhotine.

The element and phase analysis of the ore catalyst
before mechano activation is presented in Table 1.
Mechanochemical activation of ore catalysts has
impact not only on degree of conversion of coal, but
also on the composition of liquid products.
Processing increases activity of BC of the catalyst in
reactions of transformation of the high-molecular
asphaltenes to maltens possessing smaller molecular
weight, i.e. increases cracking properties of the
catalyst.

IR data of initial coal show the presence of
amorphous compounds (fig.2), in particular, the
organic component of coals represents mixture of
various X-ray amorphous components, presence and
quantity of which varies among metamorphism row.

Physico-chemical characteristics of the
obtained coal with a polymer, in particular Raman
spectrum showed that the main product consists,
mainly, of carbon (not less than 90.0%) and to 10.0%
of the mineral impurity entering to a basis of
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polymeric material (fig.3). At the content of
polymeric material in mixture less than 10.0 wt. %
degree of conversion of mixture into the liquid and
gaseous products is low that interferes to the
effective implementation of process.

The degree of coal conversion and yield of the
low-boiling products grow at increase in amount of
synthetic polymeric material in mixture to 70.0% per
mixture weight. Data of IR - spectroscopy (fig.4, 5)
of initial coal and of coal together with polymer after
hydrogenation showed that after mechanical
treatment of coals the number of saturated CH-bonds
in the form of the methylene and methyl groups is
decreased (fig.5) In the liquids extracted from coals
after hydrogenation according to IR spectra was
observed destruction of carboxyl groups, ketones
and esters and decrease in number of the methylene
structures. On IR spectra intensity of absorption
bands of CH-aromatic groups is increased (in the
range of 537-1,017 cm™); the absorption caused by
stretching of vibrations of C-H (the methylene and
the methyl) groups in the area of 2,922-3,418 cm™ is
decreased. The absorption intensity corresponding to
carbonyl groups in aldehydes, lactones, esters (1,720
cm?) is changed. Data of IR - spectra (fig.5) show
that in the reaction products the intensity of
absorption bands of aliphatic hydrogen at 2,922 cm
1 of the methyl groups at 1,342 — 1,410 cm? is
increased. Presumably, the growth of the hydroxyl
groups associated with the break of ester bonds, an
increase of methyl groups is a consequence of the
adherence of ethylene from polyethylene and
carbonyls growth, is probably the result of acylation
of aromatic carbon fragments.

Further increase of the polymeric material in
the mixture does not lead to significant changes in
these parameters of the process. The proposed
process for producing of liquid products from coal
can increase the yield of low-boiling hydrocarbon
fraction from 12.0 to 60.0 wt.%. An advantage of the
proposed method for producing liquid products from
coal is the high yield of hydrocarbon products
boiling up to 200°C, exception of the processes of
allocation and hydrotreating stages of polymers from
the technological scheme and possibility of
recycling of industrial and household wastes of
polymeric materials. In the presence of polymers as
a part of mixture coal-polymer the content of high-
molecular asphalt and resinous components -
asphaltenes and benzene pitches is decreased in the
field 360—443°C. As a result of thermal influence in
bitumen the role of components with smaller
molecular weight - benzene pitches and oils is
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Table 1. The composition of the ore samples before and after mechanical activation

The samples Composition, %

Elemental analysis Fe Zn Al Cu Cl S
MC 41.4 - - 36.5 7.3 -
BC 32.8 6.4 21.11 22.58 - 15.5

The main crystalline phase
Phase analysis The initial sample After mechanical activation

MC CuO, FeCl; Fe,O3; CuO, Cu
BC CuFeS;, Fe,03 FeSy, Fes04 FeS, CuO, Cu
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Fig. 5. IR -spectra of coal with a polymer after the hydrogenation reaction

increased. As a part of the oil fraction is increased
the content of light petroleum-ether resins and
aromatic hydrocarbons in the field 443-527°C. At
hydrogenation of coal in tar possessing the
hydrogen-donating  properties, the researched
catalysts considerably increased OMC.
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In the course of a coal hydrogenation in the tar
possessing hydrogen-donors properties, the studied
catalysts considerably increase degree of conversion
of the organic mass of coal (OMC) (Tab.2)
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Table 2. Hydrogenation of coal in presence of polymers

Composition (coal, tar, Degree of OMC

Yield of gaseous Yield of solid Hydrogen

concentrate of Balkhash conversion, roducts wt % products, consumption,
field), wt.% wt. % P WL wt. % vol. %
Coal/tar:50/50 68.1 42.1 5.8 0.5
Coal/tar/concentrate:
45/45/10 65.1 435 5.7 1.5
Mechanical activated
coal/tar/concentrate: 72.1 50.4 54 1.8
45/45/10
Mechanical activated
coal/polyethylene/ 70.2 44.2 6.8 1.9
concentrate: 80/10/10
Mechanical activated
coal/rubber crumb/ 69.2 45.2 6.1 2.0
concentrate: 80/10/10
Table 3. Chromatographic analysis of hydrogenation products
Compound Initial In the presence of polymer
The liquid phase,vol.%
C2HsOH 3.3 2.6
CsHs 8.4 9.4
CeHsCHa 10.4 10.9
p- xylene 7.0 6.4
ethyltoluene 8.1 6.0
ethylbenzene 4.6 6.6
Gaseous phase, vol.%
H. 18.1 24.3
CO 3.6 5.1
CO» 13.2 19.1
CH4 7.5 6.7
C2Hs 2.1 1.8
CoH.4 - 1.0
CsHs 1.2 0.9
CsHio 1.3 1.0

The highest exponents of coal conversion (72.1
wt.%) and the yield of liquid products (50.4 wt.%)
were observed in the composition of mechano-
activated coal/tar/concentrate 80/10/10. For catalyst
supported in the highly dispersed form on the surface
of brown coal in the presence of polyethylene and
crumb rubber the relatively low coal conversion
rates were obtained. It can be explained by the fact
that the activated iron is in the form of the complex
aggregates in structure of polymers of polyethylene
and a rubber crumb, which can create diffusion
limitations for certain coal thermal degradation
products, which can create certain diffusion
limitations for the products of coal thermal
destruction. In the conditions of process of a
hydrogenation tar is dehydrogenated, transforming
into liquid hydrocarbons. Apparently,
dehydrogenation of tar in presence of coal occurs as
result of its interaction with OMC or as the products
of its thermal destruction. The studied catalysts

accelerate coal hydrogenation by molecular
hydrogen of tar with formation of liquid products
that leads to increase in its content in reactionary
mixture. Results of a gas chromatography show that
gaseous products of a hydrogenation of coal are
presented generally by carbon oxides, the content of
hydrocarbonic gases Ci1-C4 doesn't exceed 20 wt.%.
In the course of a hydrogenation there is a
consumption of molecular hydrogen by coal. It can
be concluded (Tab.3), that sufficiently high yield of
hydrocarbon gases takes place in the presence of
polymers, i.e. in cases where the free hydrogen is
abundant. Allocation of CO; after hydrogenation is
can be explained by processes of decarboxylation of
polymers, emergence of hydrocarbonic gases
promotes to the deep destructive processes of
organic synthesis of a liquid phase and substance of
coal with the immediate filling of uncompensated
bounds with the allocated hydrogen.
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Table 4. Influence of polyethylene and composition of the mixture on yield of liquid products of hydrogenation

Quantity of Degree of Yield of the products of liquid
Composition polymer in the mix, conversion, fraction, wt. %
wt.% wt.% T hoiling<200°C Thoiling>200°C
Mechanical activated
coal/polyethylene 10.0 70.2 5.2 44.2
/concentrate: 80/10/10
Mechanical activated
coal/polyethylene 20.0 71.6 10.3 454
/concentrate: 70/20/10
Mechanical activated
coal/polyethylene 40.0 75.2 23.7 37.5
/concentrate: 50/40/10
Mechanical activated
coal/polyethylene 60.0 77.0 32,5 40.5
/concentrate: 30/60/10
Mechanical activated
coal/polyethylene 75.0 78.0 30.7 48.0
/concentrate: 15/75/10
Mechanical activated
coal/tar/concentrate/ 70.0 73.1 52.4 10.2
polyethylene: 10/10/10/70
Mechanical activated
coal/tar/concentrate/ 75.0 72.1 60 8.3

polyethylene: 10/5/10/75

Type of added polymers has a significant effect
on the degree of conversion of OMC and the yield of
products (Tab.4). In medium polyethylene, which
has the ability to dissolve the coal hydrogenation
products, but does not have a hydrogen-donating
properties, the degree of OMC conversion much
lower than those of obtained in the tar medium. It
was revealed that in the selected conditions
polyethylene dehydrogenation does not proceed.

In the course of a coal hydrogenation in tar and
polyethylene iron-containing catalysts accelerate as
reaction of direct hydrogenation of organic mass of
coal and products of its destruction by molecular
hydrogen, as hydrogenation (reduction of hydrogen
and donor properties) of the dehydrogenated
hydrogen and donor solvent — tar in the presence of
polyethylene. At the content of polymeric material
in mixture less than 10 wt.% conversion degree of
mixture into liquid and gaseous products is low that
interferes with efficient implementation of process.
Conversion degree of coal and the yield of the light-
boiling products increase at increase in amount of
synthetic polymeric material in mixture to 70% per
the weight of mixture. The proposed process for
producing of liquid products from coal can increase
the yield of low-boiling hydrocarbon fraction from
12 to 60 wt. %.
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CONCLUSION

Thus, in the work hydrogenation of brown coal of
the Kazakhstan fields was studied. Objects of
investigation were the coals of the central region of
Kazakhstan and solid organic wastes in the form of
polymers. Mechano-chemical activation of the iron-
containing catalyst affects not only the degree of
carbon conversion but also on the composition of
liquid products. Processing increases activity of the
iron-containing catalyst in reactions of conversion of
the high-molecular asphaltenes into maltens
possessing smaller molecular weight i.e. increases
the cracking properties of the catalyst. It was shown
that addition of polymer leads to allocation of the
volatile and soluble low molecular weight products,
which are the products of the destructive conversions
of coal and polymers. The yield, composition and
structure of this type of products depends on the
conditions of hydrogenation, the stage of
coalification of coal, medium, type and mode of
mechanical action.

The difference in indicators of non-catalytic
transformation of coal in the environment of tar and
polyethylene  characterizes  contribution  of
hydrogen-donor properties of the paste forming in
the total process. In the presence of polymers as a
part of mixture coal-polymer is decreased the
content of high-molecular asphalt and resinous
components asphaltenes and benzene pitches in field
360 — 443°C. As a result of thermal influence in
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bitumen the role of components with smaller
molecular weight - benzene pitches and oils is
increased. As a part of the oil fraction is increased
the content of light petroleum-ether resins and
aromatic hydrocarbons in the field 443-527°C. At
hydrogenation of coal in tar possessing the
hydrogen-donating  properties, the researched
catalysts considerably increased OMC. Conversion
degree of coal and the yield of the light-boiling
products increase at increase in amount of synthetic
polymeric material in mixture to 70% per the weight
of mixture. The proposed process for producing of
liquid products from coal can increase the yield of
low-boiling hydrocarbon fraction from 12 to 60 wt.
%. The advantage of the offered method for
producing liquid products from coal is the high yield
of hydrocarbon products boiling up to 200°C, the
exception from the technological scheme of the
stages of selection and hydrotreating processes of
the pastes, and the possibility of recycling of
industrial and household wastes of polymeric
materials.
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KATAJIUTUYHO XUJIPUPAHE HA BBIJIMIIA OT KASAXCTAHCKHN HAXOIUIIA B
[NPUCBCTBUE HA ITOJIMMEPU

JI.A. BaiicetitoB, M.H. TyneHOB*, JI.P. CacuxoBa”, ILE. T abnpamoBa, A.H. Marasosa, O. [lanenxanymnu,
JK.b. Kynsaposa, 3.A. MaHcypoB

Kazaxcrku nayuonanen ynusepcumem ,, An-@apabu *, 050040 Armamu, Kazaxcman
Ilomydena Ha 9 centemBpu 2016 r.; kopurupana Ha 2 Mapt 2017 r.
(Pesrome)

OO0eKT Ha U3CIIEBAHETO Ca BBIJIMINA OT IICHTPATHUS paiioH Ha KazaxcTaH v TBBPIU OpraHMIHH ITOJIMMEPHH OTIAIBIIH.
B Ta3u paboTa e n3cienBaH NpouechT XUAPHpaHe Ha Ka(sIBU BBIJIMIIA OT Ka3aXCTAHCKU HAXOAXIIAa. MeXaHO-XUMHUYIHOTO
aKTHBUpaHEe Ha KaTaJm3aTropa BIIsIe HAa HE CaMO Ha CTENEHTa Ha MpEeBpBIIaHEe, HO M ChCTaBa Ha TEYHHUTE MPOIYKTH.
[IpomeckT mOBHIIABa AaKTHBHOCTTA Ha JKEJIA30-CHOBPXKAIIMA KaTajm3aTop Ha peaknuiTa Ha MpPEeBpbBIIaHEe Ha
BHUCOKOMOJICKYJTHUTE ac(alTOBU BEIIESCTBA B MAITCHU C MO-Mallka MOJICKYJIHA Maca, T.C. MOBHIIABA CE KPEKUpaIiara
CcrocoOHOCT Ha Karanu3aropa. Hamudrmero Ha MOTUMEpPH BOAM O OTICISHETO HAa JICTIMBU BEIICCTBA, MPOIAYKTH Ha
JIECTPYKTUBHOTO TPEBPHIIIAHE HA BBIJIUIATA U TTOTUMepUTe. TEXHUAT TOOUB, ChCTaB U CTPYKTYPA 3aBHUCAT OT YCIOBHUITA
Ha XUJApHpaHe, CTCICHTA HAa OBBIJSIBAHEC HA BBIVIUINATA, Cpelara, TUMA W CHoco0a Ha MEXaHWYHO BB3IACHCTBUC.
[IpequMcTBO HA MPEIUIOKEHUS METOJ 3a IOJIyYaBAaHETO HA TEYHM MPOAYKTH OT BBIJIMINA € BHCOKHUS J0OWB Ha
BBITICBOJOPOIHA TPOAYKTH, kursimw a0 200°C u M3KIIOYBAHETO HA CTAIMHTE HA CENEKIHsS M XHUIPO-TPEeTHpaHe Ha
TBBPIUS OCTATHK, KAKTO M BE3MOKHOCTTA 32 PEIUKIIMPaHe Ha IPOMUIIICHA 1 OUTOBH OTHAIBIH OT HOJTHMEPH.
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Unidirectional growth of CoNi(S0O,),.12H,0 single crystal by Sankaranarayanan-—
Ramasamy (SR) method

S. Karvar, H. Rezagholipour Dizaji*
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Large cylindrical [010] cobalt nickel sulfate twelvehydrate (CNSH) crystal with 18 mm diameter and 150 mm length
was grown from an aqueous solution by Sankaranarayanan—Ramasamy (SR) method. The grown crystal was examined
by X-ray diffraction, UV-Vis spectroscopy and TGA/DTA analysis methods. The grown crystal was found to possess
high transmission efficiency in UV region and high absorption in the other regions introducing it as a good candidate for
use as UV band-pass filter. The grown crystal showed dehydration temperature higher than that of commercially available

nickel sulfate hexahydrate (NSH) crystal.

Key words: Growth from solution, Transmission, X-ray diffraction, UV filter, Thermogravimetric analysis

INTRODUCTION

Crystalline  materials having  narrowband
transitive in particular wavelength region and
strongly absorptive over all others are usually used
in band-pass filters. Generally, most optical crystals
have continual optical transmission characteristics in
the range from UV to near IR wavelengths. There are
few exceptional crystals in this sense. Those crystals
showing discontinue in the UV to near IR
wavelengths region can be used as optical filter in
UV region.

Nickel sulfate hexahydrate (NSH) crystal is a
well-known UV band pass filter crystal having high
transmission efficiency over a narrowband at 250-
340 nm, moderate transmission at 450-600 nm, and
strong absorption over all other wavelengths [1].

The ultraviolet light filters and UV sensors of
NSH crystals are already commercially available [2].
However it has some drawbacks among which the
most important one is its low dehydration
temperature [73 °C]. This parameter is very
important when considering an optical system
employed to detect the UV signal characterizing the
jet engine of a missile to operate at various climate
conditions, including those associated with elevated
temperatures, which might be experienced in the
desert. Also, temperature of 85 °C or higher and low
relative humidity conditions can be reached when
aboard an aircraft, armored vehicle or a ship, as a
combined result of both solar heating and engine-
generated heat. Thus, the crystal should have not
only proper spectral transmission but thermal
stability. Accordingly, it is desirable to provide a

* To whom all correspondence should be sent:

E-mail: hrezhgholipour@semnan.ac.ir

crystal having optical properties similar to that of
NSH but having greater thermal stability. Therefore,
other NSH — based compounds such as cobalt nickel
sulfate twelvehydrate  (CNSH)[2], iron nickel
sulfate twelvehydrate (FNSH)[3], potassium nickel
sulfate hexahydrate (KNSH)[4], rubidium nickel
sulfate hexahydrate (RNSH)[5], ammonium cobalt
nickel sulfate hexahydrate (ACNSH)[6], potassium
cobalt nickel sulfate hexahydrate (KCNSH)[7], and
potassium manganese nickel sulfate hexahydrate
(KMNSH)[8] were grown possessing dehydration
temperature higher than that of NSH crystal.

Crystals of cobalt nickel sulfate twelvehydrate
CONi(S04)2.12H,0 (CNSH) belong to the
monoclinic system with the space group C2/c and
crystal lattice parameters a=9.996(A), b=7.2265(A),
c=24.218(A) and p=98.32(3)° [2].

In the present investigation, CNSH crystal has
been grown in the [010] direction using a novel
technique called Sankaranarayanan-Ramasamy (SR)
method [9]. The main advantages of this technique
over conventional solution growth method
employed by Su et al to grow CNSH crystal [2] are
the ability to grow a crystal unidirectionally as well
as to convert solution to crystal with 100%
efficiency. The grown crystal was subjected to X-ray
diffraction, UV-Vis and TGA/DTA analysis.

EXPERIMENTAL
Experimental set-up

The SR set-up for crystal growth shown in Fig. 1
consists of two ring heaters positioned at the top and
bottom of the growth ampoule each connected to a
temperature  controller  maintaining  constant
temperature.

608 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The entire SR set-up is placed in a water bath in
order to avoid temperature fluctuations during the
growth process. The top heater provides the
necessary temperature for solvent evaporation, while
the bottom one is used to maintain the solid-liquid
interface at the saturation temperature. It is moved
upwards depending on the growth rate of the crystal.

Thermocouple

Top cover

CNSH solution

PR Ring type heater (top portion)

Ampoule

‘Water bath

G g crystal

Ring rvpe heater (bortom portion)
Seed

Fig. 1. SR growth set-up
Crystal growth

The equal molar proportion CoSO..7H,O and
NiSO4.6H,0 powders of 98% purity were dissolved
in twice distilled water. The saturated CNSH
solution was prepared at room temperature (27 °C)
and filtered using a membrane filter of 0.45um
porosity at the same temperature.

The vessel containing the prepared solution was
placed in a constant temperature bath set at
saturation temperature and left for several days in
order to obtain seed crystal through solvent
evaporation. After 14 days, brown transparent
CNSH crystal grew. A disk shape seed with 4 mm
thick and 5 mm diameter was cut from the already
grown crystal and mounted at the bottom of the
ampoule. The plane was so fitted not to allow other
faces to grow. The ampoule was filled with saturated
solution of CNSH at 27 °C.

The temperature of the bottom and top portions
was set as 27 °C and 29 °C respectively. Gradual
evaporation of the solvent from the top portion of the
solution caused the seed to grow. After 40 days,
cylindrical shape CNSH crystal of 150 mm height
and 18 mm diameter was grown which is shown in
Fig. 2.

THEEH IRt

Fig. 2. CNSH cylindrical crystal (a) after removing
from ampoule and (b) Cut and polished piece.

RESULTS AND DISCUSSION

The physical phase and structure of the product
was confirmed by X-ray diffraction (XRD) analysis
using an X-ray diffractometer with intensity Cuka
radiation (A=1.5406 A). The grown crystal was
ground and pestle in order to determine the crystal
phases by XRD. Figure 3 shows the X-ray
diffraction pattern of CNSH grown crystal.
According to the results obtained from XRD data,
the CNSH crystal belongs to the monoclinic space
group C2/c and lattice parameters of a=9.97 A, b =
724 A, c=2423 A, p=98.34°,V =1729.78 A>.
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Fig. 3. X-ray diffraction pattern of CNSH crystal.

Figure 4 represents the optical transmission of
2mm thick CNSH crystal obtained in UV-Vis
spectrophotometer (Model UV-1650 PC) with
performing wavelength ranged from 190 to 1100
nm. The grown crystal has two sharp transmission
bands centered at 292.5 and 496.5 nm. Transmission
efficiency at 292.5 nm is about 77.44% which is
higher than the reported value [2]. It is also observed
that the other wavelengths are strongly absorbed.
This transmission behavior is the characteristics of a
UV band pass filter.

70 \

Transmittance (%)
B u @
© © o
T

w
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20 || | |
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Wavelength (nm)

Fig. 4. Transmission spectrum of the CNSH crystal.

The thermo-gravimetric analysis on freshly
grown CNSH crystal was performed by using
Perkin-Elmer diamond TGA/DTA instrument in air
atmosphere. It is observed from TGA/DTA curve
shown in Fig. 5 that the dehydration temperature of
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CNSH crystal is about 85.25 °C which is higher than
that of NSH crystal and nearly the same as reported
by Su et al [2].

,_\\\\ ) —

9 N S
o] !
| From=gs.2sec) | \\\
| Teeaszerc Y |\ |
1 %chance-sesx |\ |

Weight % (%)

Derivative Weight % (%/min)

Temperature (°C)

Fig. 5. Thermo-gravimetric and differential thermal
analysis curves of CNSH crystal.

CONCLUSIONS

CNSH single crystal in cylindrical shape with 18
mm diameter and 150 mm length was grown by SR
method. The XRD analysis proved good crystalinity
of the grown crystal. Optical transmission spectrum
of this crystal showed its high transmission
efficiency at UV region and high absorption in the
other regions making it suitable for use as UV band-
pass filter. The transmission of the CNSH crystal

grown by SR method was found to be slightly higher

than that grown by conventional solution technique.

Thermal analysis of the grown crystal revealed its

dehydration temperature of 85.25 °C, well higher

than that of NSH crystal.
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EJJHOITOCOYEH PACTEX HA EIMHUYEH MOHOKPUCTAJI OT CoNi(SO4)2.12H20 T10
METOJIA HA Sankaranarayanan—Ramasamy (SR)

C. Kapgap, X. Pezaronunyp Auzamxn™

Jlabopamopus no kpucmanen pacmesic, lenapmamenm no gusuka, Ynueepcumem ¢ Cemuan,
Cemnan -35195-363, 4.P. Upan

Ilocrbpnuna Ha 20 centemspu, 2016 r.; Kopurupana Ha 14 sayapu, 2017 r.

(Pesrome)

Wspactean e roysm muinaapuder kpuctan [010] ot kobanTo-uukenos cyndar gogaekaxuapar (CNSH) ¢ quamersp 18
mm u peioxuaa 150 mm length us Bopna cpena mo MeTona Ha Sankaranarayanan—Ramasamy (SR). ITonyueHusaT KpucTai
€ W3CIelIBaH C PEHTreHO-CTPYKTypeH aHaim3, UV-Vis crnexrpockomnust 1 TGA/DTA-ananu3s. ITonydeHUST KpUCTal
TpUTekKaBa rojisiMa mpenasarenda edextuBHocT B UV-o0macTtra m BHCOKa aOcopOLMs 3a OCTAaHAIHMTE IBHJDKUHU Ha
BBJIHATA. 3aTOBA TE3W KPUCTAIH ca No0bp KaHAauaat 3a ¢puntpu Ha UV-BoiaaM. [TodydeHUST KpUCTAI TIOKa3Ba IMO-BUCOKA

TeMIlepaTypa Ha JIeXUApaTHPaHe OTKOJIKOTO Ha KOMEPCHAIHO JOCTBITHHS HUKEIOB cyiadar-xekcaxuapat (NSH).
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The preset work investigated the problems associated with the gases generated during the production of an acid and
an alkali from a sodium salt in a three-chamber electrodialysis cell with bipolar membranes remaining in the cell. The
study was conducted at three different flow rates, three different potentials and at two different concentrations. All
experiments were conducted repeatedly under both conditions where the gas exhaust ports of the cell were either on or
off. The system was observed to underperform particularly under conditions where the gas produced during the process
could not be removed and thus formed a surface film on the membrane and the electrodes of the cell. The loss of current
efficiency was in the range of 15 — 28%. The study highlighted the significance of maintaining the optimal operating

conditions in electrodialysis processes for the prevention of loss of energy and workforce.

Keywords: Electrodialysis, Bipolar Membrane, Mass Transfer, Gas

INTRODUCTION

Membrane processes are among the most
environmentally friendly production processes.
Electrodialysis is a process where ions are removed
from an electrolyte solution or where an electrolyte
solution becomes more concentrated through the use
of electrical potential as the driving force [1],
Electrodialysis was employed in order to obtain
potable water from salt- or brackish water, removal
of juice acidity, pH control and in the recovery of
heavy metals, as well as in the production of caustic
soda in chlorine-alkaline production plants [2, 3].
Bipolar membrane electrodialysis was used to
generate protons and hydroxyl ions [4]. This process
was frequently employed in environmental
applications [5-7] such as the recovery of carbon
dioxide in the treatment of wastewater containing
organic acids [8, 9] from the food industry [10, 11].
Numerous previous studies on bipolar membranes
established their economic feasibility for the
recovery of inorganic, organic or amino acids [12].

Separation processes are affected by the
differences in the charge of the ions in solution.
Separation using charged membranes is facilitated
by the exclusion of the ions with a similar fixed
charge as that of the fixed charge of the ions in the
structure of the membrane. lon-charged membranes
were used to separate electrolytic solutions [13-15].
A comparison of the conventional ion exchange
method and bipolar electrodialysis in the production
of acid and alkali from salt solutions indicated a
decrease in energy requirements as low as 1 kWh/kg
at a current density of 10-12 mA/cm? [16]. One of
the most important aspects in a successful
electrodialysis application was attributed to the
cleanliness of the membrane and electrode

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

surfaces[17]. Earlier studies demonstrated the direct
proportionality between the efficient use of
membranes and electrodes and efficiency of the cell.
The performance of the membrane was determined
through selectivity and current parameters [18].

The current study investigated problems in mass
transfer associated with the adverse effect of the
gases generated during the three-chamber membrane
separation process coating the surface of the
membrane. The aim of the study was to facilitate the
employment of bipolar membrane electrodialysis
systems in the broadest possible operating capacity
possible. The study highlighted the significance of
maintaining the optimal operating conditions in
electrodialysis processes for the prevention of loss of
energy and workforce.

EXPERIMENTAL METHOD

NaF, HF, NaOH, and all other chemicals were
obtained from MERCK. The analyses on sodium
were performed using flame photometer and the
analyses on fluoride were performed using a Mettler
Toledo ion meter.

The temperature, concentration, flow rate and the
changes in voltage were investigated separately. The
changes in current density were investigated for
different experimental trials. The experiments were
conducted in a lab-scale, three-chamber bipolar
membrane commercial electrodialysis cell. The cell
was constructed from polyethylene. The cathode was
stainless steel whereas the anode was made from Pt
/Ir-MMO coated titanium of dimensions 110 mm x
110 mm. The characteristics of the membranes used
in the study are displayed in Table 1. Polyethylene
spacers were used to separate membranes from one
another. The interspacing between the membranes
was 0.5 mm whereas the membrane-electrode
interface was 1 mm.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 611
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Table 1. Characteristics of the homopolar membranes
employed in the study

PCacid60 PCSK
Transference number >0.95 >0.95
KCI (0.1/05N)? 55
Acid (0.7/3 N)®
Resistance / Q.cm? ~2 ~25
Water content (wt%) ~ 17 ~9
lon exch. capacity cal.ld n/a
Strong basic (meq.g?): ca 0.45

Weak basic (meq.g?):
3 calculated from potentiometric measurements
b observed current efficiencies

The  experiments were conducted at
concentrations of 0.05 M and 0.025 M, at flow rates
of 0.38 L/min, 0.5 L/min and 0.75 L/min, using
potential differences of 5V, 7.5V, and 10V. The gas
discharge ports of the cell were initially blocked in
order to prevent gas exhaust thus the discharge was
allowed to facilitate the comparison of the two
conditions. The effect of the autochthonous
accumulation of gas on the system was investigated
under high and low flow rate conditions. The cell
efficiency was determined under each condition and
the results were compared. All experiments were
conducted in repeated trials and the standard
deviation was determined to be 0.012 at its
maximum.

RESULTS AND DISCUSSION

The desired characteristics of an ideal membrane
in electrodialysis are high selectivity or retention and
high current density or permeability. H, and O, gases
were always reported to generate during
electrodialysis due to the dissociation of water [19].
These gases must be removed from the system to
prevent their accumulation. The accumulating gas
due to overproduction or failure to remove it will
deposit on the surface of the electrode and
membrane  surfaces. This accumulation is
schematically represented in Figures 1 and 2.

The following reactions listed below occur in the
electrodialysis cell.

Anode reaction :20H =1/20;+H,0+2¢e (1)
Cathode reaction: 2H,O" +2 e« H, + 20H  (2)
Acid reaction: H" +F — HF (3)
Base reaction: Na*+ OH — NaOH (@)
Overall reaction: NaF + H20 — NaOH + HF  (5)

The ion exchanges within the cell are displayed

in Figure 3. Mass transfer during electrodialysis

occurs either through diffusion or migration:
__ jmigration dif fusion __
]i - ]i +]i -

dcCi ) ZiCiFﬂ

D, — —
Ldx ! RT dx

(6)

612

where J is the ion flux across the membrane (mol/m?
s), Di is the coefficient of ion diffusion, R is the gas
constant (8.314 J/ mol K), T is temperature (K) ,V
is the potential (V), and x is the perpendicular
distance from the membrane (m). The mean
coefficient of dialysis (Dyif) is calculated as shown in
Equation 7. Here M represented the amount of

s Membrane

Flux

Gas (H; or O;) Membrane layer

Additional resistance layer

Fig. 1. Gas deposit on membrane surfaces
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Fig. 2. Gas deposit on electrode surfaces
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material (mol), A stood for the active surface area of
the membrane, t represented time (in hours), and AC
represented the logarithmic mean concentration
between the two compartments [20]. Mass transfer
reduced with dx increase, it can be seen from
Equation 6.
Dgir = ﬁ (7
The selective coefficient of dialysis (Daif) was
observed to be affected by the membrane surface
area for each different membrane as given in
Equation 7.  Electrodialysis  displays the
characteristic features of both dialysis and
electrolysis thus setting the surface area of the active
membrane, which is one of the most important
parameters. Although the bipolar membrane
electrodialysis process was reported to generate less
gas than polar electrodialysis [21], the system
performance was reduced by the insufficient
removal of the generated gas.
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Fig. 4. Plot of current against time for gas exhaust
ports of the system remaining on or off (experimental
conditions: concentration of 0.05M, flow rate of
0.38L/min, potential of 10 V)

Different amounts of gas accumulation on
different membranes was reported to result in
concentration polarization [22]. The accumulation
reduces the performance of the electrodes and
interferes with mass transfer. The additional gas
surface film forming on the membrane surfaces
causes additional resistance. This film layer also
slows down mass transfer by increasing the distance
for the molecules to travel since mass transfer across
the membrane is directly proportional to the
resistance encountered during the transfer and the
thickness of the membrane.

The region identified as 1 in Figure 4 represents
the drop in current density due to the surface being
covered in film layer as the concentration of the gas
increased. The region identified as 2 represents the
maximum gas compression within the cell. The
stoppers were automatically released after this point
with incremental increase in pressure as the system
was adjusted to release the internal pressure at any

value beyond this point. A major fraction of the gas
accumulation within the cell was thus released,
leading to a rapid increase in current density.

Figures 5 and 6 represent the effect of the
accumulation of gas on mass transfer in the cell. The
flow of both the anion and the cation was observed
to be reduced during the period when gas discharge
was blocked.
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Figure 5. Plot of molar flow of F ion for gas exhaust
ports of the system remaining on or off (experimental
conditions: concentration of 0.05M, flow rate of
0.38L/min, potential of 10 V)
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Fig. 6. Plot of molar flow of Na*ion for gas exhaust
ports of the system remaining on or off (experimental
conditions: concentration of 0.05M, flow rate of
0.38L/min, potential of 10 V)

Mixing is a method that is frequently employed
to overcome the accumulation of gas on the surface
of the membrane. However, the only method to
allow mixing in electrodialysis is to adjust the flow
rate of materials since the membrane-membrane and
membrane-electrode interfaces are small. The idea
behind this is to drag the newly formed gas along
with the flow to prevent its adherence on the surface
of the membrane.

A reduction in or the cessation of mass transfer in
electrodialysis can be monitored via the reduction of
current density. If the necessary conditions for the
discharge of the accumulating gas are not fulfilled,
mass transfer will be reduced, as the accumulated
gas will coat the membrane surface. Mass transfer
will further be reduced since this situation will
continue to narrow down the membrane-membrane
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Fig. 7. Plot of current against time for the formation
of HF at different potentials (experimental conditions:
concentration of 0.05M, flow rate of 0.38L/min)

or membrane-electrode interspace and reducing the
total amount of material fed into the system.
Additionally in Figure 7, a reduction in the
concentration of the ions required for mass transfer
below a given limit will sharply reduce the current
flow and remain constant at a very low value as
observed in the curve for the 10 V potential during
the period of 180- 240 minutes virtually ceasing
current flow. The 10 V curve in Figure 8 is an
example for this phenomenon.
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Fig. 8. Plot of current against time for the formation
of HF at different flow rates (experimental conditions:
concentration of 0.05M, flow rate of 0.38L/min)

Figure 8 displays the direct proportionality
between the flow rate and the rate of electrodialysis.
An increase in flow rate also increases circulation of
the solution, thus dragging the gas away from the
environment. Consequently, the accumulation of
any matter including that of gas on the surface of the
membrane is considerable reduced.

The short membrane-membrane and membrane-
electrode interspatial distances do not allow the
necessary extent of mixing required for mass transfer
operations. The problem of mixing can only be
attacked by the determination of an optimum rate of
material flow in such systems. A fast circulation of
solution simultaneously allows for interspatial
mixing in the membrane-membrane and electrode-
membrane regions. A concentration gradient forms
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on both sides of the membrane under conditions of
insufficient mixing, which can be rectified by
increasing the flow rate. In commercial
electrodialysis systems concentration polarization is
controlled by delivering the solution at a high flow
rate.

Flow pumps consume approximately 1/4" of the
total power of contemporary electrodialysis systems.
Concentration polarization occurring under these
conditions cannot be fully controlled since the actual
energy consumption greatly exceeds the theoretical
value. Many adversities in electrodialysis systems
are caused by the challenges of controlling
concentration polarization. This dysfunction can be
summarized as a reduction in the flow across the
membrane. Factors affecting this reduction were
reported as concentration polarization, adsorption,
and the formation of a gel film and the congestion of
pores [23].

Ideally, the only resistance observed during the
operation of membrane processes is the membrane
resistance (Rm). Materials rejected by the membrane
were reported to increase in the feed concentration
causing concentration polarization resistance (Rcp)
[23]. An additional film layer forms over the
membrane surface as a result of the concentration
polarization reducing current flow. This layer of
membrane was observed to increase the additional
resistance.

The amount of ions carried towards the
membrane is directly proportional to the electrical
current I (A) or to the current intensity (A/cm?).
Ohm’s law states that electrical current is related to
the electrical potential as:

E=ILR (8)

The total resistance of the membrane pack could
be represented as R. The value of R was determined
by multiplying the number of cell pairs in the
membrane pack (N) by the resistance Rcp of each
cell pair.

Rtot= Rcp.N
Rcp = Ram+ Rpc+ Rem+ Rfc 9)

Where Rcp is the resistance of a cell pair in unit
area, Ram is the resistance of the anion exchange
membrane, Rpc is the resistance of the leakage
compartment, Rcm is the resistance of the cation
exchange membrane, and Rfc is the resistance of the
feed compartment. The resistance of the cell pair is
equivalent to the sum of the four resistances in
series. The gas film forming on the surface of the
membrane increases Rcp, thus increasing energy
consumption and resulting in unnecessary energy
losses.

The key element in describing the total efficiency
in electrodialysis processes is the energy consumed
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Table 2. Current efficiency under the investigated experimental conditions

Potential Initial salt Flow rate Current efficiency Current efficiency

Volt concentration M L/min Gas output is open Gas output is close
5 0.5 0.38 0.961791 0.838902
7.5 0.5 0.38 0.969363 0.817584
10 0.5 0.38 0.995128 0.706543
5 0.25 0.38 0.938402 0.757572
7.5 0.25 0.38 0.962072 0.826782
10 0.25 0.38 0.967055 0.802345
5 0.5 0.5 0.981025 0.922792
7.5 0.5 0.5 0.988750 0.915694
10 0.5 0.5 0,991523 0.995981
5 0.25 0.5 0.947786 0.878783
7.5 0.25 0.5 0.981313 0.934263
10 0.25 0.5 0.980593 0.914671

in the separation process. Energy consumption E
(kilowatt) is related to the current flowing through
the pack I and to the resistance of the pack R in the
following relationship;
E=I"R=V.I (20)
Gas accumulation on the surface of the electrode
and membrane results in additional resistance,
causing an increase in energy consumption and time
to achieve the same level of productivity. This means
additional energy and time-associated costs for the
production process.
Average current density was calculated using the
following equation:

dt

L.
Average current density = i 11D

where A: membrane area (9x64 cm?), t: time (min),
[i.dt: amount of current passing during time t
(amp.min). M gneoreticary Was calculated as given by the
Faraday's law:

_fbM.i.dt 12
m= e« NF (12)

where M gneoreticary : theoretical amount of substance
released from the electrode (g), M: molecular weight
(9), n: valency, i: current intensity (A), t: time (min),
F: Faraday constant (96485 As/mol).

Current efficiency was calculated using the relation
provided below:

Current ef ficiency =

m (used)

m (theoretical) (13)
Here, mgsq) represented the amount of material
actually used in the experiments that were conducted
and Mneoreticaty represented the theoretical amount of
salt, which should have been consumed, as
calculated from the relationship representing
Faraday’s Law.

The decrease in current efficiency displayed in
Table 2 was lower than expected. The bulk flow of
the solution removed a large fraction of the gas away
from the cell although the gas exhaust ports were off.
The fraction, which could not be removed by bulk

flow, remained in the cell, reducing the activity of
the membrane. A decrease of minimum 15% and
maximum 28% was observed in current efficiency
for the experiments conducted by limiting gas
exhaust except through bulk flow of materials Table
2. This indicated the undesirable situation of
achieving less production by consuming equal
amounts of energy. This situation bears the
inevitable increase in process time and in workforce
requirements.

CONCLUSIONS

This study investigated several situations where
selection of incorrect operating conditions caused
the accumulation of gas during acid and alkali
production employing electrodialysis and suggested
alternative modes of operation for the prevention of
such problems. Very high current densities were
obtained under optimal operating conditions in the
present study. The maximum current efficiency
achieved was determined as 0.995128. The current
efficiency decreased to 0.838902 under similar
conditions with the exception of confining the
generated gas within the cell. Although a current
efficiency value of 0.838902 would appear as very
high for the electrodialysis processes, much higher
values could be obtained outperforming this trial.
Current efficiency was also a measure for conversion
of salt into its acid and alkali counterparts, indicating
the extent of mass transfer within the system. A
decrease in current efficiency also indicated a
reduction in mass transfer. A minimum of 15% and
a maximum of 28% reduction were observed in
current efficiency in the present study. A major
disadvantage of the electrodialysis (ED) processes is
the excessive consumption of energy. The
accumulation of gas created an additional resistance
in the system thus increasing energy requirements
even further.
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E®EKT HA OCTATBYHUTE I'A30BE BbPXY MACOIIPEHACAHETO B KJIETKA 3A
EJIEKTPOJJUAJIN3A

Jx. EpkMen

Henapmamenm no xumuuno unsicenepcmeo, Qaxyimem no uHiceHepcmao u apxumexmypa, Ynueepcumem Kaghrac,
Kapc 36300, Typyus

[Tonmyuena Ha 5 aBryct, 2016 r.; kopurupana Ha 4 anpw, 2017 r.
(Pesrome)

B Hacrosimara pabora ce u3cinenBa npobiemMa, CBbP3aH ¢ Ta30BETe, TCHEPUPAHU NP MPOU3BOJCTBOTO HAa KUCCIUHU U
aNKalyd OT HATPHEBHU COJMU B TPHU-KAMEPHA EJEKTPOIHMAaIN3HA KIeTKa C Ou-moyisipHu MeMmOpanu. M3cienBaneto e
MIPOBEJICHO TIPU TPU JeOUTa, TP Pa3IMYHHU NOTCHIIAATA U IBE PAa3IMIHH KOHI[CHTpAIUU. EKCIIepMEHTHUTE ca MPOBEACHU
JIBYKPaTHO MpPY BKIIOYCHU W U3KIIOYCHU M3XOJM Ha Tra3oBeTe. HabmromaBa ce BiomieHa paboTa Ha KIIETKaTa, KOTaTo
ra3oBeTe HE Ce OTACIAT HAMBIHO OT Hesd. Taka ce (opMHpaT MOBBPXHOCTHU (PUIMH BBPXY MEMOpaHAaTa U BBHPXY
eJiekTpoauTe. 3arydara Ha J0OHMB 1O TOK ¢ Mexny 15 u 28%. M3cnenBaHero u3sAcHsIBA 3HAUCHUETO 3a MOAIBPIKAHE HA
ONTHMAJIHYU YCJIOBUSI [IPU SICKTPOANAIIU3ATA 32 []a Ce U30ErHAT 3aryOuTe Ha SHEePTHsl.
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Gas flood (N2/CO,) are promising EOR methods, meanwhile CO, trapping and sequestration are
important for environmental protection. How to inspect and control gas-liquid flows are the core technology.
Based on fundamental principle, established the numerical model to simulate coupling effects of gas-liquid
flows in reservoir. Result shows that CO, swept area would form a low electrical potential enclosure, and
gas-liquid front is the place where potential begin to decrease while production, this area would enlarge till
injected gas break thought at production well, then potential begin to recover to zero, spatial variance would
disappear. The result is instructive to the monitor gas-liquid flow process.

Key words: Gas-liquid Flows; Coupling Effect; Dynamic Monitoring; Gas Flood

INTRODUCTION

Gas-liquid flows phenomena are of significance
for enviorment protection and reservior stimulation.
CO, trapping and sequestration techniques are
important methods to deal with global climate
change and slow down greenhouse gas emissions
currently. The main buried sites include oil and gas
reservoirs, deep salt water layers and non-
exploitable coal beds [1]. Meanwhile, gas
stimulation methods, including gas flood, huff-puff,
foam flooding are promising EOR method not only
for unconviential reservoir, also for the hight
permeability reservor development. There are many
challenges behind the considerable economic and
social benefits.How to inspect and control gas-
liquid flows are the core technology. Its process
level directly related to the injection of gas into the
target layers, play the desired role and not leak to
the outside. Current engineering measures include
[2-3]: gravity, sonic logging, time-lapse seismic,
3D/AD seismic, resistivity tomography, and micro
seismic monitoring. However, these methods are
restricted by factors such as resolution, efficiency,
price and so on. Each has its limitations. Cheap,
continuous and efficient monitoring methods are
the direction of future. In this paper , we simulated
coupling electrical potential field changes caused
by artifical gas source.

EQUATIONS AND MODELS

Streaming potential is a coupling effect between
fluid flow and electrical flow in porous media. The
measurement target is the signal in formation
environment produced naturally. The basic

* To whom all correspondence should be sent:
E-mail: b.bradley@163.com

equations can be described by (1) and (2) formulas

[2].
q=-L,Vp-L,Ve 1)

J=-L,Vp-L, Vo )

g is flow velocity, j is current density,p is fluid

pressure, P is electrical potential, %r electrical
conductivity of  saturated  fluid. Ly =k/u
Lo=La=Co  Lz=0r Co is called flow
potential coupling coefficient,which is an important

parameter describing flow potential effect, and its
definition is as follows (3).

Ap _ L,

YA L, 3)

The second item on the right of formula (1) can
be regarded as the feedback effect of the
electrokinetic effect on the liquid flow. Under deep
reservoir condition, this feedback effect is very
small and can be neglected. Thus, (1) can be
simplified as Darcy's law, and the coupling process
becomes a one-way process of producing current.
The simulation is based on the injection of carbon
dioxide. The critical temperature and pressure of
CO.are 31 °C and 7.38MPa When the temperature
and pressure are greater than the condition, they
would enter into critical supercritical state [4-5].

The relative permeability of supercritical CO;
and formation water is calculated by Van
Genuchten-Mualem (VGM) method. The formula
is as follows.
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K, is the relative permeability of water phase, Ky
is the relative permeability of gas phase, S, is water
saturation, s__is irreducible water saturation, s, 1S

residual gas saturation. In this run, parameter value
are 5, =0.25,S, =0.05,1=0.75.

The potential coupling coefficient and
conductivity are important parameters affecting
amplitude and distribution of potential data.
Measurement target of multiphase flow conditions
is mainly affected by water saturation, although at
present about the multiphase flow coupling
coefficient changes have no unified quantitative
model, but the main trend is that coupling
coefficient has positive correlation growth with
water saturation. According to core test results [6],
relationship between relative coupling coefficient
and water saturation can be deseribed by the linear
formula (8).

“=5 @

The calculation of electrical conductivity adopts
Archie’s law, such as (9), neglecting the conduction
of rock surface

_ 18¢ 2
Gr - SW GW

(9)

o, is the conductivity of rock saturated by fluid, ¢

is the porosity of rock, S, is saturation of

formation water, o

w 1s the conductivity of
formation water .

RESULTS AND DISSCUSSIONS

As shown in Figure 1, reservoir size is 300%150
x10m, the complete study area size is 3000x3000%
2000m, reservoir depth is 1500m, initial pressure is
15MPa, CO density is 780kg/m3, viscosity of
supercritical CO, is 0.05 MPa-s | the density of
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water is 1000kg/m?®, water viscosity is 0.65.
Homogeneous reservoir with porosity 25% and
permeability 0.65D, one injection well (I11) with
steady pressure 17MPa, one production well (P1)
with steady flow rate 20m?®/d, run for 6 years.
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Fig. 1. Schematic diagram of model

According to Berea sandstone core test [6],
under saturated water conditions, core conductivity
is 0.003S/m, coupling coefficent is about -
30mV/0.1MPa; under steady-state conditions, CO;
flow through the core is about -3mV/0.1MPa,
conductivity is 0.0026 S/m. This result shows that
the difference between the two conditions is of one
order magnitude, but conductivity variations are
quite limited.

If liquid CO; passes through air dried core, it
will change to -0.02mV/0.1MPa. The whole area is
wrapped by shale, shale’s conductivity is 0.01S/m.
The calculation process is, firstly the flow of CO;
and formation water is solved, and then finite
difference method is used to solve the electrical
problem.

As shown in Figure 2, electrical potential (U)
and gas saturation (Sc) saturation distribution in X-
Y plane. The left column is the potential
distribution of middle depth at different time, the
right column is correspond CO, saturation
distribution. The saturation map shows that, along
with CO; injected into the formation, it would
promote stable gas-liquid front. After 900 days of
production, the front has swept half areas of
reservoir .After 1350 days, injected CO;
breakthrough at production well.
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Fig. 2. Electrical potential (U) and gas saturation (Sc)
in X-Y plane

Compare with potential map, after 90 days
injection well bottom would form a low potential
area, the low potential would expand and form an
enclosed area. Potential at injection well began to
increase at 450 days. Along with production, low
potential region would move on to the production
well continuously. So position of the potential drop
is basically same as saturation front. When CO;
arrived at production well, potential drop reached
maximum, then gradually recovered from negative
to zero, so the red part of 1350 ~1800 days would
gradually increase to initial state. If multi-position
electrical potential can be obtained at surface or
underground condition, these data would be a
visual representation of CO, migration process.

s
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Fig. 3. Electrical potential (U) and gas saturation (Sc) in
X-Z plane

As shown in Figure 3, electrical potential (U)
and gas saturation (Sc) in X-Y plane, due to density
difference, injected gas would form an arc front. At
450 days, injected CO. contact the bottom of the
reservoir. Potential distribution shows a closed low
potential area with narrow width, which is related
to the geometry of the model.

When gas move along X-axis direction, after
450~900 days affected areas gradually increased,
potential value began to decline .After 900 ~1350
days, zero potential areas began to recover ,after
1800 days, potential at bottom of the reservoir has
restored to the initial state. If the geological
structure is polygon, and CO, emitted at the top or
bottom layers, abnormal potential changes would
happen.

The above results show that injection of CO;
may cause marked difference of electrical potential,
and the main trend is the decrease of potential,
especially at the leading edge position [7-8].
However, calculated magnitude of the potential
difference is no more than 2mV, interpretation
quality depend on the interference of environment
conditions. Refer to electrical logging experience
[9-10], it is difficult to obtain abundant and
sufficient observation value; however, the vertical
direction with fixed electrodes and continuous
measuring, thus potential signals are quite useful,
and is the development direction of future.

CONCLUSION

The CO, swept area would form a electrical
potential drop zone, which will continue move to
the production well. When CO, breaks through
extraction well, electrical potential would gradually
returns. The injected CO, moves along the top of
the reservoir, whose changes are more obvious than
other place in reservoir. The reasonable measuring
position should be selected at the bottom of the
injection well, or at bottom of producing well and
observation well. By placing a plurality of
measuring electrodes, electrical potential can be
obtained continuously. The plane and vertical
difference of potential can characterize the
migration liquid-gas contact front. The coupling
coefficient and low salinity of formation water in
liquid CO- only differ by an order of magnitude, the
conductivity properties similar to the calculated
potential difference was smaller, whether has the
potential interference intensity may depend on
interpretation of the measured formation
environment, according to the needs of strata and
fluid terms and conditions.
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TEYEHUE I'A3-TEYHOCT B IITOPBO3HA CPEJJA U CBbP3AHU E®EKTU
by Axyn
Hscnedosamencku u pazeoen uncmumym, Ilemponno naxoouwe ,, [llenenu*, Cunonex, Joneune 257000, Kumati
[ocrpnuna Ha 19 maif, 2017 r.; kopurupana Ha 25 asrycr, 2017 r.
(Pesrome)

IMponyxsanero c¢ raszoBa cmec (N2/COz) e oOemaBam MeTOA 3a YCKOpeH A0OMB Ha HE(T, KaTo yIaBSHETO U
orcrpansBaneTo Ha CO2 € MHOTO BaXKHO 3a OIIA3BAHETO Ha OKOJIHATa cpena. HaOnrogeHHeTo u KOHTPONBT BBPXY Ha
TEYEHUETO Ta3-TeYHOCT B TO3H CITy4yail ca KIIOYOBH 32 Ta3W TEXHOJIOTHs. 3a Ta3M Lell € ChCTABEH MaTeMaTHYeH MO,
4pe3 KOWTO ce CHMYJIpaT CBbp3aHuTe eeKTH B pe3epBoapa. Pesynrarute nokaspart, 4e 30Hata Ha nu3unctane Ha CO»
(bopMHpa BKIIOUCHUE C HUCBHK €JIEKTPUYEH NoTeHuan. @poHTHT Ha (ha3oBara rpaHULA ra3-TeYHOCT € MICTOTO, KbIETO
NOTEHLUHMATBT 3al04Ba Ja HaMalsiBa. Ta3u 30Ha ce yBelnuYaBa J0 MpoOHMBA HAa MHXKEKTHUPAHUS a3 B KIaJeHela, KaTo
NOTEHUMATBT CIIaJIa 10 HyJa. Pe3ynrature ca moyie3Hu 3a HaOIOICHHETO Ha ra30-TeYHHUS MPOLIEC.
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The interaction of Coenzyme A (CoA) with gold ions was investigated at various pH values by means of UV-Vis, FT-
IR spectroscopy, as well as electrospray ionization-mass spectrometry. Furthermore, the protective role of CoA against
gold induced toxicity in Pichia pastoris was studied. For the first time, we clearly showed that weak CoA-Au(l)
complexes with 1:1 stoichiometry were formed at physiological pH. The complexation process was accompanied by gold
reduction and it was strongly influenced by the reaction milieu. Moreover, a reaction byproduct, thiocoenzyme A, was

identified by mass spectrometry.
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INTRODUCTION

Gold has been used since ancient times to treat
smallpox, skin ulcers and measles and recently, the
attention has been turned to possible therapeutic
applications of gold-based materials [1,2]. A series
of gold complexes capable of catalyzing chemical
transformations in living organisms has been
investigated in previous studies [3].The first gold
complex was introduced by Robert Koch for the
treatment of tuberculosis. Gold(Ill) chloride has
been employed since 19th century in the treatment
of syphilis. Moreover, gold(l) thiolate complexes
were considered the drug of choice in the case of
rheumatoid arthritis [4]. Auranofin, a Au(l)
complex, and its analogs were found to exert a potent
cytotoxic activity against certain types of cancer
cells [5]. Furthermore, the proteasome is a target for
Au(ll) complexes [6]. It has been shown that Au(l)
ions have a better affinity for thiolate S instead of O-
or N-ligands. The aminoacid L-cysteine reduces
Au(l) to Au(l) and forms a stable Au(l) complex in
aqueous solutions [7]. This complex has recently
been investigatedby UV-Vis and CD spectroscopy
[8].A Au(l) complex with N-acetyl-L-cysteine
ligand has also been reported [9]. Electrospray
ionization-mass spectrometric analysis (negative ion
mode)showed the presence of a glutathionato-S-
Gold(I11) during the reduction of auricyanide by L-
glutathione [10]. Furthermore, methionine-gold
interaction under acid conditions indicated that this
amino acid plays the role of a bidentate ligand [11].
Thiol affinity for gold () was indirectly
demonstrated since gold(l)-based catalysts were
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easily deactivated by these compounds [12]. Gold-
protein complexes were intensively investigated,
proteins containing cysteine residues being able to
easily bind Au(l). Auoxol, an Au(lll) complex, has
been shown to interact with cytochrome c, the
resulting gold (1) being tightly attached to the protein
[13]. In the bloodstream, gold is transported by
albumin, in which Cys34 acts as a binding site [14].
Under acidic conditions, gold (I11) has the ability to
deprotonate the amide peptide group of GGH
tripeptide [15]. Gold (111) complexes with Glycyl-
Histidine and Alanyl-Histidine dipeptides have
recently been reported [16]. Au(ll) is tightly bound
to xanthine derivatives, nucleosides or nucleotides
[17,18]. In particular, the phosphate moiety could be
involved in complexation [19]. Studies on
microorganisms-gold interaction have been reported
indicating that some microorganisms have the
capacity to reduce Au(lll) to Au(l) or gold
nanoparticles [20 - 23].

In bacteria, many enzymes require Coenzyme A
(CoA, Fig. 1) as a cofactor [24].

This biomolecule is involved in fatty acids
oxidation pathway and/or in calmodulin-dependent
protein kinase (CaMKII) activation [25]. The
concentration of CoA in mitochondria is relatively
high, in the range of 2.2-5 mM [26, 27]. CoA could
be essential for proper cellular detoxification. In this
respect, moderate CoA levels in E. coli impair the
bacteria growth [28]. However, in certain bacterial
species, CoA and its derivatives seem to play a
significant role in maintaining the reducing
environment of the cell, acting in a similar fashion
as glutathione, which is missing in these
microorganisms [29].
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Fig. 1. Chemical structure of Coenzyme A (CoA).
Phosphate (P;), peptide bonds (A) and thiol (T) moieties
were labeled.

An NMR study has drawn attention to the La-
CoA complexes in aqueous solution [30]. CoA is a
versatile ligand, forming stable complexes with both
soft and borderline metal ions. Soft metal ions such
as Hg?* coordinate through the thiol sulfur and amide
groups of CoA [31]. Based on this, a versatile sensor
for biomolecules such as cysteine, Glutathion (GSH)
or CoA was reported [32]. No preliminary study has
reported the existence of Au-CoA complexes yet.
Nevertheless, little is known about the relationship
between CoA and gold ions in microorganisms. For
this reason, in the present study Au-CoA complex
was investigated by  spectroscopic, mass
spectrometric and/or toxicity methods (using P.
Pastoris as a model microorganism). The complex
was investigated at various pH values and in
different buffer systems and the stoichiometry was
also estimated.

EXPERIMENTAL
Materials

Sodium phosphate dibasic dihydrate was
purchased from  Sigma-Aldrich  (Germany),
disodium tetraborate decahydrate from Carl Roth
(Karlsruhe, Germany), Glycine and Tris (base) from
Carl Roth, ammonium acetate from Riedel-de Haen
(Seelze, Germany), Gold (lll) chloride from
Titolchimica (Potecchio Polesine, Italy) and
Coenzyme A (lithium salt) was a Walldorf
(Germany) product. Potassium bromide was
purchased from Fluka (Steinheim, Germany). All
buffers were prepared using ultrapure water (Milli-
Q, Millipore, 18.2 MQ resistivity).
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Methods

UV-Vis absorption spectra of free CoA and its
complex were recorded on a Libra UV-Vis single
beam spectrophotometer (Biochrom, Cambridge,
UK) equipped with a Peltier thermostated to ensure
a constant temperature (25 °C). The UV-Vis spectra
were acquired in the wavelength range from 200 to
400 nm using a quartz cuvette (Helma/Mullheim)
with a 1 cm path length.

The complex stoichiometry was estimated using
the Yoe-Jones method [33]. The concentration of
CoA was kept constant (0.25 mM) and the gold ion
concentrations were varied (0.05-25 mM),
depending on the buffer (borate, glycine, or Tris).
The minimum of the curves corresponded to the
maximum formation of the complex. The complex
stoichiometry was estimated from the point where
this curve changes its slope.

The IR spectra of CoA and its gold complex were
acquired using a Jasco FT/IR660 Plus Fourier
spectrometer in the range 4000 — 200 cm™. In order
to prepare pellets, the reaction mixture was
evaporated at room temperature or by heating the
mixture at 70 °C and later mixed with 100 mg of
dried KBr.

Electrospray ionization-mass spectrometric (ESI-
MS) analyses were carried out on an Esquire 3000+
ion trap mass spectrometer (Bruker Daltonics,
Bremen, Germany). Spectra were acquired in
positive ion mode, in the 50 - 2500 m/z range. A
mixture of CoA and metal salt at various molar ratios
was prepared in 5 mM NH4HCOs, pH 7.4.

Similarly, Pichia (SMD1168H P. Pastoris,
Invitrogen, USA) growth tests were performed in
YEPD medium (10 g yeast extract, 20 g peptone and
20 g glucose in 1 L; pH 6.0). A 100 mL preculture
was obtained in a 500 mL Erlenmeyer flask at 30 °C
under continuous stirring (100 rpm). After one day
of incubation, an optical density (580 nm) of 4.1 was
reached. Both CoA (0.5 mM) and AuCls (0.5; 1 or
1.5 mM) solutions were prepared in YEPD medium.
A set of sterile 10 mL glass tubes containing 1 mL
of YEPD medium and appropriate concentration of
CoA and gold ions was used. After treatment, each
sample was inoculated with 50 uL preculture and
incubated at 30 °C with stirring. The cells’ densities
were quantified by absorbance measurements of
diluted samples at 580 nm after 8.0 h.

RESULTS AND DISCUSSION

Steady-state absoption study

CoA and its thioesters display two main
characteristic absorption peaks at 200 and 260 nm.
Initially, the formation of the complex, CoA-Au(lll),
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was investigated at lower pH (Glycine buffer, pH
6.8) or mitochondrial pH (Tris buffer, pH 8.5). The
characteristic band of the complex in the region 280-
300 nm could not be observed at a CoA
concentration of 10-20 uM. This result intrigued us,
since the complex of CoA with mercury was easily
assessed at pH 8 [31]. Considering that CoA contains
a thiol group, with potential affinity for gold, we
expected that the complexation would mainly be
dictated by its ionization. The pKa value of the
mercapto group of coenzyme A was estimated to be
10.4 [34]. This value is at least one unit higher than
the pK values of common biological thiols (cysteine
and glutathione). Moreover, the formation of CoA
dimers, at pH higher than 8, should be taken into
account. Therefore, these parameters should be
considered for the complex formation and its
stability.

After several trials, we found that the interaction
of CoA with Au(lll) ions could easily be assessed
using an alkaline borate solution (pH 10). The
contribution of free Au(lll) ions (a peak with a
maximum at 210 nm) was subtracted, since its
absorbtion band superposed the one of the complex
at higher concentration. Surprisingly, at a lower CoA
concentration (57 uM, Fig. 2, solid line spectrum),
the CoA-Au(lll) complex was not observed. The
shape of the spectra did not exhibit any major
changes at 260 nm; however, the intensity decreased
by 15% (Fig. 2, dotted-line spectrum). This behavior
suggested an electrostatic interaction between the
positively charged gold ions and their counterpart,
CoA’s phosphate moiety. However, a drastic
decrease around 50% of the peak intensity at 200 nm
was noticed. In addition, a bathochromic shift was
observed and more individual peaks could be
distinguished in this area. At a higher CoA
concentration (171 uM), a low intensity band was
observed around 300 nm, when a stoichiometric
amount of Au(l11) was used. The complex was quite
difficult to assess, since at higher Au(lll)
concentration (higher than 750 uM AuCls) a very
high intensity band was detected in the same region.
However, at elevated CoA (250 uM) and Au(lll)
concentrations (2-3 equivalents), the intensity at 300
nm considerably increased (more than 50-60%). The
spectral differences revealed two new absorption
peaks at 280 and 300 nm, respectively. All the results
presented above support the idea that higher ligand
and CoA concentrations are a prerequisite for
complex formation. The investigated complex is
characterized by an apparent dissociation constant in
millimolar range (around 2 mM) and a relatively
higher molar extinction coefficient (2.58 £ 0.5 mM-
em) than the corresponding value of uncomplexed

Au(lll) ions, 0.4 mM2cm? at 300 nm. Thus, the
complex is characterized by a moderate stability.
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Fig. 2.UV-Vis spectra of CoA alone (57 uM) and in
the presence of 1.8 or 4.6 equivalents of Au(lll) recorded
in borate buffer, pH 10. Inset: Difference spectra at
various CoA:Au ratios (CoA concentration 220 uM).

The stoichiometry of the complex formed in 50
mM borate buffer at pH 10 was CoA: Au (I or I11) =
0.9:1. Probably, the presence of borate ions in the
complex outer shell could be attributed to this ratio.
However, a similar stoichiometry for gold thiolate
drugs with a molar excess of thiol over gold (1) has
previously been reported [35].

Previous studies on CoA-Au(lll) complexes
under physiological conditions have been
unsuccessful since gold ions could be sequestered by
various buffer components. The most suitable
buffers at pH 7 are for instance phosphate, HEPES,
MES, Glycine, Tris. The drawback of phosphate
buffer usage is that gold phosphate tends to
precipitate in solution and cannot be used in spectral
titration assays. HEPES and MES (Good’s buffers)
have the tendency to form blue nanoparticles [36].
At slightly acidic pH, glycine reduces Au(lll) to
Au(l) [37]. On the basis of these considerations, we
decided to use Tris buffer instead of all systems
mentioned above, although its optimal buffering
capacity is situated up to one pH unit.

At an elevated CoA concentration (180 uM), the
spectral differences at 300 nm were reasonable and
the apparent dissociation constant was estimated to
be 0.49+0.16 mM. Thus, we noticed that the
complex was more stable at pH 7 than at pH 10. At
neutral pH, the complex was characterized by a
lower dissociation constant (3-4 fold) than that of the
well-studied CoA-Hg(ll) system [31, 32]. Beside
coenzyme A, another important thiol compound for
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organisms is glutathione, a tripeptide that displays a
similar behavior towards metal ions (Fig. 3 inset).
The spectral differences were more evident at 270
nm using a tripeptide concentration higher than 360
uM. In this particular case, the apparent dissociation
constant was estimated to be 0.124+0.050 mM. For
this reason, a competition between these two thiols,
CoA and GSH, for gold ions is expected in the cells.
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Fig. 3. Difference spectra at two different CoA:Au
ratios (1:0.9 and 1:2, dotted) and their comparison with
uncomplexed CoA (90 uM). Inset: Difference spectrum at
GSH:Au molar ratios of 1:0.9 (dotted) in comparison with
uncomplexed GSH (90 puM). Conditions: 50 mM Tris
buffer, pH 7.

FT-IR studies

The FT-IR spectra of free CoA and its gold complex
are shown in Fig. 4. Significant spectral changes
were observed after adding gold ions. A couple of
bands were detected in the region 400-500 cm™? in
the second derivate spectrum of complex. The most
evident change in the parent spectrum of
uncomplexed CoA was observed at 426 cm™? (Fig.
4A, inset). This band could easily be attributed to a
C-N out of plane bending. Furthermore, the signals
at 476 and 485 cm™ were assigned to the Au-N
tetrahedral distortion. In this context it should be
mentioned that the band at 515 cm™, which could be
attributed to adenosine moiety, disappeared and a
new band arose at 427 cm? after complexation.
Other sensitive changes due to the CoA-gold
complexation were noticed in the second derivative
spectra. The complex possessed a small broad band
centered at around 618 cm that could be assigned
to the C-S stretching vibration mode. The signals
from 650-810 cm™ region were characterized by
lower intensity and most of them were slightly
shifted (1-3 cm™) to higher wavenumbers. Only the
signal from 680 cm™ was shifted down (678 cm™).
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These are prominent features for a gold-nitrogen
stretching vibration. Far FT-IR assignments
attributed above are in agreement with data reported
by Creutz’s group [38]. Moreover, shifting from 790
to 798 cm? (Fig. 4A) can be assigned to adenine
coordination through its N5 atom (Au-N stretching
vibration).

Some stretching vibration bands corresponding to
CoA’s diphosphate moiety and its ether linkages
were highlighted in the 900-1200 cm™ region (Fig.
4B). The bands at 918, 989 and 1073 cm™ were more
pronounced in the complex and could be assigned to
the P-O-P and P-O-H asymmetric stretching or to O-
H deformation band (Fig. 4B. inset). Moreover,
distinct bands were observed for the complex at
2142, 2151 and 2237 cmt. Al those signals could be
assigned to the symmetric stretching vibration of O-
H groups of pyrophosphate moiety. Furthermore, the
broad band observed in the second derivate spectra
at 2464 cm* and two resolved bands noticed at 2641
and 2653 cm? corresponded to the asymmetric
stretching vibration of O-H groups of pyrophosphate
moiety. It should be taken into account that at pH 8,
the phosphate groups are partly ionized. All the
above data support the hypothesis that the
diphosphate  moiety  undergoes  significant
conformational changes after gold coordination.
The bands observed in the spectrum of Coenzyme A,
attributed to the S-H group, at 2560 and 2609 cm™
were shifted to 2570 respectively 2612 cm™ and
were well defined in the complex [39].

Some spectral shifts were also determined in the
3100-3300 cm? region. Thus, a set of signals
assigned to CoA were distinguished at 3120, 3130,
3139 and 3174 cm®. These peaks were slightly
shifted to 3118, 3127, 3138 and 3173 cm? in the
complex. More defined bands at 3224, 3232, 3266,
3277 and 3290 cm™ were observed in the complex.
These signals correspond to symmetric and
antisymmetric N-H stretching vibration
characteristic for associated amides. However, the
amide | band (C=0O stretching vibration)
distinguished in free CoA declined slightly (1654
and 1669 cm?) in the complex. Simultaneously, a
new band arose at 1225 cm™ and signal intensity at
1252 cm™* diminished (amide 111 band; N-H bending
and C-N stretching along with deformation
vibrations) [40]. All above data indicate that a
number of small structural changes occur at the level
of CoA’s amide group(s) in the presence of gold ion.

Mass spectrometric analysis

In all mass spectra, CoA was denoted as Hz;CoA
for easy assignment of signals; the singly charged
molecular ion at m/z 768.15 was assigned to
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Coenzyme A molecular ion ([H3CoA+H]".
Furthermore, in the mass spectra, peaks
corresponding to singly charged lithium or
potassium adducts of Coenzyme A ([Hs:CoA+Li]*
and [HsCoA+K]" at m/z 774.14 and 806.05),
respectively were also observed.

In order to determine the stoichiometry of the
complex formed between the CoA and gold ions, a
solution of CoA:AuCl; (molar ratio 1:1) in
ammonium acetate buffer was analysed by mass
spectrometry. Surprisingly, in addition to the signal
corresponding to the gold containing complex, three
different signals were detected that were attributed
to singly charged protonated species of free
thiocoenzyme A ([HsCoASSH+H]*, m/z 800.27)
and its corresponding adducts with Na® and K*
[HsCoASSH+Na]*, m/z = 82225 and
([HsCoASSH+K]*, m/z = 838.16 (Fig. 5, Panel A).
A similar result was earlier reported by Murray et al.
[41]. In the recorded mass spectrum, characteristic
peaks for both free CoA and CoA-gold complex with
the stoichiometry 1:1 ([HsCoA+Au(l)]* at m/z
964.09) were identified. Thus, singly charged gold-
attached coenzyme A [HsCoA+Au(l)]* ions were
unambiguously detected by mass spectrometry.
Furthermore, a weak signal at m/z 999.96 suggests
that an intermediate compound
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[H2CoA+Au(D)+CI+H]* is formed. The reduction of
Au(I1) to Au(l) is not surprising. In a recent study,
it has been shown that human angiotensin | peptide
may form various complexes in the presence of Au
(1), where gold ions are in a single or both
oxidation states. However, in that report, singly,
doubly and triply charged species were detected
[42]. 1t is important to mention that this decapeptide
has more peptidic moieties, a higher molecular
weight and no cysteine residue to facilitate a
complete gold reduction. The thiol group of CoA
may confer an advantage in this process. Thus, we
can not exclude the formation of a mixed gold ()
bisulfide (a brown colour was observed) during
reaction. Furthermore, another weak signal at m/z
962.07 ([HCoA+Au(IlN]* (Fig. 5, Panel B) was
noticed. In this situation, two protons were expelled
from the ligand (from thiol, respectively adenine)
and most probably two new bonds (Au-S and Au-N)
were formed. While Au(lll) was found in tetra- or
hexa-coordinated complexes, Au(l) complexes are
linear or tetrahedral. In this respect, ionized
phosphate and pyrophosphate groups and amides
moieties of CoA could be essential to complete the
gold coordination sphere.
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Fig.4. FT-IR spectra of free ligand (0.75umol, dashed line), free Au(l11)(10 equivalents, dotted line) and their complex
(solid line). All reactions were performed in Tris 9 mM, pH 8. (A) 400-900 cm™; (B) 900-1200 cm; Insets: second

derivate spectra
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Fig.5.ESI-mass spectrum (positive ion mode) of CoA complexes with Au(lll). (A) Full ESI-MS spectrum; (B) Au-
CoA complex (m/z 964.09) experimental data; (C) Au-CoA complex (m/z 964.08) - simulated data.

In addition to this signal, two peaks corresponding
to Na* and K* adducts of the gold (I) complex were
observed (m/z 986.04 and 1002.02). Moreover, a
singly  charged gold-double-attached ion
[H2CoA+2Au(D]* (m/z 1159.9) was detected by
ESI-MS. On the basis of these data, we can conclude
that  Au(lll)  reduction  accompanies the
complexation process. The results reported here are
in line with our assumptions, since Au(l) is a soft
metal ion, possessing an electron configuration
([Xe]4f15d%), and a remarkable thiophilicity.

Effect of CoA on Au(lll) cytotoxicity

Yeast cells have the ability to immobilize Au(lll)
ions and reduce them to Au(0) in the peptidoglycan
layer [43].The lethal doses of Au(lll) on yeast cells
are in millimolar range (0.2-1.5 mM) [44, 45].0Our
study on Pichia pastoris system demonstrated that
even at 0.5 mM Au(lll) concentration, the survival
was moderate (about 20%) and slightly lowered at
1.5 and 2.5 mM. However, in the presence of CoA
(stoichiometric amount), the toxicity was drastically
impaired (Fig.6). An excess of Au(lll) ions (3:1 or
5:1) increased the amount of the complex and
decreased the free CoA concentration inside the
Pichia cells. Since CoA is an important hybrid
molecule for cell metabolism and division, its
concentration can be well correlated by following
microorganisms growing profile or their optical
densities at various incubation times. These results
are in agreement with our spectroscopic studies
suggesting a moderate affinity of CoA for gold ions.
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equivalents Au(l11) were used).
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KOOPJIMHALIMOHHY OTHACSIHUS HA KOEH3UM A CIIPSIMO 3JIATHU MOHU:
CIIEKTPOCKOIICKH, MAC-CIIEKTPOMETPUYHHN 1 MUKPOBHUOJIOTMYHU

N3CJIIEABAHUA
K. Auapuc?, M. Mans?, K.JI. ITokanun®, A. Ilyu?, . Opokuoro?, B.P. I'pagunapy**

L Henapmamenm no xumus, Xumuvecku gpaxynmem, Yuueepcumem ,, Anexcanopy Hoan Kysza “, Sw, Pymvrus
2 lenapmamenm no xumus, Ynusepcumem ¢ Koncmany, Koncmany, I'epmanus
3 [{enmwvp 3a uscnedsanus na neepo-oezenepamuenu borecmu, Ynusepcumem ¢ Toponmo, Onmapuo, Kanaoa

Iomyuena na 22 1omu, 2015 r.; xopurupana Ha 20 okromspy, 2017 .
(Pesrome)

Bsaumogeiicteuero Ha koeHsuM A (COA) CbC 311aTHH MOHM € M3CJIEABAHO NPU pas3IndyHu PH-cToiHOCTH ¢ momMorira
na UV-Vis u FT-IR-CIeKTpOCKONHH, KaKTO U C €IIEKTPO CIpel-HOHM3aMOHHA Mac-crekTpomerpusi. OCBEH ToBa €
u3cieBana 3amuTHata posst Ha COA cpenny MHIyIHUpaHaTa TOKCHYHOCT Ha 3JaTHHTE WoHH crpsiMo Pichia pastoris. 3a
OpbB BT ca Mokasanu crnabore kommiekcu COA-AU(l) mpu crexuomerpuuHo oTHOIIeHue 1:1 mpu dusuomornvHu
croitHoctd Ha PH. IIpouecsT Ha KOMILIEKCOOOpa3yBaHe € MPUAPYXKEH OT PEAYKIMS Ha 37aTOTO M CHITHO 3aBHUCH OT
peakimoHHaTa cpefa. THo-KOeH3UMBT A € HICHTU(DHIHMPAH Ype3 Mac-CIEKTPOMETPHUs KaTo CTPAaHHYCH MPOAYKT Ha
peaknusTa.
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Electron paramagnetic resonance (EPR) study on solid sugar irradiated by He, Ne and C ions and UV spectrometric
study of its water solutions are presented. The samples are treated with different doses of radiation in the region of 50 -
300 Gy and several values of linear energy transfer (LET). All samples exhibit identical EPR spectra, due to radiation
induced stable sugar radicals, and UV absorption at 267 nm of their water solutions. The EPR signal amplitude (peak-to-
peak of the first derivative) and the UV absorption at 267 nm are used as dosimetric indexes. The dependence of these
parameters as a function of LET and absorbed dose radiation is studied. The present results show that the EPR response
with increase of LET of a given particle decreases, while the UV absorption at 267 nm increases. In addition, the new
relation between LET of irradiating particles and UV absorbance is obtained.

Keywords: Sugar; irradiation; heavy ion; EPR dosimetry; UV spectrometry

INTRODUCTION

In the last decades, the extensive use of ionizing
radiation in various fields of human activities
requires effective radiation protection and reliable
dosimetric systems to estimate the received radiation
doses. On the other hand, it is well known that
treatment of sugar with various types of radiation
generates stable long-lived free radicals [1, 2, 3, 4, 5,
6, 7, 8, 9]. The application of heavy particles in
medicine leads to the investigation of sugar in the
last two decades as a dosimetric material for heavy
particles irradiation [6, 10, 11, 12, 13, 14, 15, 16, 17,
18]. It is found that identical EPR spectra of
radiation induced stable free radicals are obtained
both with photons and heavy particles.

On the other hand, the irradiation of sugar creates
products of radical recombination besides
paramagnetic ~ species. These  recombination
products are used in solid state/UV dosimetric
system [19] and aqueous solutions/UV dosimetric
system [4, 5, 20, 21, 22, 23]. A characteristic band at
267 nm is appears in aqueous solutions of irradiated
sugar [4, 5, 21] or at 263 nm as reported by other
authors [7].

This new application of UV spectrophotometry is
very important because it is a calibrated method.
Thus, before EPR dose estimations each
spectrometer has to be calibrated by a separate
calibration graph for each batch of samples, which is
only valid for the appropriate EPR spectrometer and
laboratory. In order to overcome the above
disadvantage, an attempt was recently made to
calibrate EPR using UV spectrophotometry [22]. By
this approach it is possible to calibrate not only

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

sugar, but also other, for example alanine
dosimeters, if they are simultaneously irradiated.

In the present paper, are reported the first results
on the effect of LET of the He, Ne and C ions on the
UV response. The relation between UV absorption
and LET of the irradiating particles is reported.

EXPERIMENTAL
Materials and sample preparation

Sucrose (sugar) of the highest grade is purchased
from Nacalai Tesque Inc., Japan and used as
received. Sugar sample weight of 0.50 g is used in
order to fill the EPR cavity. The same sample is then
used for preparation of 5% water solution for UV
spectrophotometry.

Each sugar sample is placed before irradiation on
an acrylic plate (40 mm x 40 mm) and wrapped with
a thin plastic sheet. The thickness of the sample is
approximately 1.0 mm. The wrapped samples are
mounted on a sample holder for irradiation.

Heavy-ion irradiation

Heavy-ions sample irradiation is performed in a
biology experiment room of a heavy ion medical
accelerator in Chiba (HIMAC) at the National
Institute of Radiological Sciences (NIRS). The
biology room was equipped with an irradiation
system similar to that found in a treatment room,
including dose monitors, a binary filter, and a
wobbler system. A target in the atmosphere was
placed at a distance of 50 cm from a thin aluminum
window that sealed the vacuum in the beam ducts.
The wobbler system realized a 10 cm diameter
uniform field with a uniformity of 2% or less. The
beam intensity was measured using dose monitors
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installed in the beam course. A binary filter
composed of poly (methyl methacrylate) plates with
thicknesses ranging from 0.5 to 128 mm was used to
adjust the LET. Residual ranges of the beams, when
plates of various thicknesses were inserted, were
measured precisely before the irradiation. LET
values at the target position were estimated by a
simulation code using the data of residual ranges
[24]. The sugar samples were irradiated from 5 to
300 Gy with follow ions and LET: 1) with helium
(150 MeV/u with LET 3, 4, 5, 7.9 and 10 keV/um);
2) with neon (400 MeV/u with LET 30.9, 50, 60, 80,
100.9, 119.7, 120 and 139 keV/um) and 3) with
carbon (290 MeV/u with LET 10.9, 20.5, 30.2 and
49). All processes of irradiation and measurements
are carried out at ambient temperature. A schematic
illustration of the experimental setup for sample
irradiation is presented in Figure 1.

. Target
Acrylic (Sucrose)
plate
Heavy ions M

beam

® _ i

o > | >
® [y
U Plastic plate

(Change LET)

Fig. 1. Schematic illustration of the experimental
setup for irradiation with heavy ions.

Instrumentation and procedures of measurements

The EPR spectra are recorded on a JEOL JES-FA
100 EPR spectrometer operating in the X—band with
standard TEei: cylindrical resonator at room
temperature. After irradiation the crystal sugar is
directly transferred to EPR quartz sample tube with
5 mm o.d. and 4 mm i.d. and fixed in the cavity
center. The EPR signal intensity i.e. peak-to-peak of
the first derivative in the EPR spectrum is used as a
measure for the quantity of radiation generated free
radicals. Eight to twelve EPR measurements are
performed for each irradiation dose and the results
are averaged.

UV measurements are performed on a Specord
UV-VIS (Carl Zeiss, Jena) spectrophotometer at
room temperature. All UV spectra of water solutions
of irradiated sugar are recorded versus distilled
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water. At the same conditions non-irradiated sugar
has no absorption in the studied UV region (240-360
nm). All water solutions after preparation are heated
up to 70°C for 1 h to reach stable with the time UV
absorption [21]. Quartz sample cells with a path
length of 5 cm are used. Five measurements were
made for every sample.

RESULTS AND DISCUSSION

EPR investigation of crystal sugar irradiated with
He, Ne and C ions.

All sugar samples are EPR silent before
irradiation. A typical signal due to radiation induced
free radicals is recorded in the EPR spectrum after
sample irradiation. The signal is complex and is a
superposition of the spectra of different
paramagnetic species [25].

The influence of the instrumental parameters
(microwave power and modulation amplitude) on
the EPR response is examined in order to record
undistorted and maximal intense signal. For this
purpose, the EPR spectra of irradiated sugar with Ne
ions of 50 Gy dose and LET 50 keV/um is performed
in the region of 0.1 to 20 mW microwave power and
0.05 to 1 mT modulation amplitude. The
experiments show that the influence of the above
parameters on the intensity and the shape of the EPR
signal are avoided when all EPR spectra are recorded
at 1 mW microwave power and modulation
amplitude of 0.4 mT. The EPR spectra of sugar
irradiated with He, Ne and C ions are identical with
those described in the literature [14, 17]. There is no
difference in the shape of the spectra of irradiated
with these ions samples except their intensities
(number of radiation induced free radicals). The
intensity of the observed EPR spectrum depends on
the concentration of the radiation induced radicals.
As the dose response is of paramount importance for
any dosimetry method, are providing raw results of
the measurements (Table 1) to enable an interested
reader to see the statistical significance of the results.
Ten measurements for every sample were used for
statistical study. The relative standard deviation of
replicate signals was 2.4, 5.5 and 4.7% for lowest
dose helium, carbon and neon ions, respectively. For
highest dose it is 1.35, 1.52 and 2.09%, respectively.
These data also characterize the reproducibility of
measurements at various radiation doses and
irradiating ions.
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Table 1. The experimentally obtained values from the EPR measurements and standard deviation.

irradiation He Ne C

Dose, Gy 5 50 5 300 5 300
l1 73.42 450 18.25 1323 20.74 1779
I2 71.25 452 19.03 1358 21.56 1765
I3 75.32 455 21.55 1369 19.88 1788
l4 74.05 460 20.19 1322 23.54 1757
Is 73.23 442 21.66 1378 20.11 1778
ls 70.21 458 18.47 1351 22.36 1745
17 73.23 446 17.55 1364 20.85 1784
Is 74.25 452 20.18 1353 18.78 1698
lo 70.15 446 21.06 1388 24.53 1752
l10 73.21 459 22.18 1297 19.77 1744

Mean Ipp 72.832 452 20.012 1350.3 21.212 1759

Std. deviation 1.73399 6.09189 1.6141 28.24516 1.80136 26.78723

The scatter of doses determined with replicate
samples is due to variation of the density of the
samples and usually very small of the geometry and
the position of the sample. Although the uncertainty
of around 4-5% in the low doses is not sufficiently
low for primary calibration, sugar can be
successfully used in dosimetry. Linear increase in
the EPR signal intensity with increasing absorbed
dose of C, He and Ne ions in the investigated dose
range is found. This statement is already known [12]
and will not be discuss here.

The relation between the EPR response and the
atomic weight of the irradiating ions is confirmed
[16], the heavier ions in the order He < C < Ne giving
lower EPR response. The irradiation of sugar
samples with He, Ne and C of different LET shows
in the present study that EPR signal intensity
increases with decreasing LET of every ion. This
tendency is in a good agreement with previous
observations [6, 10, 11, 12, 13, 26]. Therefore, EPR
spectrum of sugar is sensitive both to the weight of
the particles and their LET.

UV investigation of He, Ne and C ions irradiated
crystal sugar

As was mentioned above, water solutions of non-
irradiated crystal sugar do not exhibit UV
absorbance, whereas water solutions of irradiated
crystal sugar show an absorption band at 267 nm [4,
5, 21, 17]. Figure 2 shows UV spectra of Ne and C
ions irradiated crystal sugar. Samples of sugar
irradiated with He ions do not exhibit UV
absorbance.

0.35
0304
025«.
0.204

0154 2

UV absorption

0.10

0.00

T T T T T 1
260 280 300 320 340 360

Wave length, nm

Fig. 2. UV spectra of 5% aqueous solutions of sugar
samples irradiated with: 1) Ne (300 Gy, LET 50 keV/um)
and 2) C (300 Gy, LET 49 keV/um) ions.

Previous UV spectrophotometric study of gamma
irradiated sugar [21] shows that detection limit of
c.a. 55 Gy may be obtained by using 5 cm sample
cell and 20% solution. Having in mind that the
highest He ion dose in the present study is 50 Gy
with LET 10 keV/um and in view of its relatively
low atomic weight, the effect of He ion could be
expected to be closely below that of gamma
irradiation. Therefore, this explains absence of UV
absorption in case of He ion irradiation. The
appearance of 267 nm peak is due to recombination
products of radiation induced free radicals in sugar.
According to literature data [27, 28] absorption band
in this spectral region is typically associated with
carbonyl groups in organic compounds. It is
assumed that glycoside bond breaks and the
formation of carbonyl group may be common
mechanism in the radiation chemistry of
disaccharides [29].
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Fig. 3. The dependence of UV absorption of water
solution of solid sucrose irradiated with Ne (LET 30.9
keV/pum) and C (LET 30.2 keV/um) ions as a function of
absorbed dose ionizing radiation.

The UV absorbance at 267 nm is used as a
dosimetric index for the absorbed dose of photons
and heavy particles [21, 14]. The dependence of the
UV absorbance at 267 nm on the absorbed dose of C
and Ne ions is shown in Fig. 3. As seen from Fig. 3,
the UV absorbance intensity linearly increases, but
with different slope for samples irradiated with Ne
and C ions. In comparison with EPR UV results have
better reproducibility and the standard deviation for
low doses is 1%, whereas for high doses it is under
1%. The error bars represent a standard uncertainty
in percent of five measurements for every sample.

0109 o ¢
0.08 - o

0.06 o

UV absorbance

0.04

0.02 4

T T T T T T T T
0 20 40 60 80 100 120 140 160
LET, keV/pm

Fig. 4. Dependence of UV absorption maximum of
aqueous solutions of solid sugar irradiated with dose of 50
Gy as a function of LET of Ne and C particles.

In addition, it is found that UV absorption
intensity increases with increasing weight of the
ions. In order to determine more deeply the effect of
various LET of the particle on the UV absorption,
the relation between UV absorption and LET was
studied. The obtained results on Fig. 4 show that the
UV absorption increases with increasing LET of the
particle. This statement is contrary to the EPR result
where EPR signal intensity decreased when LET of
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the particle increased. Since the absorption band
depends on the particle species, their LET and the
applied dose, to find the UV dose response of
irradiated with heavy particles sugar have to take in
account and LET.

0.40 -
0.35
0.30
0.25
0.20

0.15

UV absorbance

0.10 4

0.05

0.00

Dose/LET

Fig. 5. UV absorbance at 267 nm as a function of the
ratio of the absorbed dose and LET of the particles.

Figure 5 shows dependence of UV absorbance
from the attitude of the dose and LET. As can see the
linearity of the dose response is retained. Therefore
in both cases with and without accounting LET the
UV spectrometry may be used as a method for
dosimetry of irradiated with heavy ions sugar
because of the linear dose response.

Comparison between EPR and UV response of He,
Ne and C ions irradiated sugar.

The relation between EPR and UV response for
different heavy particles was discussed before [14,
16, 17]. However, the EPR and UV response of
sugar irradiated with heavy particles with different
LET is not discussed up to now. During irradiation,
the effects that are measured with EPR and UV
spectrometry are different. EPR measures free
radicals whereas UV spectrometry measures some
kinds of recombination products formed because of
dissolving in water. Fact is that these effects are
created from the irradiation with ionizing radiation.
So this gives opportunity to compare both effects
and methods. The dependence of EPR and UV
response of sugar irradiated with Ne and C ions with
LET 30 and 50 keV/um shows a perfect linearity
(Fig. 6).

Therefore, the linearity remains independently
from LET and the particle species. Thus UV
spectrometry could be used for calibration of EPR
results when it is necessary.
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064 = Cions, LET 302 keVigm
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UV absorbance, a. u.
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Fig. 6. Comparison between the results obtained by
UV and EPR spectroscopy of sugar irradiated with Ne and
Cions.

CONCLUSIONS

The UV spectra of water solution of irradiated
with Ne and C ions solid sugar shows an absorption
band at 267 nm. The intensity of this band linearly
increases with increasing of the absorbed dose high
energy radiation for samples irradiated with Ne and
C. The samples irradiated with He ions do not
exhibit UV spectrum due to the lower dose and LET
of irradiation than the detection minimum. The
relation between UV absorbance and LET of
irradiating particles, studied for the first time in this
paper, shows that the UV absorption increased with
increasing LET of every particle. Taking in account
the LET of the irradiating ions, the linear
dependence of dose response do not change.
Therefore, the effect of LET of the particle could be
neglect.
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W3CJIEJIBAHE HA 3AXAP OBJIBUEHA C He, Ne M C IOHU 3A JIOSUMETPUYHU
LEJN

. I'. Kapakuposa!", K. Haxarasa?, H. JI. Mopmanos?

Y Unemumym no xamanus, Bvneapcka axademus na naykume, Cogus 1113, Bvnzapus
2Vuusepcumema na Xupocaxu, Xupocaxu, Anonus

ITonyuena Ha 3 HoemBpu, 2016 T.; Kopurupana Ha 17 ¢pespyapu, 2017 r.
(Pesrome)

IIpeacraBeno ¢ Enektpon nmapamaruuten pesonanc (EINIP) mscnenBane Ha 3axap obmpucHa ¢ He, Ne u C iionn u YB
H3CIIEIBAaHE HAa BOJHHWTE M Pa3TBOPH. IIpoOMTE ca TPETHPAaHU C Pa3IMyHM J03M HoHusupao JrbueHue (50-300 Gy) u
HSKOJIKO CTOWHOCTH Ha JuHeWHo eHepruiinus tpancdep (JIET). Beuuku TBBpaM mpobu nokassar uiaeHTnuHu EITP
CHEKTPH, JIbJDKAIM Ce Ha paJdalliOHHO HWHIyLWpaHW CTaOWIHW palyKald B 3axap, a BOJHHUTE UM pa3TBOpH - YB
abcopOruonHa mBuna npu 267 nm. Karo nozumerpudeH MHIEKC ca W3noyi3BaHM amruiutyaata Ha EIIP curnana
(pa3cTosiHMEeTO OT IHK JI0 MK B IbpBara npou3soaHa Ha EITP cnekrbpa) nu YB abcopOuusra npu 267 nm. Mzcieasanu
ca 3aBHCHUMOCTUTE Ha Te3M mapamerpu karo ¢yHkuus ot JIET u abGcopOupanara n03a pagMallMOHHO JTbYEHHE.
IIpencraBeHuTe pe3ynTaTu mokaspaT, ue ¢ HapactBaHe Ha JIET na wactunara, EIIP oTknuka HamansaBa, noxaro YB
abcopOumsTa mpu 267 NM HapacTaa.
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The hypercrosslinked adsorption resins modified with atrazine (named KCZ-1), o-Phthalic anhydride(named
KCZz-2), trimellitic anhydride(named FJ-1) and 2-Imidazolidone hemihydrate(named FJ-2) respectively were
successfully prepared by the crosslinking and chemical modification reaction and characterized by IR and BET. The
structural characterization results indicated that the resins possessed predominant micropores/mesopores, moderate
specific surface area. The adsorption capacity of 4-Phenylphenol onto the four resins was very large due to hydrogen
bond interaction between 4-Phenylphenol and modified group on the resins. Adsorption behaviors of 4-Phenylphenol
onto the KCZ-1, KCZ-2, FJ-1 and FJ-2 resins were studied by isotherm adsorption and adsorption kinetics experiments.
Moreover, the adsorption thermodynamics and adsorption Kinetics are also calculated to study adsorption mechanism of
the adsorption of 4-Phenylphenol on adsorption resins. The isotherms were correlated by the Langmuir and Freundlich
equations and the Langmuir equation was shown to be the most suitable. The enthalpy change AH is positive, and
Gibb’s free energy change AG and entropy change AS were calculated to be negative. The efficiency of dynamic
adsorption on FJ-1 resin is better than that on other resins. When temperature was 333K, nearly 75% regeneration
efficiency for the adsorbent was achieved at the flow rate of 0.5BV/h.

Key words: Resin, 4-Phenylphenol, Adsorption, Adsorption isotherms, Dynamic adsorption, Desorption.

INTRODUCTION materials have been used as adsorbents, including
polymeric resins [10], activated carbon and so on
[11]. Although activated carbons exhibit an
excellent adsorption capacity for
4-Hydroxybiphenyl removal from waste water, the
used activated carbon adsorbents are difficult to
regenerate and quite expensive to dispose.
Therefore, it is necessary to look for alternative
adsorbents that are equally effective and easier to
regenerate and dispose. Recently, a new kind of
hypercrosslinked polymeric adsorbent was found to
be very effective for removing aromatic compounds
from aqueous solution [12,13]. Since the 1970s,
hypercrosslinked resins are recognized as one kind
of efficient polymeric adsorbents for adsorptive
removal of aromatic compounds from aqueous
solution [14,15]. The hypercrosslinked resins owe
their high adsorption potential due to their unique
synthesis method. In general, they are synthesized
from linear polystyrene—divinylbenzene polymer
(PS) or low crosslinked PS by adding bi-functional
cross-linking reagants such as
monochloromethylether, 1,4-bis(chloromethyl)
benzene, and FriedelCrafts catalysts including
anhydrous zinc chloride, iron (ll1) chloride,
aluminum (I11) chloride and stannic (IV) chloride
are employed in the synthesis procedure. They can
also be prepared from macroporous low
cross-linked  chloromethylated PS via its

self-fielder—Crafts reaction [16]. After the
* To whom all correspondence should be sent:

E-mail: feizhenghao@163.com © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 635

4-Phenylphenol(C12H100), also  known as
4-Hydroxybiphenyl, an important phenol chemical
and widely used as fungicide and preservative agent
in agriculture and industry, slightly soluble in
water, soluble in methanol, acetone, benzene and
other organic solvents. 4-Phenylphenol has
bactericidal and is widely used in households,
industry, and hospitals to disinfect surfaces, in
addition to being utilized as a preservative in
cosmetics, plastics, lame retardants antisepsis and
sterilizing of fruit and vegetable, etc.[1-3].
However, 4-Phenylphenol is a toxic organic
pollutant in the industrial waste water, which will
be harmful to human being and animals even at low
concentrations [4,5]. Therefore, remediation of
aromatic compounds containing waste water is an
imminent and important issue for environmental
protection.

In recent years, a wide range of physical and
chemical technologies including photocatalytic
oxidation, membrane separation, electrochemical
oxidation, solvent extraction, ion exchange and
adsorption are employed for aromatic compounds
removal from aqueous solution [6-8], among which
the adsorption-based process is probably the most
favorable treatment option due to its efficacy,
practicality and economic feasibility [9]. Several of
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corresponding reactions, the obtained
hypercrosslinked PS networks consist of an
intensive bridging of strongly solvated PS chains
with conformationally rigid links, leading to a
major shift of their pore diameter distribution from
predominately mesopores to mesopores—micropores
bimodal distribution, and hence results in a sharp
increase of the Brunauer—-Emmet-Teller (BET)
surface area and pore volume [17, 18]. Because of
these significant changes, the hypercrosslinked
resin displays very large adsorption capacities
towards non-polar and weakly polar aromatic
compounds in aqueous solution. In order to
increase their adsorption capacities towards polar
aromatic compounds, the resins are often modified
by introducing polar units into the copolymers,
using polar compounds as the crosslinking reagent
and addition of polar compounds in the
Friedel-Crafts reaction [19, 20]. The previous
studies indicated that the chemically modified

hypercrosslinked  resins  exhibited improved
adsorption properties toward polar aromatic
compounds by introducing certain  specific

functional groups on their surface [21].

In this paper, the hypercrosslinked adsorption
resins modified with atrazine (named KCZ-1),
o-Phthalic anhydride(named KCZ-2), trimellitic
anhydride(named FJ-1) and 2-Imidazolidone
hemihydrate(named FJ-2)respectively, were
successfully prepared by the cross-linking and
chemical modification reaction. The adsorption
properties and  adsorption  mechanism  of
4-Hydroxybiphenyl onto the KCZ-1, KCZ-2 and
FJ-1, FJ-2 resins were studied by isotherm
adsorption, dynamic adsorption and desorption.

EXPERIMENTAL
Materials
Analytical methods

Styrene-divinylbenzene copolymer was
purchased from Nanjing Maike Fei Co. LTD.
Amino sulfonic acid and Trimellitic anhydride was
purchased from Element Mall. Ethanol,
nitrobenzene, anhydrous aluminum chloride and
hydrochloric acid were analytical grade, which
were purchased from Shanghai Chemical Reagent.
Ethanol, nitrobenzene, anhydrous aluminum
chloride and hydrochloric acid were analytical
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grade, which were purchased from Shanghai
Chemical Reagent.

DF-101S collector-type thermostat heating
magnetic stirrer(Zhengzhou Great Wall Branch
Co,Henan,China.); Pore surface area analyzer
Micromeritics, ASAP2010,USA);High Performance
Liquid Chromatography (HPLC,ULTIMATE 3000,
Thermo-Fisher, USA); Infrared spectrometer (IR,
Bruker company Vertex 80 Switzerland).

The synthesis of adsorption resins

Fifteen grams of chloromethylcated
styrenedivinylbenzene copolymer (CLPs) were
dried at 333K in vacuum for 12 h, and then fully
swollen in nitrobenzene at room temperature for
12h. After that, the mixture of the CLPs and
nitrobenzene is heated to 353K while stirring, six
grams atrazine and seven point five grams
aluminum chloride were added to respectively the
reaction system above and then the reaction was
kept at this temperature for 8 h under a moderate
mechanical stirring. The atrazine modified
hypercrosslinked resin was obtained accordingly.
After the reaction, the solid particles from the
reaction mixture were filtrated. the atrazine
modified hypercrosslinked resin was firstly rinsed
by 1% hydrochloric acid (in ethanol) to remove
unreacted nitrobenzene, followed by 10% sodium
hydroxide solution, 5% hydrochloric acid and
deionized water until neutral pH. Finally, the resin
was extracted by ethanol for 8 h and dried under
vacuum at 323 K for 8 h. Atrazine is replaced by
o-Phthalic anhydride, trimellitic anhydride and
2-Imidazolidone hemihydrate respectively under
the same conditions in order to obtain a series of
hypercrosslinked adsorption resins (named KCZ-1,
KCZz-2, FJ-1 and FJ-2) respectively. Synthetic
process was shown in fig.1.

Characterization of adsorption resins

The pore structure of the resins such as specific
surface area, microporous area, micropore volume
and average pore radius were measured by
BET(Bruaaures. S-Emmett H-Teller) method. The
concentration of 4-Phenylphenol in aqueous
solution was analyzed by HPLC. The IR spectra of
the resin were determined by FT-IR spectrometer.
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Fig.1. The synthetic procedure of modified resin

The Fourier transforms infrared spectroscopy
(FT-IR) of adsorption resins were collected with a
pellet of powdered potassium bromide and resin on
a Vertex 80 infrared spectroscopy (FT-IR) of
adsorption resins were collected with a pellet of
powdered potassium bromide and resin on a Vertex
80 infrared spectrometer. Results were shown in
Fig.2: The results show that the functional groups
have been successfully modified. Surface property
of resins was shown in Table 1.
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Fig. 2. IR spectra of resins and CLPS

Table. 1. Surface property of resins

Propertie KCzZ-1 KCzZ-2 FJ-1 FRJ-2
Specific surface area 74 o 761 go47 768.5
(m?/ g)
Average pore radius 258 110 369 133
(nm)
Microporous area 40 5 3935 895 581
(m“g)
Microporous volume ¢ oy 4542 24.96 2.60
(mL/ g)

Adsorption isothermal experiment

Adsorption equilibrium data were determined by
contacting about 0.1000 g of resin with 100 ml of
4-Phenylphenol aqueous solution. The nitial
concentration of 4-Phenylphenol, Co(mg/l), was set
to be about 100, 200, 300, 400, 500 mg/l. Then the
conical flasks having a series of different
concentrations were shaken in a constant
temperature oscillator for twenty four hours to
reach equilibrium at speed of 110 rpm and
temperature (288, 303, 313 and 288K*). After the
adsorption  equilibrium, 1.5ml  adsorption
equilibrium solution was withdrawn with the
injector and the equilibrium concentration of
4-Phenylphenol, Ce(mg/l), was determined by
HPLC. The equilibrium adsorption capacity of
4-Phenylphenol on the resin, Qe (mg/g), was
calculated according to the following formula:

Qe =(Co- Ce)VIW (1)

Where Ce is the equilibrium concentration of
the adsorbate (mg/L), Qe is the equilibrium
adsorption capacity (mg/g). Co is the initial
concentration (mg/L), V is the solution volume (L),
W is resins weight (g).

Dynamic adsorption and desorption

1BV(1BV=10mL, BV is the volume of resin
bed) wet resins were packed in the glass
column(16mm of diameter) to assembly a resin
column at 288K. The initial concentration of
4-Phenylphenol was 400mg/L and passed through
the resin column at a flow rate. The residual
concentration of 4-Phenylphenol in the effluent
from the resin column, C, (mg/L), was recorded
until it almost reached the initial concentration. The
effluents from the column were analyzed
quantitatively. The concentrations of
4-Phenylphenol compounds were determined by
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using HPLC. After the dynamic adsorption, ethanol
(v/v) passed through the resin column for the
desorption process, the effects of desorption
temperature and desorption velocity on the
desorption properties of the resin were investigated.

RESULTS AND DISCUSSION
Static equilibrium adsorption isotherm

The relationship curve of equilibrium adsorption
capacity of the adsorbate on the adsorbent (Qe) and
solution equilibrium concentration of the adsorbate
(Ce) is called the adsorption isotherm at constant
temperature. As shown in Fig.3, the equilibrium
adsorption capacity of 4-Pheylphenol on the KCZ-1,
KCZ-2, FJ-1, FJ-2 increases with the increment of
equilibrium adsorption concentration. The overall
adsorption capacity of 4-Phenylphenol on the
KCZ-1, KCZ-2 and FJ-1 resins were better than
that on FJ-2 resin at the same temperature and
concentration, this was mainly because that the
specific surface area of the FJ-2 resins was less than
the other resins. The adsorption capacity of
4-Phenylphenol on the KCZ-1, KCZ-2, FJ-1 and
FJ-2 resins increased with increasing temperature
from 288K to 303K, which shows that the
adsorption process is mainly chemical adsorption.
Compared with those in 303K, the adsorption
capacity of 4-Phenylphenol decreased when the
temperature increased to 318K, which is mainly
due to the increment of temperature continuously.
Although it is beneficial to the chemical adsorption,
the physical adsorption force decreased obviously.
The adsorption increased capacity of the
irreversible chemical action less than decreased
adsorption capacity of physical adsorption.
Therefore, the  adsorption  capacity  of
4-Phenylphenol on the resins decreased. When the
temperature dropped from 318K to 288K*, the
adsorption capacity of 4-Phenylphenol was
significantly higher than that of the adsorption
capacity of 4-Phenylphenol on the resins at
288K.This also shows that the adsorption process
does have a strong irreversible chemical adsorption.

The Langmuir equations for the equilibrium
adsorption can be written as:

Ce/Qe =1/(K.xQm) +Ce/Qm 3)

Where Qe is the equilibrium adsorption capacity
(mg/g) with the equilibrium concentration Ce , Qm
is the maximum monolayer adsorption capacity
(mg/g) and K. is a Langmuir constant related to
adsorption energy (I/mg).

638

—=— 288K

450 4 —e— 303K

KCzZ1 ¥ —a— 318K
! - —v—288*K

3004

Qe (mg/g)

2004

T T T T T T T 1
4 20 40 60 80 100 120 140
Ce(mg/L)

—8— 288K
—— 303K

T T T T T T T T T
0 20 4 60 80 100 120 140 160
Ce(mg/L)

—8— 288K
—e—303K
—A—318K
—¥— 288*K]|

450 4

=

8

8
!

Qe (mg/g)
g8 &8 8 g
T i

5
g
!

8
8

@
g

T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Ce(mg/L)

N
38

220 4
F12 —=— 288K

2004 S —o—303K

e %318
-
180 - '//
160 /
/ /

—v— 288K*
1404

Qe(mg/g)

120 4

100 4

804

60 4

T T T T T T T T 1
0 50 100 150 200 250 300 350 400
Ce(mg/L)

Fig.3. Equilibrium adsorption isotherms of
4-Phenylphenol on resins at different temperatures.

The Freundlich equations for the equilibrium
adsorption can be written as:

InQe=1/nInCe+InKk 4)

Where K [(mg/g)(I/mg)l/n] and n are the
characteristic constants and they are temperature
dependent. The parameter n is usually greater than
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unity. As this value becomes larger, the adsorption
isotherm becomes more nonlinear as its behavior
deviates further away. When the n value is less than
1, it is non preferential adsorption; when the n
value is more than 1, it is preferential adsorption;
when the n value is 1, it is linear adsorption.

According to the research of Zhang Y et al, the
adsorption data can be fitted by Langmuir and
Freundlich equation, and the results were shown in
Table.2 and Table.3.

Table.2. Fitting result of the Langmuir isotherm
equation

T CelQe=Ce/ Qm

Resins (K) +1/(K~Qm)

R*2 Om  KL*

Ce/Qe=0.0022 Ce
+0.0699

Ce/Qe=0.0021 Ce
+0.0283

Ce/Qe=0.0026 Ce
+0.0165

Ce/Qe=0.0023 Ce
+0.0045

Ce/Qe=0.0032 Ce
+0.0304

Ce/Qe=0.0021 Ce
+0.0181

Ce/Qe=0.0023 Ce
+0.0104

Ce/Qe=0.0022 Ce
+0.0062

Ce/Qe=0.0031 Ce
+0.0501

Ce/Qe=0.0021 Ce
+0.0204
Ce/Qe=0.0022 Ce
+0.0103

Ce/Qe=0.0021 Ce
+0.0025

Ce/Qe=0.0054 Ce
+0.3079

Ce/Qe=0.0044 Ce
+0.4017

Ce/Qe=0.0066 Ce
+0.1807

Ce/Qe=0.0051Ce
+0.1003

288 0.9952 4545 0.0290

303 0.9988 476.1 0.0811

KCzZ-1 318 0.9991 384.6 0.247

288* 0.9934 434.8 0.526

288 0.9827 3125 0.101

303 0.9826 476.2 0.163

KCz-2 318 0.9987 434.8 0.217

288* 0.9966 4545 0.530

288 0.9826 322.6 0.0680
303 0.9858 476.2 0.0922
FJ-1 318 0.9933 4545 0.235
288* 0.9910 479.2 0.834
288 0.9921 185.2 0.0360
303 0.9822 227.3 0.0100
FJ-2 318 0.9943 151.5 0.0360

288* 0.9726 196.1 0.0490

the adsorption equilibrium data. The Langmuir is
thermal adsorption equation is based on the
homogeneous solid adsorbent surface, it is the
single molecular layer adsorption. Moreover, for
the FJ-1 resins, the R? in the Freundlich isotherm
model and in the Langmuir isotherm model were all
greater than 0.99, which suggested that the
Langmuir isotherm model and Freundlich isotherm
model can fit the experimental data well. In
addition, for the KCZ-1, KCZ-2, FJ-1 and FJ-2
resins, the parameters n in Freundlich isotherm
model at different temperatures were all greater
than 1, which found the four kinds of resins are
preferential adsorption for 4-Phenylphenol.

Table. 3. Fitting result of the Freundlich isotherm
equation

InQe=1/nInCe

insT (K
Resins T (K) +InKe

R"2 n KF*

As shown in Table 2 and Table 3, the value of
the correlation coefficient (R?) in the Langmuir
isotherm model is more than 0.98 for KCZ-1,
KCZ-2, FJ-1, FJ-2 resins, which suggested that the
Langmuir isotherm model was more suitable to fit

InQe=04902InCe

288 aaopy 09771 208 329
303 'nQi:féSOOZgnce 0.9601 325 122
KCZ-1 318 '”QT&ZOG;?)'”CG 09559 3.82 122
288* 'nQeig_‘ggi’é'nCE 0.9401 4.09 158
288 '“erg:éi’gi'”ce 09293 6.28 937
303 '”erg:gzgg'nce 0.9905 369 151
KCz-2 318 '”Qeig:gggsmce 0.9779 3.44 149
288* '“Qe:gé;ii'”ce 0.9902 3.58 200
288 '”erg_'gg?g'nce 0.9870 323 60.0
303 '“Qe:g:fggg'”ce 0.0982 2.94 164
F-1 318 '”erg:gigg'nce 0.9906 3.18 157
288* '”Qe:gégg?'”ce 0.9970 340 201
288 'nerg:gggf'”Ce 0.9090 208 9.87
303 '”Qe:g:gggg'”ce 0.9027 2.49 246
Fl2 318 'nerg:iggg'”Ce 0.9750 498 447
288* '”Qeig:ggig'”ce 0.9017 385 586
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Because the n value is larger, the adsorption
performance is better. Moreover, the n value for
KCZz-1, KCZ-2, FJ-1 is larger than that for FJ-2,
indicating that the adsorption performance for
4-Phenylphenol on the KCZ-1, KCZ-2 and FJ-1
resins is better than that on the FJ-2 resins.

Adsorption thermodynamics

The enthalpy change of adsorption and the
adsorption capacity are closely related, when the
adsorption capacity is fixed at a constant value, the
adsorption enthalpy change is known as the
equivalent enthalpy change. The adsorption
enthalpy change can be calculated by
Clausius-Clapeyron equation:

InCe=AH/RT-InK (5)

Where Ce is the equilibrium concentration of the
adsorbate (mg/L). Here Ce was obtained from the
fitted isotherms by the Langmuir equation at a defined
ge. T is the absolute temperature (K), AH is the
isosteric enthalpy change of adsorption (kJ/mol), R is
the ideal gas constant (8.314 J/mol) and K is a
constant. AH was determined by plotting InCe versus
/T and could be calculated from the slope of the
fitting line.

Adsorption free energy can be calculated as:

AG =-nRT (6)

Where AG is the adsorption free energy
(kJ/mol), n represents the Freundlich exponent and
R is the ideal gas constant (8.314 J/mol K).

The adsorptive entropy change, AS(J/molek)

were calculated using the Gibbs—Helmholtz
equation:
AS =(AH -A)GIT @)

As shown in Table.4, The value of AH were all
positive indicating an endothermic process and
4-Phenylphenol is more easily adsorbed with
temperature rising. The negative values of AG also
indicated the adsorbate tends to adsorb from the
solution to the surface of the adsorbent, suggesting
the adsorption of 4-Phenylphenol on the KCZ-1,
KCZ-2, FJ-1 and FJ-2 resin were spontaneous.
Moreover, the absolute value of the free energy of
adsorption increased with the rising of temperature,
indicating that the trend of adsorption is much
easier and rising of temperature was beneficial to
adsorption. Positive values of AS showed the
increasing randomness of the solid-solution
interface during the adsorption of 4-Phenylphenol
onto four kinds of resins. These positive values of
AS might be due to the presence of the adsorbent
surface chemisorption though degrees of freedom
of adsorbate drop during the adsorption of
4-Phenylphenol. These results further show that
exist irreversible chemical adsorption during the
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adsorption of 4-Phenylphenol on four kinds of
resins.

Table.4. Thermodynamic parameters of
4-Phenylphenol adsorption based on resins at different
temperatures

AG(KJ/mol) AS(J/mol-k)
resi
&SI K 3/mol)
288K 303K 318K 288K 303K 318K

KCz-1 513 -4.272-8.35 -10.2 189 200 199

KCz-2 32,7 -151 -951 -9.27 169 138 136

FJ-1 536 -7.71 -7.38 -850 215 202 196

FJ-2 128 -5.04 -6.32 -12.9 63.4 63.7 85.0

Dynamic adsorption

Due to the satisfactory adsorption capacity for
the 4-Phenylphenol compounds on resins in our
research, it is hopeful for resins to be developed as
a polymeric adsorbent for the removal of organic
pollutants from drinking water or the recovery of
organics from waste water. It is necessary to test
the dynamic adsorption and desorption. 3 kinds of
resins were selected for dynamic adsorption, which
had been used in the above static adsorption. The
concentration of each 5 BV effluent was
determined respectively. Fig.4 shows the dynamic
curve for the adsorption of 4-Phenylphenol on 3
kinds of resins. From the beginning of 25 BV, the
concentrations of effluent liquid for 4-Phenylphenol
onto three kinds of resins was increased rapidly and
the slope of adsorption breakthrough curve is larger,
indicating the adsorption rate in wastewater was
faster. The concentrations of effluent liquid for
4-Phenylphenol on FJ-1 resin was lowest.
Therefore, the efficiency of dynamic adsorption on
FJ-1 resin is better than that on other resins.

Effect of desorption temperature on dynamic
desorption

After the dynamic adsorption, the ethanol were
used to desorb 4-Phenylphenol from FJ-1 resin
column.at the flow rate of 0.5BV/h, Fig.5 shows
dynamic desorption curves of 4-Phenylphenol onto
FJ-1 at different temperature. The higher the
temperature is, the greater the desorption efficiency
is. When desorption temperature was 333K, nearly
75% regeneration efficiency for the adsorbent was
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achieved. This is mainly due to the possibility of
increasing the electrostatic force between the
adsorbate and the FJ-1 resin at higher temperatures.
Therefore, 333K is the best desorption temperature.
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Effect of desorption velocity on dynamic desorption

The ethanol were used to desorb 4-Phenylphenol
from FJ-1 resin column.at 333k, Fig.6 shows
dynamic desorption curves of 4-Phenylphenol onto
FJ-1 from 0.5 BV/h to 2 BV/h.. When velocity
desorption is 0.5BV/h, regeneration efficiency for

the adsorbent is the largest. Therefore, 0.5BV/h is
the best desorption velocity.

CONCLUSION

IR spectra of KCZ-1, KCZ-2, FJ-land FJ-2
resins show that four kinds of hypercrosslinked
adsorption resins were successfully prepared. The
four resins have better adsorption properties.
However, as shown in fig.3, at the same
temperature and concentration, the adsorption
capacity of 4-Phenylphenol on the KCZ-1, KCZ-2
and FJ-1 resins is better than FJ-2 resins, mainly
due to modified functional groups and its specific
surface area. As shown in Table.4, The value of AH
was all positive indicating an endothermic process.
4-Phenylphenol is more easily adsorbed with
temperature rising, AG shown that the adsorption of
phenol on four kinds of resins was a feasible
spontaneous endothermic process. AS showed the
increasing randomness of the solid-solution
interface during the adsorption of 4-Phenylphenol
on resins. The Langmuir isotherm model can fit the
adsorption process for the four resins well.
However, Freundlich isotherm model also can fit
the adsorption for the FJ-1 resins well. The
efficiency of dynamic adsorption on FJ-1 resin is
better than that on other resins. When temperature
was 333K, nearly 75% regeneration efficiency for
the adsorbent was achieved at the flow rate of
0.5BV/h.
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AJICOPBLIMOHHM CBOMCTBA HA 4-O®EHWUJI®EHOJI BHB BOJEH PA3TBOP C
XUMNYECKU MOJJNOUITNPAHA AACOPBLIMOHHA CMOJIA

I1. Ke'?, H. Yanr®?, B. JIn?, V. llIn?, 3. ®eit™?

LKonesic no xumus u xumuuno uHcenepcmeo, Texuuuecku ynusepcumem ¢ Hanoxcune, Hanoocune, Kumaii
2Koneanc no Xumust U XUMU4HO uHacenepcmeo, Ynusepcumem sa yuumenu Anuen, Anuen, Kumai

IMoctenmna Ha 23 Mmaif, 2016 r.; kopurupana Ha 21 asrycr, 2017 .

(Pesrome)

[MpurotseHa e agcopdupaina cmona ot arpasud (KCZ-1), o-dranos auxunpua (KCZ-2), rpumenuros anxuapun (FJ-1)
u 2-umonazonuaoH (FJ-2) upe3 ycmemiHO KpbCTOCAHO CBBbp3BaHe W XuMHuYecka Momudukanus. Cmonara e
oxapaktepusupana upe3 |IR-cnekrpockonus u BET-ananu3. CTpykTypHOTO OXapakTepU3HpaHe MMOKa3Ba, 4e cMojara
UMa TPEIUMHO MHKPOIOPH/ME30MOPH U yMEpeHa CrHenu(puIHa MOBBPXHOCT. AJCOPOLMOHHMAT KamaluTeT Ha
4-penmndeHon BbPXy YETHPUTE CMOJIM € MHOTO TOJISIM MOpaay B3aMMOJECHCTBHETO Ype3 BOJOPOIHH BPH3KH MEKIY
4-penundenona u  Momudunupanute (GYHKIHOHATHM TPYNHd Ha cMojara. AJCOPOIMOHHUTE OTHACSHUS Ha
4-pennnenona epxy KCZ-1, KCZ-2, FJ-1 and FJ-2 ca uscnensanu upe3 agcopOLUOHHUTE U30TEPMH M KHHETHKATA
Ha ancopOums. OcBeH TOBa, aICcOpOLMOHHATA TEPMOAWHAMHUKA M KHUHETHKA Ca HW3IOJ3BAHM 3a H3y4YyaBaHETO Ha
MeXaHu3bMa Ha ajcopOuumsTa. M3orepMmure ce kopemupar ¢ ypaBHeHusta Ha Jlanrmionp u @poHHATUX, KaTO
n3orepmara Ha Jlanrmroup e mo-noaxozsima. Vi3amenennero Ha eHrannusta AH e monoxuTenHo, a M3MEHEHUETO Ha
cBoboHara eHeprust mo ['u6c AG u Ha eHtponusata AS ca otpunarentu. EQeKkTHBHOCTTA HA TUHAMHUYHATA aJCOPOLIUs
BBpXy cMmonara FJ-1 e mo-goOpa, oTkomkoro Ha ocrananute. [Ipu Temneparypa 333K mouru 75% ot amcopbeHTa ce
BB3CcTaHOBsBA pu jedut 0.5BV/h.
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New 2H-chromene derivatives bearing thiazolidine-2,4-dione or hydantoin moieties were synthesized and the
structures were confirmed by *H NMR and *C NMR as well as 2D NMR, FTIR and HR-ESI-MS spectra. The
compounds were evaluated for their in vitro cytotoxicity against four human cancer cell lines, namely HL-60 (acute
promyelocyte leukemia), REH (lymphoid leukemia), K-562 (chronic myeloid leukemia) and EJ (urinary bladder
carcinoma). The 2H-chromene derivative containing thiazolidine-2,4-dione ring 5 was potent against a panel of three
cancer cell lines, with an 1Csp in the range of 13.1-39.6 uM and exhibited pronounced antiproliferative activity against
lymphoid leukemia (REH cell line) with an ICso value of 13.1 uM. The hydantoin containing 2H-chromene derivative 7
having an ICso value of 83.7 uM was highly effective against chronic myeloid leukemia K-562. Compounds 5 and 7
also demonstrated significant antimycobacterial activity against Mycobacterium tuberculosis H37Rv strain with
minimum inhibitory concentration (MIC) ranging from 0.29 and 0.36 uM, respectively.

Keywords: Antiproliferative/cytotoxic effects, Antimycobacterial activity, 2H-Chromene, Hydantoin, Thiazolidine-2,4-
dione.

INTRODUCTION overexpress EGFR [8] (Fig. 1). The hydantoin
derivatives tested by Rajic et al., showed rather
marked inhibitory activity against HeLa and MCF-
7 cell lines, and no cytotoxic effects on normal cells
[9]. The anti-cancer potential of 5-benzylidene-
hydantoins demonstrating its relation to SIRT
inhibition was proved by Lionel et al. [10]. Mudit
et al., [11] described phenylmethylene hydantoins,
as a novel antimetastatic lead class with the
potential to control metastatic prostate cancer. The
compounds synthesized by Reddy et al., [12]
contain an N-benzylindole nucleus linked to a
hydantoin moiety via a double bond with Z-
geometry were described as potential anticancer
agents for the treatment of breast cancer. 5-(1H-
indol-3-ylmethyl)-2-thiohydantoins and 5-(1H-
indol-3-ylmethyl)hydantoins were found to be
potent necrostatins [13]. In addition, (2)-5-(4-
hydroxybenzylidene)-imidazolidine-2,4-dione
display moderate antiproliferative activity against
the human cervical carcinoma (HeLa) cell line [14].
On the other hand, many studies have shown
that azole heterocycles such as thiazolidine-2,4-
dione and imidazolidine-2,4-dione are useful
pharmacophores  possessing  antimycobacterial
activity [15]. There have been reports on some
thiazolidine-2,4-dione derivatives [16] and various
imidazolidine-2,4-dione  derivatives [17, 18],

The  hydantoin  (1,3-imidazolidinedione)
derivatives [1] and thiazolidinediones (thiazolidine-
2,4-diones) [2, 3] exhibit a plethora of biochemical
and pharmacological activities. The
thiazolidinediones (TZDs) have been characterized
as a new dawn in cancer chemotherapy with a
broad spectrum of cytotoxicity towards different
human cancer cells [4, 5]. It is well known that
TZDs exert their anti-diabetic effects through a
mechanism that involves activation of PPARy
receptor. The wide spectrum of PPARy activation
effects may also be beneficial in the treatment of
different types of cancer [6]. Thus, several new
drugs such as efatutazone, netoglitazone,
rosiglitazone and troglitazone (Fig. 1), exhibit their
anticancer activity via PPARy -dependent or -
independent signaling pathways [7]. In the
meantime, the antitumor effect of hydantoin
derivatives has been reported by a number of
authors (Fig. 1). Some of hydantoin derivatives,
characterized by a 1-phenethyl and a 5-(E)-
benzylidene substituent, inhibit EGFR
autophosphorylation and polyGAT
phosphorylation, as well as inhibit the growth and
proliferation of human A431 cells, which
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remarkable growth inhibitory activity towards M.
Tubrculosis. Also, 2-substituted 2H-chromenes
have wide range of applications [19] as
antimycobacterial [20] and antitumor agents [21],
inclusive. Therefore, our hypothesis is that
chromenyl thiazolidines and hydantoin derivatives
might have a broad spectrum of pharmacological
activities as well as selective cytotoxicity against
cancer cell lines. Continuing the research on the
biological activity of 2H-chromene derivatives,
now we present the synthesis of compounds that
comprise a 2H-chromene scaffold and thiazolidine-
2,4-dione or imidazolidine-2,4-dione heterocyclic
rings. Herein we also report on the in vitro
screening against M. Tuberculosis H37Rv as well
as antiproliferative/cytotoxic effects of the newly
synthesized compounds in a panel of human tumor
cell lines.

EXPERIMENTAL
General

The IR spectra were recorded on a Nicolet
iS10 FT-IR Spectrometer from Thermo Scientific

W
4?

b

| %10‘

Acolbifene

brest cancer treatment [
)
i HN\\(
o)

EGFR inhibitor

against the human cervical
carcinoma (HeLa) cell line

(USA) using an ATR technique. The NMR
experiments on a Bruker Avance ll+ 600 MHz
NMR spectrometer in DMSO-ds allowed the
assignment of the structures. The precise
assignment of the 'H and ¥C NMR spectra
(resolved  signals) was accomplished by
measurements of 2D homonuclear correlation
(COSY), DEPT-135 and 2D inverse detected
heteronuclear (C-H) correlations (HMQC and
HMBC) and NOESY. HR-ESI-MS spectra were
recorded on an LTQ Orbitrap Discovery®
spectrometer (ThermoFisher, Germany) equipped
with electrospray ionization module lon Max®
(ThermoScientific, USA) operating in positive
mode. The melting points were determined using a
Buchi 535 apparatus. For TLC was used silica gel
60 GF254 Merck pre-coated aluminum sheets,
eluted by hexane-chloroform-acetone 5:3:2 (vol.
parts). All reagents were purchased from E. Merck
(Darmstadt, Germany) and Aldrich (Milwaukee,
MI, USA).

against MCF-7 and
MDA-231 breast cancer
cell lines

Cl

Necroptosis inhibitors

Fig. 1. Representative examples of 2H-chromene, thiazolidinedione and hydantoin derivatives with anticancer

activity and rationale for the designed target compounds.
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SYNTHESIS

2-Methyl-2H-chromene-3-carbaldehyde 3a was
obtained according to the literature [20]. Yield 0.70
g (57 %), yellow oil. HRMS (ESI) m/z: Calcd.
[M+H]* 175.0753; Found [M+H]" 175.07527.

2-Phenyl-2H-chromene-3-carbaldehyde 3b was
synthesized according to the literature [23] with
modifications. In a typical example, 3.19 ml (3.3 g,
25 mmol) cinnamaldehyde, 3.05 ml (3.05 g, 25
mmol) salicylaldehyde, benzoic acid (0.61 g, 5
mmol) and pyrrolidine (0.41 ml, 5 mmol) were
dissolved in 100 ml toluene. The mixture was
stirred vigorously at 25 oC for 20 hours. The
reaction was monitored by thin layer
chromatography. The solution was filtered and
toluene evaporated on a rotary evaporator at
elevated temperature. The residue was dissolved in
5 ml of CHCIs; and 5 ml hexane, and filtered over
15 g silicagel with eluent hexane-EtOAc mixture
10:1. After eluent evaporation, yellow crystals of
the final compound 3b were obtained. Yield 60%,
3.36 g; yellow crystals; m.p. 75-77 °C; lit. m.p. (23)
75-76 °C. 'HNMR (600 MHz, DMSO-ds, ppm) &:
6.257 (s, 1H, H-2), 6.86 (d, J = 8.2 Hz, 1H, H-9),
6.996 (dt, J = 1.1, 7.5 Hz, 1H, H-7), 7.28-7.31 (m,
5H, Ph), 7.324 (ddd, J = 1.6, 7.4, 8.2 Hz, 1H, H-8),
7.457 (dd, J = 1.6, 7.5 Hz, 1H, H-6), 7.879 (s, 1H,
H-4), 9.673 (s, 1H, CHO). ®CNMR (150 MHz,
DMSO-ds, ppm): ¢ 73.63 (C-2), 117.21 (C-9),
120.65 (C-5), 122.44 (C-7), 127.30 (0-Ph), 129.05
(m-Ph), 129.15 (p-Ph), 130.27 (C-6), 133.51 (C-3),
134.12 (C-8), 139.12 (i-Ph), 141.78 (C-4), 154.30
(C-10), 191.56 (CHO). HRMS(ESI) m/z found:
237.09076  [M+H]*; caled. for CisHi302:
237.091006 [M+H]".

(Z,s-cis)-5-[(2-Methyl-2H-chromen-3-
yl)methylidene]-1,3-thiazolidine-2,4-dione 5. 1,3-
Thiazolidine-2,4-dione 4 (3 mmol, 0.35 g) and 2-
methyl-2H-chromene-3-carbaldehyde 3 (3 mmol,
0.52 g) were dissolved in abs. ethanol (15 ml). The
solution was refluxed for 8 h in the presence of a
small amount (0.2 ml) of piperidine as a catalyst.
After completion of the reaction (monitored by
TLC), the mixture was cooled, the precipitate was
filtered and crystallized from ethanol to give the
corresponding product as orange-red solid. Yield
0.330 g, (44 %); m.p. 214-215 °C. FTIR cm™: 3350,
1734, 1673, 1607, 1573. 'H NMR (600 MHz,
DMSO-ds): 6 (ppm) = 1.304 (d, J = 6.5 Hz, 3H,
CHjs), 5.257 (g, J = 6.5 Hz, 1H, H-2), 6.858 (d, J =
8.0 Hz, 1H, H-5), 6.948 (dt, J = 1.0, 7.5 Hz, 1H, H-
7), 7.037 (s, 1H, H-4), 7.23-7.26 (m, 1H, H-8),
7.270 (dd, J = 1.4, 7.6 Hz, 1H, H-6), 7.291 (s, 1H,

CH H-vinylic), 12.599 (s, 1H, NH). C NMR (150
MHz, DMSO-dg): 6 (ppm) = 19.93 (CHs), 71.30
(C-2), 116.45 (C-9), 121.32 (C-S), 121.85 (C-7),
122.61 (C-5), 128.37 (C-8), 128.77 (CH), 130.41
(C-4), 131.59 (C-8), 131.93 (C-3), 151.68 (C-10),
167.22 (C=0), 167.49 (C=0). HRMS (ESI) m/z:
Calcd. [M+H]* 274.05324; Found [M+H]":
274.05334.

5-[Hydroxy(2-phenyl-2H-1-benzopyran-3-

yl)methyl]imidazolidine-2,4-dione 7. 2-Phenyl-2H-
chromene-3-carbaldehyde 3b (3 mmol, 0.71 g) and
imidazolidine-2,4-dione 6 (3 mmol, 0.30 g) were
dissolved in abs. ethanol (15 ml). The solution was
refluxed for 48 h in the presence of a small amount
of piperidine (0.2 ml) as a catalyst. The precipitate
thus obtained was collected by filtration and
washed with ethanol. Crystallization from methanol
and ethyl acetate (1:1) afforded a yellow crystalline
product. Yield 0.551 g (54 %); yellow solid; m.p.:
250-251 °C. FTIR cm™: 3227, 1731, 1653, 1603.
'H NMR (600 MHz, DMSO-de): J (ppm) = 4.200
(dd, J=1.0, 2.3 Hz, 1H, CH-NH), 4.490 (d, J =5.2
Hz, 1H, CHOH), 5.670 (d, J = 5.2 Hz, 1H, OH),
6.006 (s, 1H, H-2), 6.630-6.650 (m, 2H, H-9 + H-
4), 6.800-6.830 (m, 1H, H-7), 7.020 (dt, J=1.4, 7.7
Hz, 1H, H-8), 7.113 (dd, J = 1.4, 7.5 Hz, 1H, H-6),
7.220-7.280 (m, 3H, m-Ph + p-Ph), 7.372 (d, J =
6.8 Hz, 1H, 0-Ph), 8.035 (s, 1H, CHNH), 10.539 (s,
1H, CONHCO). *C NMR (150 MHz, DMSO-dg): 6
(ppm) = 64.21 (CHNH), 71.67 (CHOH), 75.75 (C-
2), 116.52 (C-9), 121.22 (C-4), 12153 (C-7),
122.73 (C-5), 127.18 (C-6), 128.36 (o-Ph),
128.63(m-Ph + p-Ph), 129.60 (C-8), 134.45 (C-3),
139.58 (i-Ph), 151.95 (C-10), 158.10 (NHCONH),
173.61 (CONH). HRMS (ESI) m/z: Calcd. [M+H]*
337.118283; Found [M+H]* 337.11804.

PHARMACOLOGY

Antiproliferative activity. The study was
conducted using a panel of cell lines, namely HL-
60 (acute myeloid leukemia, established from the
peripheral blood of a patient with acute
promyelocyte leukemia), K-562 (chronic myeloid
leukemia), REH (lymphoid leukemia) and EJ
(human urinary bladder carcinoma). EJ cells (also
designated MGH-U1) were originally isolated from
a high grade (G3) invasive bladder carcinoma.
These cell lines had been well validated in our
laboratory as a proper test system for platinum
agents. The EJ cell line was obtained from the unit
of Toxicology and Chemotherapy at the Deutsches
Krebsforschungszentrum. The other cell lines were
obtained from DSMZ German Collection of
Microorganisms and Cell Cultures.
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The cell culture flasks and the 96-well
microplates were obtained from NUNCLON
(Denmark). The stock solutions of the tested
compounds (10 mM) were freshly prepared in
DMSO. The serial dilutions of the tested
compounds were prepared immediately before use.
After the final dilutions, the obtained
concentrations of DMSO never exceeded 1%.
Cytotoxicity of the compounds was assessed using
the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] dye reduction assay
as described by Mossman [24] with some
modifications [25]. Exponentially growing cells
were seeded in 96-well microplates (100 IL/well at
a density of 3.5/105 cells/mL for the adherent and
1/105 cells/mL for the suspension cell lines) and
allowed to grow for 24 h prior the exposure to the
studied compounds. The cells were exposed to the
tested agents for 72 h, whereby a set of 8 separate
wells was used for each concentration. Every test
was run in triplicate. After incubation with the
tested compounds MTT solution (10 mg/mL in
PBS) aliquots were added to each well. The plates
were further incubated for 4 h at 37 C and the
formazan crystals formed were dissolved by adding
110 IL of 5% HCOOH in 2-propanol. The MTT-
formazan absorption was measured using a
multimode microplate reader (Beckman Coulter
DTX880) and the results were normalized as a
percentage of the untreated control (set as 100%
viable). The MTT-bioassay data were normalized
as a percentage of the untreated control (set as 100
% viability), were fitted to sigmoidal dose response
curves and the corresponding 1C50 values
(concentrations causing 50 % suppression of
cellular viability) were calculated using non-linear
regression analysis (Curve-fir; GraphPad Prism
software for PC).

The cell lines were purchased from the DSMZ
GmbH, (Braunschweig, Germany). They were
cultured under standard conditions - RPMI-1640
medium supplemented with 10% fetal bovine
serum (FBS) and 2 mM L-glutamine - in cell
culture flasks housed at 37 °C in an incubator,
BB16-Function Line* Heraeus (Kendro, Germany)
with humidified atmosphere and 5 % of CO,. The
cell cultures were maintained in log phase by
supplementation with fresh medium two or three
times weekly.

Antimycobacterial activity. The
antimycobacterial activity was determined towards
reference strain M. Tuberculosis H37Rv through
the proportional method of Canetti [26]. This
method, recommended by WHO, is the one most
used worldwide for exploration of

646

sensitivity/resistance of tuberculosis strains towards
chemotherapeutics. It allows precise determination
of the proportion of mutants resistant to a certain
drug. A sterile suspension/solution of the tested
compound was added to Lowenstein-Jensen based
medium before its coagulation (30 min at 85 °C).
The compound was tested at four concentrations —
2 pug/ml, 0.2 ug/ml, 0.1 ug/ml and 0.05 ug/ml, (in
DMSO). Tubes with Lowenstein-Jensen medium (5
ml) containing the tested compounds and those
without them (controls) were inoculated with a
suspension of M. tuberculosis H37Rv (105
cells/ml) and incubated for 45 days at 37 °C. The
ratio between the number of colonies of M.
tuberculosis grown in medium containing the
compounds and the number of colonies in the
control medium were calculated and expressed as a
percentage of inhibition. The cell culture flasks and
the 96-well microplates were obtained from
NUNCLON (Denmark). The stock solutions of the
tested compounds (10 mM) were freshly prepared
in DMSO. The serial dilutions of the tested
compounds were prepared immediately before use.
After the final dilutions the obtained concentrations
of DMSO never exceeded 1%. Cytotoxicity of the
compounds was assessed using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] dye reduction assay as described by
Mossman [24] with some modifications [25].
Exponentially growing cells were seeded in 96-well
microplates (100 IL/well at a density of 3.5/105
cells/ mL for the adherent and 1/105 cells/mL for
the suspension cell lines) and allowed to grow for
24 h prior the exposure to the studied compounds.
Cells were exposed to the tested agents for 72 h,
whereby a set of 8 separate wells was used for each
concentration. Every test was run in triplicate. After
incubation with the tested compounds MTT
solution (10 mg/mL in PBS) aliquots were added to
each well. The plates were further incubated for 4 h
at 37 C and the formazan crystals formed were
dissolved by adding 110 ul solvent (5% HCOOH
in 2-propanol). The MTT-formazan absorption was
measured using a multimode microplate reader
(Beckman Coulter DTX880) and the results were
normalized as a percentage of the untreated control
(set as 100% viable). The MTT-bioassay data were
normalized as a percentage of the untreated control
(set as 100 % viability), were fitted to sigmoidal
dose response curves and the corresponding 1Cso
values (concentrations causing 50 % suppression of
cellular viability) were calculated using non-linear
regression analysis (Curve-fir; GraphPad Prism
software for PC).
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The MIC was defined as the minimum
concentration of the compound required to inhibit
bacterial growth completely (0% growth). The MIC
values were calculated and given as pM.
Ethambutol and isoniazid were used as controls.

RESULTS AND DISCUSSION

Synthesis. The synthetic route for preparing the
compounds was illustrated in Schemes 1 and 2. 2H-
Chromene derivatives 3a,b were selected as starting
compounds and were synthesized via Michael-aldol
reaction, according to the known procedure [27]
(Scheme 1). The reaction of 2-
hydroxybenzaldehyde with o,B-unsaturated
aldehydes under basic conditions afforded
appropriate 2-substituted 2H-chromene-3-
carbaldehyde 3a,b. The preparation of 2-methyl-
2H-chromene-3-carbaldehyde 3a is conducted in
1,4-dioxane under reflux. For the synthesis 2-

oxa-Michael addition

@f ﬁ @f ﬁ
14d|oxan
2a,

b

phenyl-2H-chromene-3-carbaldehyde 5 we used
piperidine as a catalyst [23].

The new compound  5-[(2-methyl-2H-
chromen-3-yl)methylidene]-1,3-thiazolidine-2,4-
dione 5 was synthesized by Knoevenagel
condensation of 2-methyl-2H-chromene-3-
carbaldehyde 2a and 1,3-thiazolidine-2,4-dione 3
(Scheme 2).

Several conditions were tested (sodium acetate
in acetic acid, sodium acetate in DMF and
piperidine in ethanol/methanol under thermal
conditions)  for the preparation of 2-
methylchromene - derivative 5, but the best result
(a moderate vyield of 44 %) was obtained by
refluxing ethanol and in the presence of a catalytic
amount of piperidine. As outlined in Scheme 2,
when  2-phenyl-2H-chromene-3-carbaldehyde 5
reacted with hydantoin 6 under the selected

Aldol condensation

o o

3a,b
3aR=Me
3bR=Ph

Scheme 1. Synthesis of 2-methyl-2H-chromene-3-carbaldehyde 3a and 2-phenyl-2H-chromene-3-carbaldehyde 3b

through the domino oxa-Michael/aldol condensation reactions.

)
pyperidine
0 ~ MeOH
@]
3a 4 -
0
pyperldlne
NH
NH MeOH
0
3b 6

O H
\%N
X OH A
—_—
0 0

Scheme 2. Synthesis of 2-methylchromene derivative 5 and 2-phenylchromene derivative 7.
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conditions, dehydration did not occur and the final
product is intermediate alcohol 5-[hydroxy(2-
phenyl-2H-chromen-3-yl)methyl]imidazolidine-
2,4-dione 7. Our efforts to obtain a Knoevenagel
product after the condensation reaction under the
conditions described above failed and suggested
that other factors might influence the reaction.

The structures of novel compounds 5 and 7 were
proven by means of FTIR, 'H, **C NMR and HR-
ESI-MS spectral methods and were confirmed
additionally by extensive two-dimensional (2D)
NMR (COSY, multiplicity-edited HSQC, HMBC)
and NOESY spectra. In the *H NMR in DMSO-d6
spectrum of product 5 the signal for CH, protons in
thiazolidinedione ring is absent and in addition to
the aromatic protons of chromene ring (6.858-7.291
ppm), a sharp singlet due to vinyl proton is
observed at 7.291 ppm. The **C NMR spectrum of
2-methylchromene derivative 4 shows 13 signals.
The signal for C-2 of chromene ring appears at
71.30 ppm, the vinyl proton resonates at 151.68
ppm and the signals for the carbonyl are observed
at 167.22 and 167.49, respectively. Meanwhile, in
the 'H NMR spectra of 2-methylchromene
derivative 5 only a set of signals occurs what
confirms that only one sterecisomer Z has been
obtained during the condensation. That is in
agreement with the literature [27] and isomer Z
appears to be more thermodynamically stable than
isomers E. The NOESY spectrum (Fig. 2) shows a
NOE effect and proximity between the vinyl proton
and H-2; and between the vinyl proton and CHs
protons. That proves the (s-cis)-conformation of the
two conjugated double bonds. The described 2-
methylchromene derivative 5 possessing a chiral
center at C-2 position is a racemate.

In the *H NMR spectrum of product 7 in
DMSO-ds, there is no signal for CH, protons in the
hydantoin ring. In addition to the aromatic protons
of chromene ring (6.630-7.372 ppm), a doublet of
doublets at 4.200 for CH-NH and a broad doublet at
4490 (J=5.2 Hz) for CHOH are observed. A
doublet at 5.670 for the hydroxyl group with the
same coupling constant of 5.2 Hz is registered. The
lack of a cross peak for this signal in HSQC
spectrum for OH proton, indicates that there is not a
carbon atom connected directly to it. Having
localized the position of OH proton it is easy to
assign the remaining protons from COSY spectrum.
All carbon signals are assigned using HSQC and
HMBC. The signal at 4.200 ppm is coupled by two
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small J constants (1.0 and 2.3 Hz). One of these
constant is a J constant to the NH proton, the other
iS a gauche constant in the 4-substituted ethane
structure. The infrared spectrum of 2-
methylchromene derivative 5 shows a strong
absorption at 1733 cm?! and 1678 cm*
corresponding to C=0 functional groups, a band at
1607 cm™* (C=C stretching in chromene ring) and
1573 cmcorresponding to C=C bond. The IR
spectrum of compound 7 shows bands at 3227 cm™
(NH stretching), 1731 and 1698 cm™? (C=0
functional groups) and 1603 cm™ (C=C stretching
in chromene ring). In addition, the novel structures
are supported by a positive HR-ESI-MS spectrum
which reveals a molecular ion peak at m/z
274.05334 [M+H]*, (calcd. [M+H] * 274.05324)
and 337.11804 [M+H]* (calcd. [M+H]*
337.118283) and allows confirming the molecular
formulas, C14H11NOsS and ClgH16N204, of
compounds 5 and 7, respectively.

Antiproliferative/cytotoxic  effects. Table 1
summarizes the antiproliferative effects of 5-[(2-
Methyl-2H-chromen-3-yl)methylidene]-1,3-
thiazolidine-2,4-dione 5 and 5-[Hydroxy(2-phenyl-
2H-1-benzopyran-3-yl)methyl]imidazolidine-2,4-
dione 7 against a panel of four human tumor cell
lines, namely HL-60 (acute promyelocyte
leukemia), REH (lymphoid leukemia), K-562
(chronic myeloid leukemia) and EJ (urinary bladder
carcinoma), using the alkylating agent melphalan as
a reference anticancer drug.

The results of the in vitro cytotoxicity bioassay
indicated that the compounds 5 and 7 exerted
moderate to potent growth inhibition against the
tested cancer cells with ICso values of 13.1- 98 uM
Compound 5 showed higher activity than
compound 7 against HL-60, REH and EJ with the
I1Cso values of 39.6, 13.1 and 26.2 uM, respectively.
As for the activity against chronic myeloid
leukemia K-562, the highest cytotoxic activity was
displayed by compound 7 with 1Cso a value of 83.7
uM. Additionally, compound 5 was found to be
more potent against REH tumor cell lines (ICso =
13.1 uM) than Melphalan. REH cells were the most
sensitive to the studied compounds and the potency
of the most active compounds is similar to that of
Melphalan. EJ cells seem to be the most resistant to
compound 7. However, compound 5 showed a
relatively high antiproliferative potency toward EJ
cells.
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Fig. 2. Part of NOESY spectrum of 2-methylchromene derivative 5 showing the NOE effects between vinyl proton
at 7.291 and 5.257 (H-2) ppm, and between 7.291 and 1.304 (CHs) ppm, which confirms the (s-cis)-conformation.

Table 1. Cytotoxicity (ICsq) of the compounds 5 and 7 against different cell lines and antimycobacterial activity

against reference strain Mycobacterium tuberculosis H37Rv.

comnd . 1Cs0 (LM)" MIC?
omp tructure o2 ran3 p 5
HL-60 K-562 REH EJ (M)
0 H
BN
§ o
5 < 39.6 + 2.7 98.0 3.9 13.1+24 26.2+25 0.360
o
0 H
N
HN o
7 LY o 732+48 83736  263:28 117540 0297
0
Melphalan’ 112419 28.3+3.2 146+3.1 137419 -
EMB_2HCI? - - - ] 1.45
INH® - - - - 0.64

IMeanstsd from eight independent experiments. Cell line: 2HL-60 (acute promyelocyte leukemia), 3K-562 (chronic myeloid
leukemia), “REH (lymphoid leukemia) and 5EJ (urinary bladder carcinoma); Sreference strain of Mycobacterium tuberculosis H37Ryv,
MIC (uM) was defined as the lowest concentration resulting in a complete inhibition of the bacterial growth and reproduction;
"Melphalan - reference compound; 8lsoniazid - reference compound and °EMB-2HCI (ethambutol dihydrochloride) - reference

compound.

Antimycobacterial activity. The in vitro
antimycobacterial activity of all compounds against
Mycobacterium tuberculosis H37Rv reference
strain was evaluated using the proportional method
of Canetti and the resazurin microtiter assay.
Ethambutol - EMB-2HCI (ethambutol
dihydrochloride) and isoniazid were used as
controls. The MIC is defined as the lowest
concentration effecting the 100 % reduction in
fluorescence, relative to controls. The data for the
compounds 5 and 7 are shown in Table 1. The
tested compounds exhibited significant
antimycobacterial activity against the chosen strain,

whereby the MIC values were within the nanomolar
range, lower than those of ethambutol and INH.

CONCLUSION

New thiazolidine-2,4-dione and hydantoin
derivatives were synthesized and their structures
were elucidated on the basis of FTIR, 'H NMR, 3C
NMR, 2D spectra (COSY, HMQC, HMBC) and
HRMS data. The aldol product 5 was exclusively
obtained in (Z)-configuration. The compounds 5
and 7, were tested for cytotoxic activity with MTT-
dye reduction assay against leukemia-derived HL-
60 cells, REH, K-562, and urinary bladder
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carcinoma cells (EJ). The tested compounds
displayed promising micromolar antiproliferative
activity. The most potent compound was 2H-
chromene derivative 5 with 1Csy values ranging
from 13.1 - 0.98 pM. Also, the tested compounds 5
and 7 were found highly potent against the M.
tuberculosis H37Rv, demonstrating a nanomolar
activity (MICs ranging from 0.27 to 0.71 uM). The
obtained results could be useful for the design and
synthesis of new substituted 2,4-thiazolidindione
with superior antiproliferative potency as potential
anticancer agents. Taken together our data give the
reason to consider 2,4-imidazolinone derivative 5
and hydantoin derivative 7 promising new leads for
further exploration as potential antimycobacterial
agents.
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CUHTES3, in vitro AHTUITPOJIN®EPATUBHA U AHTUMUKOBAKTEPUAJIHA
AKTHUBHOCT HA TUA30OJIMANH-2,4-A11MOH U XNJTAHTONHOBU ITPON3BOAHU
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YDapmayesmuuen paxyrmem, Meouyuncku ynueepcumem Cogpus, yn. Jynas 2, 1000 Cogpus, Boneapus;
2Uucmumym no muxpobuonozus "Cmepan Anzenos”, Bvieapcka akademus na naykume, yu. Axao. Bonuee 26, 1113
Cous, Bvreapus;

SUncmumym no opeanuuna xumus ¢ Llenmop no umoxumus, Bvreapcka axademus na naykume, yn. Axao. Bonuee 9,
1113 Cogus, Bvreapus

Iomyuena na 23 despyapu 2017 r.; npuera Ha 27 anpun 2017 r.

(Pesrome)

CunHTe3upann ca HOBU 2H-XpOMEHOBH TPOW3BOJIHH, CBHABPXKAIIM THA30JIUAWH-2,4-THOHOB H
XWJIaHTOMHOB (hparMeHTH W CTpyKTyparta MM € moTebpaeHa upes H NMR, *C NMR, 2D NMR, FTIR
cuektpaadun Merond U HR-ESI-MS. ChenuHenusta ca W3CIE€ABAHH UK 6umpo 3a IMTOTOKCHUYHATA WM
AKTHBHOCT CPEITY YETUPH YOBEIIKH TYMOPHH KJIETHhUHHU JUHUH - HL-60 (ocTpa mpoMHETOMTHA JICBKEMUS),
REH (mumdonnna neskemus), K-562 (xponuuna mmuenounnHa jneBkemus) U EJ (kapuuHOM Ha MHKOYHUS
Mexyp). 2H-XpoMeH ChAbPKAIIMAT THA3OIUANH-2,4-11M0H D ¢ MOT0 aKTHBEH CpEIly TPU PaKOBU KJICThYHU
snuaun, ¢ ICso ot mopsabka Ha 13.1-39.6 UM u mokas3Ba Haili-M3pa3eHa aHTHIPOJIU(EPATHBHA AKTHBHOCT
cpeury smmMpounnna neBkemus (kinerbuna ymHUS REH) cbe croiinoct Ha ICso = 13.1 pM. XwunmantouH
CHIBPXKAIIOTO 2/-XpOMEHOBO NPOMU3BOAHO / € BHCOKO Hal-e(eKTUBHO cpelly XpOHMYHA MHEIOMIHA
neskemust K-562 cbe croitHocT Ha ICso= 83.7 uM. CreauHeHUsATa 5 ¥ 7 IEMOHCTPUPAT CHIIO U 3HAYUTEIIHA
aHTUMUKOOaKTepuaiHa akTUuBHOCT cpemry Mycobacterium tuberculosis H37Rv ¢ MuHumania uHXuOHpania
koHuenTpanus (MIC) B amanazona ot 0.29 u 0.36 uM, cb0oTBETHO.
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Photocatalytic ability of abiotic and biotic materials for discoloration of Malachite
Green and Reactive Black 5 dyes
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The photocatalytic properties of nanodimensional abiotic (AR) and biotic iron-containing materials produced,
respectively, in sterile and infected by Leptothrix genus of bacteria medium of Lieske and goethite (AS), synthesized by
precipitation and sonication were tested in the reaction of discoloration of Malachite Green (MG) and Reactive Black 5
(RB5) dyes as model pollutants in aqueous solutions under UV-light illumination. IR spectroscopy and powder X-ray
diffraction analysis confirmed the presence of a-FeOOH and y-FeOOH phases in the biotic material. Only goethite was
registered in the abiotic materials (AS and AR). The synthesized goethite demonstrated the highest photocatalytic
activity for discoloration of Malachite Green (MG) and Reactive Black 5 (RB5). The biotic material was more efficient

as photocatalyst for discoloration of MG than RB5.

Keywords: photocatalysts, goethite, lepidocrocite, biogenic material, Malachite Green, Reactive Black 5.

INTRODUCTION

Lot of microorganisms possesses the ability to
change the oxidation state of metals and the process
can be used for various applications. For example
some microorganisms like Leptothrix sp. and
Galionella sp. have been established to participate
in Fe oxidation [1] giving rise to various iron
oxides and hydroxides. The latter are widespread in
the nature and as solid catalysts they affect the
environment, including the biosphere, atmosphere,
lithosphere, and hydrosphere. For this reason, the
application of iron transforming organisms has
been studied in a number of scientific disciplines,
ranging from medicine, biology, and environmental
chemistry to industrial chemical technology [2].
The water pollution by industrial hazardous waste
is important problem related to environment
protection [3]. Photocatalytic technology is
environmentally friendly since it utilizes irradiation
energy for the catalytic reactions and is widely
investigated for elimination of pollutants [4]. The
photocatalytic properties of iron oxide materials [5-
7] and hydrolytic Fe (I11) species [8] are discussed
in the literature. S. Rahim Pouran et al. concluded
in a review paper that heterogeneous catalysts (iron
oxides) showed significant improvements in Fenton
reactions for elimination of pollutants from
contaminated medium due to their higher activity in
a wide range of pH values in contrast to soluble
iron salts [9]. Iron nanoparticles containing mainly
iron oxide and iron oxyhydroxide have been

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

prepared using extracts of green tea leaves and
showed as Fenton-like catalyst high ability for
degradation of Methylene Blue and Methyl Orange
[10]. B. Ahmmad et al. have investigated the
photocatalytic activity of mesoporous o-Fe;O3
nanoparticles synthesized by an extract of green tea
leaves [11]. Amaranthus dubius and sodium
borohydride mediated iron nanoparticles were
tested about discoloration efficiency for Methyl
Orange and as antioxidant for 1,1-diphenyl-2-
picrylhydrazyl [12]. The biogenic jarosite is found
to be an efficient catalyst for decolorization of
Reactive Blue 19 (98%) in Fenton-like reaction
[13]. The photocatalytic activity of goethite (a-
FeOOH) in degradation of different organic
pollutants as Methyl Orange [14], Methylene Blue
[4], C.I. Acid Orange 7 [15], Rhodamine B [16],
Rhodamine 6G [17], salicylate and oxalate [18],
benzo[a]pyrene [19] has been investigated. The
photo-Fenton degradation of Orange-1l and 2,4-
dichlorophenol [20], Mordant Yellow 10 [21,22],
Methyl Orange [23] using o-FeOOH as photo-
catalyst was studied by a number researchers. The
photocatalytic properties of the a-FeOOH/oxalate
system for degradation of Rhodamine B under
irradiation using high-pressure Hg-lamp (wave-
length range from 200 to 700 nm, the main - 365
nm) with different light intensity were investigated
by Chen et al. [24]. Li et al. have used a
heterogeneous Fenton-like system a-FeOOH/H,0,
for the degradation of p-chloronitrobenzene in
water [25]. Zhang et al. have determined that a-
FeOOH nanorods possess excellent adsorption
properties for Congo Red dye [26]. The photo-
decolorization of Crystal Violet with visible light
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was studied in a system consisting of lepidocrocite
and H,O; [27]. Chen et al. have determined that the
synthesized low-crystalline lepidocrocite samples
possess large specific surface areas and
demonstrated high photocatalytic and adsorption
activity in the photodegradation of Orange Il [28].
Porous network-like FeOOH/carbonized bacterial
cellulose has been found to be an effective
adsorbent for the removal of Methyl Orange from
aqueous solution [29]. Various precipitation
procedures using different iron containing
compounds - Fe(NOs)3*9H.0, FeClz*6H.O and
precipitating agents - NaOH, KOH or
tetramethylammonium hydroxide are presented in
the literature for the preparation of goethite [30-34].
The such modified precipitation procedure was
used for obtaining of abiotic o-FeOOH in this
study.

The goal of the present work was to study the
photocatalytic properties of abiotic and biotic iron-
containing materials (prepared in sterile and
infected by Leptothrix genus of bacteria medium of
Lieske, respectively), and synthesized goethite for
the photocatalytic discoloration under UV-
irradiation of two dyes as model contaminant -
Malachite Green (MG) and Reactive Black 5
(RB5). The physicochemical properties of abiotic
and biotic samples were studied by powder X-ray
diffraction analysis (PXRD), infrared (IR)
spectroscopy and adsorption using single point
BET method.

EXPERIMENTAL
Preparation and physicochemical characterization

The biotic iron-containing material was obtained
by cultivation of Leptothrix genus bacteria in
Lieske medium. The abiotic material (AR) was
prepared in a sterile Lieske medium (containing
FeSQq, iron grits, MgS0..7H20 traces, Mg(HCO3).
saturated solution 1:10, K;HPO, traces, distilled
water) not infected by bacteria as a reference
product for a pure chemical reaction. Both
materials were supplied by Prof. V. Groudeva, Dr.
M. lliev and coworkers from the Faculty of Biology
at St. Kliment Ohridski University. The preparation
procedure is described in [35]. Another abiotic
compound (AS) was synthesized by precipitation
using 0.35M aqueous solution of Fe(NOs)3*9H,0
(Alfa Aesar) and 3.6M NaOH (Valerus Co.). The
precipitating agent (NaOH) was dropwise added
under continuous stirring until pH = 14 was
reached. After precipitation the suspension was
stirred for one hour. The precipitate was left to age,
centrifuged and washed with distilled water until

neutral reaction (pH = 7). The obtained material
was sonicated in distilled water for 4 minutes.

The phase composition, structure and specific
surface area of the samples were investigated by
powder X-ray analysis, infrared spectroscopy and
Brunauer-Emmet-Teller (BET) method. The
powder X-ray diffraction analysis was performed
on a PANalytical Empyrean apparatus equipped
with a multichannel detector (Pixel 3D) within the
range of 260 values between 7° and 110° using Cu K,
radiation (A = 0.154056 nm) at 40 kV, 40 mA. The
present phases were identified by using of JCPDS
database  (Powder Diffraction Files, Joint
Committee on Powder Diffraction Standards,
Philadelphia PA, USA, 1997). Infrared spectra (IR)
of the samples were recorded on a Nicolet 6700
FTIR spectrometer (Thermo Electron Corporation,
USA) using the method of dilution of studied
material in KBr pellet (0.5% of the studied
substance). The spectra were collected in the
middle IR region using 50 scans at a resolution of 4
(data spacing 1.928 cm™?). The specific surface area
of the materials was studied in a conventional
volumetric apparatus Micromeritics FlowSorb I
2300 (USA) applying single point BET method and
using nitrogen adsorption from a mixture 30%
N2+70% He at the boiling temperature of liquid
nitrogen (77.4 K). Before measuring the specific
surface area the samples were degassed at 423 K
for 30 min to liberate the entire surface from
adsorbed impurities until the residual pressure
became lower than 1.333x102 Pa. The nitrogen
(N2) monolayer formed was used to evaluate the
specific surface area (Ager) using the BET
equation, whereupon He was the carrier-gas.

Photocatalytic tests

The photocatalytic efficiency of abiotic, biotic
and synthetic iron-containing materials was tested
in the reactions of discoloring of Malachite Green
(MG) and Reactive Black 5 (RB5) dyes in aqueous
solution under UV-A polychromatic illumination
(18 W with maximal emission at 365 nm) and
illumination intensity 0.66 mW/cm?. The change of
absorbance during the photocatalytic reaction was
monitored by UV-1600PC Spectrophotometer in
the wavelength range from 200 to 800 nm,
observing especially the wavelength maximum of
absorbance at Amax = 615 nm for MG and Amax = 599
nm for RB5. The absorbance signal was calibrated
by a series of solutions of known concentration.
The initial concentration of RB5 and MG dyes in
the used 150 ml aqueous solutions was 20 ppm and
10 ppm, respectively, falling within the linear range
of absorbance dependence up to 100 ppm. The
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fixed amount of the tested photocatalysts, charged
in the photocatalytic reactor, was 0.12 g. A semi-
batch slurry photocatalytic reactor was used
continuously feeding air flow creating large excess
of O, compared to stoichiometry. All photocatalytic
measurements were carried out at a constant stirring
rate (400 rpm) under ambient conditions. The tested
systems were left to reach equilibrium state
(established spectrophotometrically) in the dark for
about 30 min before switching on the UV
irradiation. The measurement of the photocatalytic
conversion degree over abiotic and biotic samples
was carried out by taking aliquot samples of the
suspension out of the reaction vessel after regular
time intervals. The powder was then separated from
the aliquot solution by centrifugation before the
UV-Vis spectrophotometrical measurements. After
that, the aliquot solution, together with the
photocatalyst powder, were returned back
guantitatively into the reaction vessel, which
ensured the operation under constant volume and
constant catalyst amount.

RESULTS AND DISCUSSION

The powder X-ray diffraction analysis registered
the presence of goethite phase (PDF-81-0464) both
in recorded patterns of abiotic AR and AS samples.
The biotic material contained goethite (a-FeOOH)
(PDF-81-0464) and lepidocrocite (y-FeOOH)
(PDF-74-1877) phases (Figure 1).

The determined mean crystallite sizes, lattice
microstrain parameters and unit cell parameters of
investigated abiotic and biotic materials using
PowderCell 2.4 program [36] are presented in
Table 1. The results established that the nanosized
goethite phase had average crystallite size of about
10-12 nm for the abiotic and biotic samples. The
mean crystallite size of lepidocrocite phase in the
biotic material was calculated to be about 25 nm.

Figure 2 shows infrared spectra of the studied
samples. A set of a-FeOOH characteristic bands
(619, 667, 796, 877, and about 3200 cm?) is
present in all samples [23, 37-39]. The bands at
459, 1024 and 1115 cm? in the biogenic material
spectrum show, also, presence of biogenic
lepidocrocite (y-FeOOH) [40,41]. The increased

absorbance level in the interval 980-1200 cm™ is
assigned to the presence of phosphate residual from
the feeding medium (phosphates are characterized
by three bands of middle intensity in this region)
[42]. In all spectra the occurrence of carbonates is
registered by the bands positioned at around 1500,
1440, 1460 cm* [42,43], which are either result of
the preparation procedures or carbonization during
contact with air. Common features of the spectra
are the bands characteristic of physically adsorbed
water (1639 cm'), hydroxyl coverage of the
surface (3415 cm™') and hydrocarbons (2850, 2923
and 2958 cm!) [33,40].
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Fig. 1. PXRD patterns of biotic and abiotic Fe-
containing materials.

The specific surface area measurements, listed
in Table 2, determined that the biogenic material
possessed the highest specific surface area (Sger =
123 m?/g). The abiotic sample (AR) formed in
Lieske medium possessed the lowest dispersion
(lowest Sger = 68 m?/g, respectively).

Table 1. Average crystallite size (D), lattice strain (g) and unite cell parameter (a) of abiotic and biotic Fe-

containing materials.

Material Phase Content,% D, nm €, au a, A
Abiotic (AS) goethite 100 10 2x10°  4.637
Abiotic (AR) goethite 100 12 2.4x10° 4.634

Biotic goethite 48.1 12 2.2x10° 4613
lepidocrocite 51.9 25  1.9x10° 3.867
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Table 2. Specific surface area of biotic and abiotic
Fe-containing materials.

Material Sget (M?/Q)
Biotic 123
Abiotic (AS) 109
Abiotic (AR) 68

arb.u.

Biotic

AR

Absorbance,

AS

500 1000 1500 2000 2500 3000 3500 4000

Wave numbers, cm”

Fig. 2. IR spectra of biotic and abiotic Fe-containing
materials.

The photocatalytic activity was evaluated based
on the changes in dye concentration (according to
the callibrated values of the absorbance peak
maximum at 599 nm for RB5 dye and at 615 nm for
MG dye) with the time interval of UV irradiation
and correlated with the surface area of the catalyst.
The results are displayed as change of the relative
efficiency ((C/Co)/(Sger.m), 1/m?) in Figure 3.
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Fig. 3. Photocatalytic efficiency of biotic and abiotic
Fe-containing materials in Malachite Green and Reactive
Black 5 dyes discoloration under UV-irradiation
(concentration changes of dyes related to the surface area
of the catalysts).

The different starting points for the catalytic
curves in Figure 3 are due to the different
adsorption capacities since at the same initial

concentrations (Co) of the RB5 and MG dyes (20
ppm and 10 ppm), respectively, the photocatalytic
reactor was charged with the same amount of the
catalysts with different specific surface area. The
adsorption capacities by mass (mg-dye/g-catalyst)
were calculated after 30 min adsorption time in the
dark performed to allow establishing the
adsorption-desorption equilibrium (see Table 3) by
the equation:
e &
m
where Co and C are the initial and after 30 minutes
in the dark concentrations of the dye, V is the
solution volume and m is the mass of the catalyst.
The synthesized abiotic goethite demonstrated
the highest adsorption capacity (by mass) compared
to the other investigated materials (about 0.291
mg/g for MG and 0.241 mg/g for RB5) (Table 3).

Table 3. Adsorptions capacities of abiotic and biotic
samples.

Material Used dye Adsorption capacity (mg/g)
Abiatic (AS) MG 0.291
Abiatic (AS) RB 5 0.241
Biotic RB 5 0.129
Abiotic (AR) RB 5 0.126
Biotic MG 0.102

The biotic sample showed almost the same
adsorption capacity (by mass) for RB5 dye (0.129
mg/g) compared to the abiotic (AR) one (0.126
mg/g) despite almost twice higher specific surface
area. This unexpected tendency is also seen
comparing the adsorption capacity (by mass) to the
dyes of abiotic (AS) and biotic materials. At the
present state of research we suppose that the
procedure of preparation both of biotic and abiotic
(AR) materials could result in strongly adsorbed on
the surface one or more components of the medium
including substances resulting from the life activity
of the bacteria. No specific operations to clear the
surface have been applied except washing the
material with distilled water and drying at room
temperature.

Highest degree of photocatalytic discoloration of
both MG and RB 5 dyes was achieved in the
presence of abiotic synthesized goethite (AS).
However, complete discoloration was not obtained
with any of the studied materials. All of them did
not demonstrate photocatalytic activity after about
100 min of UV-irradiation. In the course of the
photocatalytic reaction of oxidative discoloration of
RB5 dye the abiotic material demonstrated very
low photocatalytic efficiency. As it can be seen the
biotic sample has lower photocatalytic efficiency
compared with the synthesized goethite in the
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discoloration of MG and RB5. These results are in
accordance with the proposed above explanation
that significant part of the surface of biogenic
material have been blocked by compounds formed
during the bacterial life cycle and/or some
components of Lieske medium. In addition, it is
reasonably to suppose that in the blocking of active
sites on the surface take part the molecules of dyes
so as the rests of them after destruction of the
respective chromophore groups (intermediates of
the dye oxidation). Comparing the photocatalytic
activity of biotic and abiotic materials formed in
Lieske medium (Fig. 3, curves Biotic RB5 and AR
RB5) a conclusion could be derived that the
adsorption of some Lieske medium components
has, evidently, significant effect on the decrease of
catalytic activity.

CONCLUSIONS

The studied photocatalytic properties of
nanosized abiotic and biogenic materials during the
reaction of discoloration of MG and RB5 dyes as
model contaminants in agueous solutions under
UV-light revealed strong adsorption of both dyes
on the surface of the catalysts. The dominant
photocatalytic ability of synthesized goethite for
removing of the two tested dyes was established.
The biogenic material is more efficient as
photocatalyst for discoloration of RB5 dye
compared with abiotic sample formed in the same
Lieske medium. The existence of goethite (o-
FeOOH) with average crystallite size about 10-12
nm in investigated materials and also lepidocrocite
(y-FeOOH) phase in the biotic sample with average
crystallite size about 25 nm is proved by powder
XRD and IR spectroscopy. Deactivation effect is
observed after 100 min of illumination whose
explanation is complicated and this aspect will be
illuminated in future research work.
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OOTOKATAJIMTUYHA CIIOCOBHOCT HA ABMMOTUYHU U BUOTUYHU MATEPUAJIN 3A
OBE3LBETABAHE HA MAJIAXWTOBO 3EJIEHO U PEAKTUBHO UEPHO 5 BAT'PUJIA

K.JI. Baxapuesal, K.1. Munenosa', M.I". Illoncka®, M.I1. IsetkoB?, An.En. Enusact, I'.b. Kaguros!

1HHcmumym no kamanus, bBvaeapcka akademusi na waykume, yi. ,,Akao. I'. bonues*, 6a. 11, 1113 Cogus,
bvreapus
2HHcmumym no guzuxoxumusi, bvreapcka akademus Ha Haykume, yi. ,,Axao. I. Bonueg*, o1. 11,
1113 Cogusi, hvreapus

Ioctenuia Ha 14 anpwun, 2016 r.; npuera Ha 20 nexemspu, 2016 r.

UscnenBann ca ¢oTOKATAIMTHYHUTE CBOWCTBA Ha HaHopasMepHu abuotuueH (AP) u Ouorenen
KEIA30ChABPIKAILM MaTepHAITH, TIOJyYeHH B CTEPUIIHA U 3apa3eHa ¢ Leptothrix 6akrepus cpena Ha Jlucke, u
reoTUT (AC) cuHTe3MpaH upe3 yTasBaHe UM 00paboTKa ¢ yNTpa3ByK, B peakiusTa Ha oOe3lBETsSBaHE Ha
Oarpuna ManaxutoBo 3eneHo (M3) u Peaktusao YepHo 5 (PUS) kato MomenHu 3aMBbpPCUTENN BbB BOJHU
pa3TBOpH upe3 obapuBaHe ¢ YB cBernuHa. MH(pauepBeHaTa CrieKTPOCKONUS M PEHTIeHO(a30BHs aHAIIN3
notBbpauxa npuckeTBuero Ha 0-FeOOH u y-FeOOH B OuorenHus martepuan. EOMHCTBEHO T'bOTHUT €
peructpupan B abmormynute Mmatepuand (AC u AP). CuHTe3upaHMST THOTHT TIOKa3a Haii-BUCOKa
(doToKaTaNMTUYHA AKTHUBHOCT 3a o0e3nBeTsBaHeTo Ha ManaxutoBo 3eneHo u PeaktmBHO Yepno 5.

buorennusr Martepual € 1o e(i)eKTI/IBeH KaTo (I)OTOKaTaJ'II/IBaTOp 3a O6G3LIB€T$IB3,H€TO Ha M3 B CpaBHCHHUC C
PUs.
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Previous investigations reported that the class of biflavonoids represents a great pharmacological activity, which
remained to be fully exploited, since most of them have not yet been found in nature or else have not been synthesized.
Owing to its significant bioactivities and the quality control of medicine herb, effective methods for the extraction,
isolation and purification of biflavonoids from S. tamariscina become necessary. In order to evaluate the performances
of the optimal extract method, four extraction solvent and five extraction methods (Accelerated solvent extraction, SFE-
CO, extraction, reflux extraction, Soaking extraction and Ultrasonic extraction)were used to extract the bioactive
compounds from Selaginella tamariscina (Beauv) Spring. HPLC method was attempted for quantitative analysis and
comparison with different extract by determining the content of amentoflavone. The result indicates that extraction
temperature has significant impact on the extraction efficiency, and reflux extraction is proved to be the effective
technique for extracting biflavonoid of S. tamariscina. Reverse-phase medium-pressure liquid chromatography(RP-
MPLC) was first applied to separate and isolate biflavonoid from extract of S. tamariscina. High-purity biflavonoid was
obtained and at over 98% purity as determined by HPLC. Furthermore, electrospray ion source mass spectroscopy (ESI-
MS) was employed for rapid identification of the obtained compound from extract of S. tamariscina. Amentoflavone
were identified based on the detection of the molecular ions, and the fragment ions of the molecular ion obtained in the
CID experiments with those of the data reported in the literature. The chromatography technologies we employed were
effective and feasible for the extraction, separation, qualitative and quantitative analysis of biflavonoids from S.
tamariscian.

Keywords: Selaginella tamariscina (Beauv) Spring; amentoflavone; RP-MPLC; ESI-MS; extraction

INTRODUCTION

Selaginella tamariscina(Beauv) Spring belongs
to the family Selaginellaceae, the genus of
Selaginellace contains about 80 species in the world,
of which about 50 species are distributed in China.
S. tamariscina is a traditional medicine, which was
first recorded by “ShenNong Ben Cao Jing” around
1700 years ago. It has been used in oriental medicine
to treat amenorrhea, dysmenorrheal, metrorrhagia,

hypoglycemic and hypolipidemic [9],
antiplasmodial and leishmanicidal activity [10]. In
addition, sometimes the bioactivity of a biflavonoid
is greater than that of the corresponding monomers.
Amentoflavone is the main biflavonoid of S.
tamariscina, with higher content in crude extract,
and represents a great pharmacological activity.
Owing to bioflavonoids’ significant bioactivities
and the quality control of medicine herb, effective
methods for the extraction, isolation and purification

hematuria, prolapse of the anus, chronic hepatitis
and hyperglycaemia.

Data from preliminary research has shown that
different classes of natural products have been
isolated from these species, including flavonoids,
lignans, anthraquinone, alkaloids [1-2].
Investigation of the phytochemical constituents of S.
tamariscina revealed that the major constituents in
Selaginella tamariscinaare flavonoids, especially a
rich source of biflavonoids. Biflavonoids are
flavonoid dimmers connected with a C—C or a C-O—
C bond, which exhibited several biological activities,
including cytotoxic [3], antiallergenic, anti-
inflammatory [4-5], antiviral, antioxidant [6-7],
inhibition of nuclear factor-k B activation [8],

* To whom all correspondence should be sent:
E-mail: baihelong2000@126.com

biflavonoids of S. tamariscina become necessary.
However, extract and separate analysis of chemical
components from S. tamariscina has been reported
less. Traditionally, the extraction method of
biflavonoids almost applied the conventional
method, such as organic solvent extraction and
reflux extraction; in recent years, a series of modern
technology has been widely used to extract,
contained accelerated solvent extraction (ASE),
SFE-CO, extraction, microwave and Ultrasonic
extraction, etc. But the technology is more suitable
for the extraction of active substances need to be
experimental investigation. The conventional
preparative separation and purification of flavonoids
employed column chromatograph, such as silica gel,
Sephadex LH-20 and macroporous adsorptive resin,
which are often involve repeated chromatographic
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steps on different columns.  Comparing preparative
HPLC separation, the MPLC has high flow rate and
low pressure, the analytical grade solvents were used
as elution solvent, so it is time consuming and lower
costs. MPLC has enabled a significantly improved
efficiency in separation and purification of the
compounds of interest in short time.

In this work, five different extraction
technologies, containing ASE, SFE-CO2 extraction,
reflux extraction, soaking extraction and ultrasonic
extraction were applied to extract the biflavonoids
from S. tamariscian. The extraction technologies
were optimized with the extraction quantity of
amentoflavone as investigated by HPLC-DAD.
Then, RP-MPLC was selected to separate the crude
extract of S. tamariscina and enrich the interested
fraction containing amentoflavone,whicn  was
further determined by HPLC-DAD. Finally, ESI-
MS was employed for rapid identification of main
bioactive compounds from extract of S. tamariscina.
Fig.1 shows the structure of amentoflavone.

Fig.1.The strcture of the amentoflavone

EXPERIMENTAL
Chemicals and reagents

S. tamariscian was purchased  from
HebeiKanghui Medicinal Company (Hebei, China);
all organic solvents used for extraction and RP-
MPLC separation were of analytical grade and
purchased from Beijing Chemicals (Beijing, China);
Methanol and acetic acid were HPLC grade and
purchased from Fisher chemical Ltd. (USA).
Water was purified on a Milli-Q water purification
system (Millipore, France).

Sample preparation

In order to compare the extraction effects of
different methods, four different extract solvent and
five extraction methods were carried out to extract
the biflavonoids from S. tamariscian.

Different solvent extraction

Four S. tamariscina powder (5.001, 5.002, 5.006,
5.007 g) was accurately weighed and place in 100

mL erlenmeyer flask, respectively, then extracted
with 50 mL of 70% aqueous ethanol, hexane, n-
butanol, ethyl acetate by sonication for 2 h at room
temperature. Four extraction mixtures were filtered,
concentrated to dryness in vacuo at 55 “C, dissolved
in 10 mL volumetric flask with methanol and filtered
through a 0.45 pm filter prior to use for following
analysis.

Supercritical fluid extraction

In this work, the SFE apparatus used was
performed on a Speed™ SFE Prime device (Applied
Separations Inc). Carbon dioxide (99.99% purity)
obtained from an oxygen factory (Changchun, China)
was used as the extraction solvent. The operating
methodology was as follows: Accurate weighing
5.006 g of S. tamariscina power was placed inside
the 24 mL extractor equipped with filter film, filter
wool on both ends to prevent the particles being
flushed out. The loaded extractor was then
introduced into the extraction vessel and CO; was let
in. The device was cooled for 1 h before being set
the  desired  pressure and  temperature.
Experimental conditions: extractor temperature at
60 °C, pressure 200 bar, static extraction time for 0.5
h and dynamic extraction time for 1 h, outlet
temperature at 90 ‘C, entrainment agents was 70%
ethanol 40mL. The crude extract was collected
after the desired time and concentrated to dryness in
vacuo at 55°C. The sample obtained was dissolved
in 10 mL volumetric flask with methanol and filtered
through a 0.45 pm filter prior to use for following
HPLC analysis.

Accelerated solvent extraction (ASE)

Accelerated Solvent Extraction 150 System
(Dionex, Sunnyvale, CA, USA) with 100 mL
stainless steel ASE vessels was used for the
pressurized liquid extraction. Accurate weighing
5.005 g of S. tamariscina powder was placed into the
extraction cell (34 mL). The extraction cells were
placed into the ASE system and the extraction
conditions and process were as follows: 70% ethanol
was used as the extract solvent, firstly, static time of
4 min, followed by a flush elution with 60% volume,
and followed by the nitrogen purge of 60 s, and
extracted three time. The extraction temperature was
80 °C, and pressure was below 1500 psi. The ethanol
extract was concentrated to dryness in vacuo at 55°C.
The sample obtained was dissolved in 10 mL
volumetric flask with methanol and filtered through
a 0.45 pm filter prior to use for following analysis.
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Reflux extraction

S. tamariscina powder (5.009 g) was accurately
weighed and place in 100 mL round-bottomed flask,
then extracted with 50 mL of 70% aqueous ethanol
for 1 hat 90 °C. The extraction mixture was filtered,
concentrated to dryness in vacuo at 55°C, dissolved
in 10 mL volumetric flask with methanol and filtered
through a 0.45 pm filter prior to use for following
analysis.

Soaking extraction

S. tamariscina powder (5.007 g) was accurately
weighed and place in 100 mL erlenmeyer flask, then
extracted with 50 mL of 70% aqueous ethanol for 2
h at 40 C. The extraction mixture was filtered,
concentrated to dryness in vacuo at 55 “C, dissolved
in 10 mL volumetric flask with methanol and filtered
through a 0.45 pm filter prior to use for following
analysis.

Ultrasonic extraction

S. tamariscina powder (5.005 g) was accurately
weighed and placed in 100 mL erlenmeyer flask,
then extracted with 50 mL of 70% aqueous ethanol
by sonication for 1 h at room temperature. The
extraction mixture was filtered, concentrated to
dryness in vacuo at 55 ‘C, dissolved in 10 mL
volumetric flask with methanol and filtered through
a 0.45 um filter prior to use for following analysis.

RP-MPLC Separation

RP-MPLC Separation was carried out in an
Isolera one MPLC system (Biotage Switzerland).
The separation was carried out with a Biotage®
SNAP Cartridge KP- C18-HS column (12 g). The
binary mobile phase consisted of methanol (solvent

A) and water containing 0.2% acetic acid (solvent B).

Abinary gradient elution program with the flow-rate
of 4 mL/min was used for the separation. The
system was run with a gradient program: 20 mL 80%
B; 50 mL 80-70 % B; 10 mL 70-40% B; 30 mL 40-
15% B; 10 mL 15% B. The column was first
equilibrated with 20 mL 80% B, the 1.024 g S.
tamariscian extracted by ultrasonic dissolved in 2
mL methanol was then injected into the column.
Peaks of interest were monitored at 337 nm by a
DAD detector. The fractions were collected into
test tubes per 10 mL with a fraction collector, and
further analyzed by HPLC-DAD. The fractions
were determined at over 98% purity by HPLC were
combined, which was prepared for further ESI-MS
analyses, then freeze-dried. The purified compounds
were stored at -20 °C before HPLC quantitative
analysis.
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HPLC Analysis

HPLC equipped with DAD detector was used for
the analysis of biflavonoids of S. tamariscina. The
separation was carried out in an Agilent Extend-Cig
column (250x4.6 mm, 5um) with a Cig guard
column.  The binary mobile phase consisted of
methanol (solvent A) and water containing 0.2%
acetic acid (solvent B). All the solvents were
filtered through a 0.45 pm filter prior to use. The
sample injection volume was 10 uL.. The flow-rate
was constantly kept at 1.0 mLmin-1 with a total run
time of 20 min. Column temperature: 30 °C. The
system was run with a gradient program: 0-5 min:
70% B to 40% B; 5-10 min; 40% B to 20% B; 10—
18 min: 20% B to 10% B; 18-20 min: 10% B to 70%
B; detection wavelength: 337 nm.

Seven amentoflavone methanol samples of
different concentrations (0.1 mg/mL~2.5 mg/mL)
were loaded into HPLC system for construction of
the calibration curve by plotting the peak areas (YY)
versus the quality (X). Each extract sample was
loaded into HPLC system for identification and
guantification of amentoflavone in S. tamariscina,
respectively.

ESI-MS experiments

The mass spectrometry experiments were
performed on a Thermo Scientific LCQ Fleet mass
spectrometer with an electrospray ionization (ESI)
interface (ThermoFisher, USA). The flow-rate was
constantly kept at 10 pL/min. The sheath gas and
auxiliary flow rates were set at 40 and 10 (arbitrary
unit), respectively. The capillary voltage was set at
4.5 V and its temperature was controlled at 350 °C.
The isolation width for ESI-MSn was 2.0 Da, and the
collision energy (%) was 20-25%. Full scan of ions
ranged from 100 to 1500 molecular weights in the
negative ion mode.

RESULTS AND DISCUSSION

HPLC quantification of amentoflavone content
of different extract

In this study, we prepared seven amentoflavone
methanol samples of different concentrations to
construct the calibration curve and quantified the S.
tamariscina extracts with different extraction
method by HPLC. The linear regression equation
was calculated as Y= 254190X - 52.189, (r=0.9998),
which showed good linear regression within the test
ranges (1~25 pg). The amentoflavone content in
different S. tamariscina extracts was calculated as
shown in Table 1 and Table 2.
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Comparison of different extraction solvent

It is known that biflavonoid are flavonoid
dimmers connected with a C—C or a C—-O—C bond,
most of them have lower polarity than flavonoid
containing many hydroxyl groups. Hence, 70%
aqueous ethanol, hexane, n-butanol, ethyl acetate
had been tested. As shown from the result of Table
1, amentoflavone content of 70% aqueous ethanol
extract was higher (14.051 mg/g) than others, and
that of hexane extract was the lowest (0.404 mg/g).
It is not significantly different from those obtained
by n-butanol (1.718 mg/g) and ethyl acetate extracts
(1.707 mg/g). The reason may be the polarity of 70%
aqueous ethanol is similar with the amentoflavone.
So 70% ethanol was proved to be most efficient to
extract the biflavonoids from the S. tamariscina.

Comparison of different extraction methods

In order to evaluate the performances of the
optimal method, five extraction methods were also
applied. The chromatogram of the extract obtained
by the ultrasonic extraction method was shown in
Fig. 2A.

The amentoflavone content of different crude
extract (Table 2) obtained by five methods
mentioned above were significantly different; the
extraction yields obtained by the reflux method are

higher than those obtained by the other four methods.

As shown from the result, we should know that
extraction temperature has significant impact on the
extraction efficiency. Increasing the temperature
could improve the yield of amentoflavone, the reflux
extraction with 90 ‘C obtained the highest extraction
amount (33.006 mg/g). If the extraction
temperature was lower, the content of
amentoflavone would be reduced obviously.

Followed by accelerated solvent extraction (ASE)
with 80 °C (27.880 mg/g) , SFE-CO- extraction with
60 ‘C (20.181 mg/q), respectively. From the result,
it is not significantly different from those obtained
by soaking extraction and ultrasonic extraction, the
reason may be the extraction temperature was
similar (40 °C and room temperature), the both
methods obtained the lower content (Table 2).
Compared with temperature, the extraction
pressure probably influenced less on the extraction
yield, reflux extraction with atmospheric pressure
got the highest content of amentoflavone, ASE and
SFE with higher pressure but lower content than
reflux extraction. The extraction time of reflux
method is longer than that of ASE (12 min). ASE
extraction process included injecting extract solvent,
elevating pressure, static time of 4 min, flushing
elution with 60% volume, and purging the nitrogen
of 60 s, extracting three times, relieving pressure. It
would take more time to complete the extraction, not
much shorter than that of reflux extraction. The
results indicated that the reflux method was suitable
for extracting amentoflavone from S. tamariscina.

Separation amentoflavone by RP-MPLC

MPLC has enabled a significantly improved
efficiency in separation and purification of the
compounds of interest, and enriched some lower
content compounds in the herb in short time. The
theory of MPLC separation is much similar with
HPLC, so we selected the separation condition
depended on the condition of HPLC. In RP-MPLC
Separation, a Biotage® SNAP Cartridge KP-C18-
HS column (10 g) was used to separate biflavonoids
in the extract of S. tamariscina and the RP-MPLC
chromatogram is given in Fig.2. As shown in Fig.2,

Table 1.Amentoflavone content of different extraction solvent

Extraction solvent Crude drug (9) Amentoflavone (mg/g)

70% aqueous ethanol 5.001 14.051

n-butanol 5.002 1.718

Ethyl acetate 5.006 1.707

Hexane 5.007 0.404

Table 2. Amentoflavonecontent of different extraction methods
Extraction methods Crude drug(g) Extraction time Temperature Ame(r:;%f/gvone

Accelerated solvent . .
extraction (ASE) 5.005 12 min 80 C 27.880
SFE-CO2 extraction 5.006 15h 60 C 20.181
Reflux extraction 5.009 1h 90 C 33.006
Soaking extraction 5.007 2h 40 C 14.727
Ultrasonic extraction 5.005 1h Room temperature 14.051
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one major fraction was observed, and the fractions
were collected into test tubes per 10 mL with a
fraction collector, and further analyzed by HPLC.
All fractions of the same compound at high purity
determined by HPLC were combined, and freeze-
dried. The present RP-MPLC Separation produced a
total of 0.44 mg of fraction I from1.024 g of crude
extract in one run.

AL

,,,,,

ml

Fig. 2.RP-MPLC chromatogram of S. tamariscina
extract

The crude extract of S. tamariscina and the
fractions corresponding to each peak isolated by RP-
MPLC were further analyzed by HPLC, and the
results are given in Fig. 3 (A-B). Tentative
identification of the compound in RP-MPLC
separation was achieved by the comparison of
congruent retention time with that of the crude
extract of S. tamariscina (Fig. 3). HPLC analyses
of the MPLC fraction revealed that the biflavonoid
was over 98% purity.

mAL
400
300 a
200

100 B

o 1} 25 5 75 1 128 15 17.5 min

Fig.3. HPLC profiles of the compounds in S.
tamariscina ( A. The crude extract; B. Compound 1 in RP-
MPLC separation)

Identification by ESI-MSn

To further investigate the structure of the
compound in RP-MPLC separation, ESI-MS"
experiment was attempted. Compound related to
the peak 1 exhibited intense molecular ions [M-H]
at m/z 537 in the negative mode, and low intensity
dimer [2M-H] ions at m/z 1075, from which the
molecular weights of peak 1 was confirmed to be
538. In ESI-MS" experiment, the deprotonated
molecular ion [M-H]~ at m/z 537, and four main
fragment ions at m/z 443, 417, 375 and 331 were
observed in NI-MS.

The proposed fragmentation route is, main
daughter ion at m/z 433 produced directly from m/z
537 by two y-H of the A-ring in flavonoid part
Toccurred McLafferty rearrangement, losses of C30,,
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followed by the cleavage of the C-ring in flavonoid
part I at positions 0/4 (0,4A) , losses of CoHa.
The MS? spectra of the [M-H] ions also showed one
daughter ion of m/z 417, which indicated the loss of
C7Hs0; via the cleavage of the C-ring in flavonoid
part Il at positions 0/2  (0,2A) . Inthe MS?® spectra,
low abundance fragment ion at m/z 331 also be
found, which could be obtained by two y-H of the
[ -A-ring in m/z 417 undergone McLafferty
rearrangement, losses of Cs;0,, and lose a H.O
molecule via intramolecular dehydration between —
OH on the IB4’ and [IA7”. The fragment ion at
m/z 375, which corresponded to the loss of a CyHsO3
unit from the cleavage of the C-ring in flavonoid part
Il at positions 0/4 in the parent ion m/z 537, it is
similar with biflavonoids mass spectra of previous
report studied [11-12]. Generally, fragmentation
routes involving the cleavage of the C-ring in
flavonoid part 1l at positions 0/2 and 0/4 are the
primary  pathways of  amentoflavone-type
biflavonoids in our experiment. By comparing the
retention time, peak order and molecular weights
information of ESI-MS data with above LC-ESI-MS
experiment, the compound 1 was confirmed as
amentoflavone. Based on the LC peak cases,
detection of the molecular ions and the fragment ions
of the molecular ion obtained in the CID
experiments with those of the data reported in the
literature, the compound corresponding to peak 1
was therefore identified as amentoflavone [13-15].
The structure of the amentoflavone (peak 1) is
showed in Fig. 1. Amentoflavone is a biflavonoids
consist of two flavonoids connected by IC3’-1IC8”.

CONCLUSION

The present  paper  describes  several
chromatography methods were joint applied to
analyze and separate the bioactive compounds of
S.tamariscina.To establish the quantitative analysis
HPLC method to compare with different extract by
determining the content of amentoflavone. The
result indicates that extraction temperature has
significant impact on the extraction efficiency, and
reflux extraction is proved to the more effective
technique for extracting biflavonoid than ASE, SFE-
CO, extraction, soaking extraction and ultrasonic
extration. RP-MPLC was successfully applied to
separate biflavonoid from extract of S. tamariscina.
High-purity amentoflavone was obtained and at over
98% purity as determined by HPLC. ESI-MS"
method could also be applied to rapid identification
of obtained compound based on the detection of the
molecular ions, and the fragment ions of the
molecular ion with those of the data reported in the
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XPOMATOI'PA®UA HA PA3SIAEJIAHETO, KAYHECTBEHUA U KOJIMYECTBEHUA AHAJIN3
HA BUD®JIABOHOU/IM B CYPOBU EKCTPAKTHU OT Selaginella tamariscina

X.JI. bait, /Ix. Banr, L[.M. JIro*
Lenapmamenm no xumus, Ynueepcumem 6 Yaneyn, Yaneynl130032, Kumai
[ocrenuna va 7 1oHu, 2016 T.; mpuera Ha 27 deBpyapu, 2017 1.

(Pesrome)

HI3BEeCTHO € OT MPEeIUIIHN H3CJIeBAHUS, Y€ KIAaChT ON(IaBOHOUIN UMa rojiaMa (papMaKoIOTHIHa AKTHBHOCT, KOSTO
Tpsi0Ba &la ce M3MOJI3Ba IMO-IIBJIHO, Thil KATO MHOTO OT TAX HE Ce cpeliar B mpupojara. Ilopaau TAxHaTa roisma
OWOJIOTMYHA aKTUBHOCT ¥ KAYECTBEHHS KOHTPOJI HAa MEJMIMHCKHATE PACTEHHS € HEOOXOMMO Ch3JaBAaHETO Ha e()EKTUBHU
METO/IM 33 eKCTPAKIIUs, H30JIMpaHe U MPEYUCTBaHe Ha ON(IaBOHOUAUTE OT pacTeHUeTo S. tamariscina. 3a oueHsBaHETO
Ha ONTHMAJICH METOJ 38 SKCTPAKLKS ca U3IMUTAHU YETHPH PA3TBOPHTENS, IIET METO/IA 32 eKCTpakuus (YCKOpeHa TedHa
eKCTpaKLusl, CBpbX-KpuTHuHa ekcTpakuust SFE-CO,, ekcTpakuust ¢ pelyKbil, ¢ IPOMUBAHE U YITPAa3ByKOBA eKCTPAKLIMS
) 3a M3BJIMYaHEe HA OHOJIOrMYHO-aKTHBHH BemecTBa oT Selaginella tamariscina. Msnuran ¢ BETX-MeTo 1 3a KOJIMYeCTBEH
aHaJIU3 U € HallPAaBeHO CPaBHEHUE C ONPE/ISIITHETO Ha aMaHTO(IaBOH B Pa3IMUHHUTE eKCTpakTh. Pe3ynrarture nmokasear,
4e TeMIepaTypara Ha eKCTPaKLHs UMa 3HAUYUTEITHO BIMSHUE BbPXY e(DEKTUBHOCTTA Ha EKCTPAKLHSA, a eKCTPAKLUHUITA C
PeLMKbBI pejsiara Hail-e)eKTHBEH croco0 3a u3Bnuyane Ha oudasonoum ot S. tamariscina. Teunara xpomarorpadus
¢ obparHa ¢aza m ymepeno HaisraHe (RP-MPLC) e mpunoxeHa Ha-Hampenx 3a pasfeliiHeTO W W30JIMPaHeTO Ha
OudnaBoMounau ot ekcTpakTH oT S. tamariscina. INomydyenu ca 6udnaBoHOHIM ¢ BHCOKa 4yncToTta (Han 98%), KakTo e
ompenenenod upe3 BETX. Ocen ToBa, enexrpocnpeii-ionHa mac-ciektpomerpust (ESI-MS) e npunosxena 3a 6bp3ata
uneHTHUKALNS Ha CheJHHEHHUTA MOTYyYSHH OT eKCTpakTUTe oT S. tamariscina. AMeHO(GIaBOHBT € WACHTH()ULNPAH
Yype3 JeTeKIHs Ha MOJIEKYJIHH HOHH, a pparMeHTHHTE HOHH, osrydeHu npu CID-excriepuMeHTHTe ca CpaBHEHU C IaHHU
OT JIUTEpaTypaTa.

[MpuosxkennTe Xxpomarorpad)CKu TEXHOJIIOTHH ca e()eKTUBHH U TTOIXO/IAIIN 32 KCTPAKIHs, pa3AeisiHe, KOJIMIECTBeH
Y Ka4ueCTBEH aHalu3 Ha OuQraoHOUANTE OT pacTeHueTo S. tamariscina.
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The nanosized TiO, synthesis was performed through the hydrothermal method by using titanium alkoxides. The
structural, physical and chemical characteristics of the nanosized TiO, were determined via XRD, SEM and particle size
analyzer. The synthesized nano-TiO, particles were obtained in a completely anatase form. Different concentrations of
nano-TiOz’s turned into sol were applied into the LNCaP cells in the cell culture media, and their anti-
tumour/proliferation activities were tried to be determined photocatalytically with and without the UV-ray. For this, the
numbers of living and dead cells were detected by means of MTT method, and thus, the anticancer characteristic was

determined.

Keywords: Nano-TiO,, hydrothermal method, MTT assay method, LNCaP

INTRODUCTION

TiO> nanoparticles are used in a number of
fields, such as photocatalyst [1-3], solar cell [4, 5]
and gas sensors [6]. Separately, TiO; is also used
efficiently in the degradation of organic compounds
and coloring agents as well as neutralizing/warding
off microorganisms. TiO- is a semi-conductor with
a band-gap energy of 3.2 eV, and it has a far more
quantum effect compared to normal substances [7].
In an aqueous medium, reactive oxygen species
(ROS) like hydroxyl radicals, superoxide anions
and hydrogen peroxide occur thanks to e/h* gap
pairs that occur on TiO; nanoparticles under the UV
ray [8-10]. These active oxygen species play an
efficient role in several chemical reactions as well
as annihilating microorganisms due to their high
redox activities. It has been reported in the studies
conducted recently that TiO, could also be applied
in the treatment of cancer [11-15]. Within the
cancer cells and in the cell membrane [15] have the
active oxygen species (ROS) been effective, as
well. In such oxidation reactions, the cell toxicity is
dependent on the cell stability and the chemical
combination (order) on the surface structure of the
cell [16].

In this study, the nano-sized TiO, was
synthesized through the hydrothermal method, and
its effect on the LNCaP cells was examined under
the effect of the UV-ray, without the presence of
the UV-ray.

* To whom all correspondence should be sent:
E-mail: fatma.emre@inonu.edu.tr

EXPERIMENTAL
Chemicals and Reagents

Titanyum (1V) isopropoksit (TTIP) (97%, Alfa-
Aesar), isopropyl alcohol (99.5%, LabKim),
Hydrochloric acid (%37, Merck), Acetic acid
(99.5%, J.T.Baker), Newborncalf serum (FCS) and
pensilin-streptomycin ~ (Biological  Industries),
Sodium chloride, Sodium hydroxide, Dimetyl
sulfoxide (DMSO) (Merck) were purchased. The
water used in the experiment was doubly distilled
and deionized.

Berghoff BTR-2000A Model hydrothermal unit
interfaced with a temperature controller and timer
unit was used for synthesizing nano-sized TiOs..
Malvern Nanoseries Zetasizer was used for particle
size analyzer. The crystalline phase of the nano-
TiO, particles was analyzed by X-ray powder
diffraction (XRD) pattern obtained from Rigaku
Geigerflex D Max/B diffractometer with Cu Ka
radiation (1 = 0.15418 nm) in the region 26 = 10—
90° with a step size of 0.04°. The crystallite size of
the anatase particle was calculated from the X-ray
diffraction peak, according to the Scherrer’s
equation. SEM (LEO EVO 40) was used to
examine the surface morphology.

Preparation of nano-TiO;

Titanium (1V) isopropoxide, [Ti(OPr')], was
added into i-propanol in the way that it would reach
10% in mass, and thus, a homogeneous mixture
was obtained. As the catalyst, the mixture of
HCI/HAc was added into the reaction medium in
the way that the Acid/Ti(OPr'), rate would reach
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0.05 and 0.07, respectively. In order for the
hydrolysis-condensation reaction to start, the
prepared water was instilled in the way that the
H,O/Ti(OPr'), rate would be (mol/mol) 3, and then,
a homogenous and transparent/ crystalline solution
was obtained after the reaction had lasted for
approximately 10 minutes more. The sol-solution
was first placed into a Teflon cup of 250 mL and
then onto the hydrothermal unit. After having been
kept at 200 °C for 4 hours, it was taken out of the
hydrothermal unit and was cooled at room
temperature. The obtained solid TiO: particles, after
having been separated from the solution medium
through a centrifuge, were dried up/dehydrated at
40 °C in the vacuum incubator. Hence, the nano-
sized TiO; particles were obtained.

Preparation of the sols in the RPMI-1640 medium

The sol of the pure nano-TiO- particles which
was synthesized through the hydrothermal method
was prepared within RPMI-1640 medium. In this
process, RPMI-1640 medium was added onto 1
gram of TiO; particles in the way that it would
make up 1% sol by weight and then was placed into
the ultrasonic bath. In order to prepare a solution in
4 different concentrations, a 1% main stock sol was
used. The nano-TiO; to be tested was dissolved in
the medium, and their 1-100 mM concentrations
were prepared to be used during the experiment.
The stock solutions were kept at the +4 °C
throughout the experiment.

Cell Cultures

LNCaP cells were obtained from The Middle
East Technical University (METU), the Department
of Biology (Ankara). All the cells were fed by f
(that which is prepared by adding into it 10% FCS,
100 U/mL penicillin and 0.1mg/mL streptomycin)
within the culture flasks of 25 cm?. The mediums of
the cells kept in the carbon dioxide (5% CO,)
incubator, within a humid environment at 37 °C
were changed twice a week. When the cells were
confluent, they were removed from the flasks by
using a trypsin-EDTA solution and were then
poured into the plaques with 96 wells to be used in
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) analyses.

Statistical Analyze

Statistical analysis of the data was performed with
SPSS program (16.0). Non-parametric method of
analysis was used because of the number of
repetitions in the groups are n<20. Due to the
number of groups are more than 2, Kruskal-Wallis
analysis of variance was used for multiple

comparisons. Statistically significant p<0.05 was
considered significant.

RESULTS AND DISCUSSION
Characterization of the nanocomposite

Whether or not the nano-sized pure particles
synthesized through the hydrothermal method were
of a crystalline structure was determined by using
X-ray dust diffractometry. Throughout the analysis,
CuK, ray was applied, and 20 values were selected
as 0-80°, and the scanning rate as 0.04 cm/s. It was
determined that the peaks seen in the XRD
spectrums (Fig. 1) of the particles had corresponded
to the crystalline reflections determined for TiO; in
the form of anatase crystal (1 0 1), (0 0 4), (2 0 0)
and (2 1 1). No reflections of rutile and brookite,
which are the other crystalline modifications of
TiO,, were found.

Intensity

37.62 AB22 o,

2Theta, degree

Fig. 1. XRD results for the nano-TiO,

SEM analysis of anatase TiO, particles with
nano-size was performed on the surface of the
particles, which was covered by carbon. It can be
seen from SEM analysis results (Fig. 2) that the
particles resemble one another quite a great deal in
terms of their structure and that they had a spheric
form in general; yet, a total spheric structure failed
to take shape among the particles in some areas.
The reason for this is that the particles are likely to
be exposed to agglomeration due to a thermal
treatment, with the result that the sizes of some of
the particles may grow, whereas those of some
others could become smaller.

Fig. 2. SEM images for the nano-TiO>

The volumetric particle-size distributions of the
nano-sized TiO- particles were determined via Zeta-
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sizer. The sol of the synthesized nano-TiO:
particles, which were prepared in the water, was
used for measurements. As the result of the
measurements performed for determining the
particle-size distribution, the TiO, particles were
found to be 4.78 nm at a rate of 95.9% (Fig. 3).
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Fig. 3. Particle size distribition results for the nano-
TiO;

Cytotoxicity tests

The synthesized nano-particles were screened
for their cytotoxicity against prostate cancers
(LNCaP) by using MTT assay method. The pale-
yellow tetrazolium salt  [3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium  bromide]
(MTT), was cleaved by active mitochondria to form
a dark blue formazan product, that can be
completely solubilized in acidified isopropanol and
detected by a microtiter plate reader [17]. The assay
provides a simple way to detect living and growing
cells without using radioactivity. Briefly, 15x10°
prostate cancer cells were plated in triplicate in 96-
well flat bottom tissue culture plates, and treated
with different concentrations (0.01 mM, 0.1 mM, 1
mM and 10 mM) of agents. The culture plates were
exposed to UV light at four different time points (0,
5, 15 and 30 minutes) and then cells were incubated
for 24 h at 37°C in 5% CO. humidified incubator.

OV lgh

MTT (0.005 g/mL in phosphate buffer saline) was
added to the cell culture and incubated for 4 h. The
formazan crystals formed during the reaction of
active mitochondria with MTT, were dissolved in
0.04 N (100 mL) in isopropanol and readings were
taken by a microtiter plate reader (Biotek Synergy)
using a 570 nm filter. Each data represented an
average of 10 measurements.

It was seen as the result of the measurements
that there was no mortality in LNCaP cells without
the UV-ray; on the contrary, it was observed that
this situation brought about proliferation. On the
other hand, mortality in LNCaP cells was observed
when the UV-ray was applied. As the period of
exposure to the UV-ray extended, so did the cell
death increase. The best results were observed in
the 0.01 mM nano-TiO concentration exposed to
the UV-ray for 30 minutes, and almost 65%
mortality occurred in the cells (Fig. 4).
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Fig. 4. Results of the mortality (%) for LNCaP cells.
(A, B, C and D symbols was represented concentrations
respectively 0.01, 0.1, 1 and 10 mM.) Statistically
significant p<0.05 was considered significant.
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Fig. 5. The formation of active oxygen species at the surface of TiO,
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The fact that there is a proliferation without the
UV-ray, but a decrease in the vitality of the cancer
cells with the effect of the UV-ray indicates the fact
that active regions are generated at the surface of
TiO, with the effect of the UV-ray, allowing for the
emergence of active oxygen species (ROS) in the
medium [18]. The active oxygen species form non-
duplicated electron pairs. Hydroxyl radical (OH),
along with superoxide radical (‘O.) and non-radical
H,O, and singlet oxygen (102) constitute an
oxidation-reduction reaction [19]. Active oxygen
species are also used in cancer drugs, such as
procarbazine, doxorubicin, buthionine sulfoximine,
motexafin gadolinium and rituximab [20-23].
Active oxygen species (Fig. 5) are also formed at
the surface of TiO,, which lead to the death of
cancer cells.

CONCLUSION

In conclusion, in this study, the nano-sized TiO;
particles were successfully synthesized, and their
effect on the LNCaP cell was analyzed. The nano-
sized TiO, particles synthesized through the
hydrothermal method showed a photocatalytic and
anti-cancer characteristic on the LNCaP cell. The
death of cancer cells was accomplished by means
of the active oxygen species that occurred on the
surface of TiO, via the applied UV-ray.
Approximately 65% of mortality took place in 30
minutes. The use of the synthesized nano-TiO;
could be possible in the treatment of cancer. If the
nano -TiO;’s are applied to the cancerous area
exposed to the UV-ray, they may cause the cancer
cells to diminish or to get destroyed. The X-rays
can even be used for starting photocatalytic
reactions on the nano-TiO; [24]. In order to be able
to pull the applied wavelength to the visible area,
different studies can be performed by attaching
transition metal dopants into the nano-TiO; [25].
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WsBbpiieHa e cuHTe3a Ha HaHopasMepeH Ti0; Mo XHAPOTEpMATHHUS METOA OT THTAHOBH alkoKcuad. CTpyKTypHHTE,
(U3MIHNTE M XUMAYHATE CBOWCTBA HA HAHOYACTHIINTE Ca ONPENIEICHH Ype3 PEHTTEHOCTPYKTYPEH aHaIN3, CKaHMpaIla
€JIEKTPOHHA MUKPOCKOMNHMS M aHajdu3 Ha pa3Mmepa Ha vacturmre. Cunresupanute TiO, — HAHOYACTHIU Ca HM3ISIO B
aHata3z — nmonmMopdHa Monubukaims. HaHodacTHIUTE B pa3iMYHA KOHICHTPAIIMH W MPUBEICHU B 30J-CHCTOSHHUE Ca
npwioxenun crpsmo LNCaP-pakoBu kieTkm B KyaTypajdHa cpeia, a TeXHaTa aHTH-TyMOpHa W 3a0aBsina
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MBPTBHUTE KJIETKH Oemie ycTaHoBeH mo MTT-meronma, kaTo ¢ TOBa ca OMpeNeleHH MPOTHBO-PAKOBHUTE CBOMCTBA Ha
HaHOYACTHUIIUTE.
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For years, the degradation and corrosion of amine solutions has become an essential issue for the coal bed methane
(CBM) decarburization process. And the degradation and corrosion characteristics of amine solutions are not clearly
yet. Aimed to solve the sebarriersin this study, the degradation characteristics of blended amine solutions with or
without antioxidants were studied in a rich oxygen environment. Results show without antioxidants here was a high
oxidative degradation of amine solutions without antioxidants. While after adding certain antioxidants, such as sodium
metavanadate (NaVO3), sodium sulfite or sodium potassium tartrate, the oxidative degradation ratio of blended amine
solutions showed an obvious decrease. The amine solutions which added sodium metavanadate had the best antioxidant
ability, followed by which added potassium sodium tartrate and then sodium sulfite. When added 1% sodium
metavanadate, the oxidative degradation ratio of methyldiethanolamine (MDEA) +piperazine (PZ) (8:2) solution
reduced 32%. And the corrosion characteristics of fresh amine solutions and rich amine solutions were investigated by
the corrosion experiments at 90°C for 72 hours. Both the results of corrosion ratio test and the SEM show the corrosion
ratio of rich amine solutions was much larger than that of fresh amine solutions. After adding 0.5% NaVO3 and 0.5%
V205 as inhibitor, the corrosion of rich amine solutions were declined. According to the results of the degradation and
corrosion characteristics, the decarburization agent for CBM process was recommended as MDEA+PZ(8:2) with 0.5%

NaVO3 and 0.5%V205 .

Key words: blended amine, decarburization, antioxidant, oxidative degradation, corrosion.

INTRODUCTION

In the coal bed methane (CBM) utilization
industry, it is essential to remove CO- before CBM
liquefaction. And currently, amine-based absorption
method is the most widely used to remove CO;
from the natural gas and which is a well-proven
commercial technology [1-4]. With the continuous
studying on CO; absorbent by amine such as steric
amine and enamine, the absorption characteristics
of CO, absorbent is clearly known, and their
different reactivity or rate for CO, absorption were
investigated and reported [5]. Now, the research
trend is shown to find a new blended solution which
concludes all advantages of single CO; absorbents
by studying the absorption of mixture absorbents.

MDEA is one of the most famous CO.
absorbents and wildly applied in nature gas
decarburization process. Although the corrosion
that the MDEA single amine solution brought to
piping equipment is much smaller than that of the
other amine solutions [6,7], the influence of the
degradation products of MDEA-based blended
amine on the equipment system should not be
underestimated[8,9]. During the decarburization

To whom all correspondence should be sent:
E-mail: cqchenjinhua@163.com

process, accompany with the amine solution
degradation the amine is gradually losing, as a
result the absorption capacity of amine solution is
decreasing. On the other hand, with the
decomposition of amine the equipment corrosion
caused by amine solution is raising, which will not
only reduce the stability of absorption system, but
also increase the construction costs and operating
costs of the system, and result in direct economic
losses. Furthermore, the degradation of amine
solutions may lead to the erosion of the vessel wall,
which result greater losses and more serious
security risks. So in order to obtain a good strategy
for the prevention of degradation of MDEA-based
blended amines, a good understanding of the
degradation process is necessary.

In the decarburization process, the two
degradation types of organic amines are mainly
oxidative degradation and thermal degradation [10].
The thermal degradation refers to the amine
degradation that occurs in desorption tower,
reboiler, heat exchanger and other high temperature
regions, and does not require O participation.
While oxidative degradation refers to a redox
reaction between organic amine and O, in the role
of active groups [10]. The reaction balance of
MDEA in aqueous solution is as follow [12-18].

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 669
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CH3-N( CH2CH: OH) 2 + H,0 ¢>CHs- (1)
NHCH,CH,0H + HOCH,CH,OH

When oxygen is present, the hydrolysis
equilibrium products ethylene glycol will be further
oxidized in the role of Fe?" as catalyst, and oxalic
acid and formic acid will be produced.

HOCH,CH,0H — HOCH,CHO — (2)
OHCHO —~HOOCCHO —
HOOCCOOH — HCOOH + CO>

The oxidative degradation products are acidic
and have a strong corrosive effect on devices. And
the smaller the molecular weight of organic acid,
the greater the corrosive effect [9].

At present, the knowledge of the corrosion and
oxidative degradation of the blended amine
solutions for CO2 absorption was limited. There are
a few reports on the degradation of organic amines
from University of Regina [5, 19-22], University of
Texas at Austin, French Petroleum Institute,
Norwegian Technology University and Dow
Chemical Company [11]. While in China, reports
on the degradation problems of organic amine
solution in CO; absorption process are rare, only
Chen Changhe [11], Lu Jiangang [23], Zhang

Chengfang [24], Zhang Yongchun [25] and several
other scholars did researches on that. So there is no
enough date to optimizing industrial design and
calculating CO; fraction. Thus, it is particularly
necessary to conduct investigations to reduce the
oxidative degradation of MDEA amine solutions
effectively by strict controlling the operating
conditions and adding corrosion inhibitors or
antioxidants.

This study aimed to understand the degradation
characteristics and corrosion characteristics of
amine solutions in the decarburization process, and
realized by testing the degradation ratio of amine
solutions and the corrosion ratio of steel sample
sheets immersing in the amine solutions. Finally
improved the CO; absorption ability of amine
solution for, and certain antioxidants and inhibitors
were added into the solutions to reduce the
degradation and corrosion ratio.

METHODS AND MATERIALS

The materials and equipment used in the
degradation and corrosion experiments are listed in
Table 1 and Table 2 as below.

Table 1. The materials for degradation experiments and corrosion experiments

Name Specification Resource
CO; 99.999% Chengdu Hong Jin chemical (gas) Co., Ltd.
MDEA 99%AR Chengdu Kelong Chemical Reagent Factory
DETA 99%AR Chengdu Kelong Chemical Reagent Factory
MEA 99%AR Chengdu Kelong Chemical Reagent Factory
Pz 99%AR Chengdu Kelong Chemical Reagent Factory
sodium sulfite AR Chongging Chuandong Chemical (Group) Co., Ltd
Sodium aluminate AR Chengdu Kelong Chemical Reagent Factory
sodium potassium AR Chengdu Kelong Chemical Reagent Factory
tartrate
V,0s 99% Chengdu Jinshan Chemical Reagent CO,.LTD
Steel sheet Q235 Cutting by subcontractor into the size of 40*40*2 (mm

abrasive paper GRIT No.CW800

H,SO4 AR
acetone AR
HNO3 AR

)
NAMKYUNG ABRASIVE IND.CO,.LTD

Chongging Chuandong Chemical (Group) Co., Ltd
Chongging Chuandong Chemical (Group) Co., Ltd
Chongging Chuandong Chemical (Group) Co., Ltd

Table 2. The apparatus for degradation experiments and corrosion experiments

Name Model

Resource

Electronic balance

Automatic titration analyzer ZD-2
Precision pH meter PHS-3C
Constant temperature
; 101
convection oven
Constant temperature water HH-S11-
bath NI6
Vernier caliper 0-150MM
Tescan
SEM Vega

FA-2004N  Shanghai Mingiao Precision Scientific Instruments Co., Ltd.

Shanghai Dapu Instrument Co., Ltd.

Shanghai Dechuan Precision Instruments Co., Ltd.

Shanghai Dongxing Test Equipment Co., Ltd.

Beijing Scientific Instruments & Materials Corp

Guilin Guanglu Measuring Instrument Co., Ltd
FEI Nova400, China
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Degradation experiments

In the coal bed methane decarburization process,
the temperature in the absorption tower usually is
45°C and the pressure is 0.4MPa, while in the
desorption tower, the temperature usually is 115°C
and the pressure is 0.06MPa. The degradation of
amine solutions caused by thermal or chemical is
very slight that it is not necessary to consider them
separately. So in this study, the thermal degradation
and chemical degradation were tested together in
the thermal degradation experiments, while the
oxidation degradation of amine solutions was tested
alone. And according to the results of Idem R. O.’s
research [5] ,that there was no significant
degradation of MEA and MDEA which induced by
CO, at both lower and higher total amine
concentrations at a temperature range of 328-393
K.

We assumed that the thermal degradation of CO»
loaded amine solution was similar with the thermal
degradation of fresh amine solution. Thus we did
not investigate the thermal degradation of CO;
loaded amine solution here, and it will be
investigated in our next work.

Thermal degradation experiments

In the thermal degradation experiments, reactors
containing a certain amount of fresh amine
solutions were sealed and put in a constant
temperature convection oven, and were heated at
95 °C constantly for a period of time. And during
the heating, for every designed time intervall mL
sample were taken out from the reactors, and the
total amine concentration of the samples were
determined by an automatic titration analyzer. After
the measured total amine concentration in the
solutions reduced to a constant value and changed
slightly, the thermal degradation experiments would
be stopped. The thermal degradation of the fresh
amine solutions and the rich amine solutions were
tested respectively. By the analysis of the total
amine concentration in the solutions at different
time periods under high temperature heating
conditions, the thermal degradation characteristics
of amine solutions were obtained.

Oxidation degradation experiments

In this study, different kinds of fresh amine
solutions with or without adding antioxidants were
prepared for oxidation degradation experiments. A
certain amount of amine solutions were taken into
the reactor, and the reactor was fed in oxygen for a
while, then the reactor was sealed and placed in a
heated convection oven to keep a constant
temperature. Samples were taken at different time

periods. By using an autoburette, the total amine
concentration in the sample can be analyzed, and
then the oxidative degradation characteristics of
amine solutions would be obtained. By comparing
the oxidative degradation characteristics of different
amine solutions with different antioxidants, the
amine formulations with excellent stability will be
selected out.

Corrosion experiments

Q235 steel sheets with a size of 40x40x2(mm)
were selected as the specimens for corrosion
experiments. And the steel sheets were immersed in
different amine solutions in different 250mL
beakers. These beakers were sealed and placed in a
constant temperature water bath for heating at
90 °C for 72 hours. The mass of each specimen
before and after the corrosion experiments were
measured. The corrosion characteristics of the
decarburization amine solutions were quantitative
and qualitative analyzed by using the gravimetric
method and scanning electron microscopy (SEM).
The corrosion rate of specimens can be calculated
by Equation(1).

; — /]]0 — 1]],—

t xXs (3)

Where,

1w is the metal corrosion rate, g/(m?h);

m, is the first mass of specimen before corrosion
test, g;

m, is the final mass of specimen after corrosion

test for a certain period and the corrosion products
on the surface of specimen was removed , g;

S is the surface area of specimen exposed to the
corrosive environment, m;

And t is the corrosion time, h.

RESULTS AND DISCUSSION
Thermal degradation

Six different kinds of fresh amine solutions of
30% mass fraction were prepared. 100 mL amine
solutions were put into different beakers. Then
sealed the beakers and placed them at a constant
temperature of 95 °C for 44 hours. During this
period, every 12 hours 1mL amine solution sample
was taken out for analyzing. 0.5 mol/L hydrochloric
acid solution was used for titration analyzing, the
consumption volume of hydrochloric acid were
measured when the pH value of the amine solutions
reached 7. Then the total amine concentration in the
amine solution can be calculated, and the amine
thermal degradation ratio were obtained.
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Table 3. The hydrochloric acid consumption amount of each 1 L amine solutions (mol/L)

Time MDEA MEA DETA MDEA+MEA MDEA+DETA MDEA+PZ
7:3 8:2 8:2
Oh 2.565 5.005 5.935 2.968 3.194 2.616
12h 2.540 4.929 5.703 2.917 3.169 2.616
24h 2.490 4.829 5.734 2.917 3.169 2.590
44h 2.490 4.653 5.659 2.842 3.144 2.565

The results are shown in Table 3 and Fig. 1.

It can be seen in Table 3, the hydrochloric acid
consumption amount of each 1L amine solutions
decreased slightly with time. This is because that
under the constant heating environment at 95 °C,
the amine degraded, and the total amine
concentration of the amine solutions decreased with
time, which resulted in the decrease of hydrochloric
acid consumption amount.

—+—MDEA MEA —+—DETA
= MOEAMEA 73 —#—MDEA+DETA §2 MDEA+PZ &2

EEEEE.

Thermal degradation ratio

'Ii:n;-.'h]
Fig.1. The change of thermal degradation ratio of amine
solutions with time

In Fig.1, the thermal degradation ratio of MEA
solution had the fastest increasing rate with heating
time, and after 44 hours heating the ratio is 7.03%.
Then the thermal degradation increasing rate turned
to slower for others amine solutions with an order
as: DETA> MDEA+MEA (7:3)> MDEA+ DETA
(8:2)> MDRA+PZ (8:2). And it can be found that
the thermal degradation ratio of MDEA+PZ(8:2)
blended amine solution was just 1.6% after 44
hours, which indicated that the thermal degradation
of this blended amine solution is so slightly that can
be ignored.

Oxidative degradation
The oxidative degradation characteristics of single
amine solutions and blended amine solutions
without anti-oxidants

Prepared different kinds of fresh amine solutions
of 30wt%. 150mL amine solutions were put into a

volumetric flask and then fed pure oxygen for 2
minutes. Then sealed the volumetric flask and
placed it at room temperature for a design time.
During this period, every 96 hours took 1mL of
amine solution sample for analyzing. 5mol/L
hydrochloric acid solution was offered for titration
analyzing, the consumption volume of hydrochloric
acid were measured when the pH value of the
amine solutions reached 7.Then the total amine
concentration in the amine solution could be
calculated, and the amine degradation ratio were
obtained. The results are shown in Table 4 and Fig.
2.

Table 4 shows that the total amine concentration
declined before held for 303 hours. This was due to
the amine in solutions was oxidized in oxygen-rich
condition. The oxidative degradation of single
MEA amine solution and MDEA+MEA blended
amine solution is larger than that of single MDEA
amine solution and MDEA+PZ blended amine
solution. And all amine concentrations declined
slightly with time.

In Fig. 2, it can be seen that, the oxidative
degradation ratio of MDEA+MEA blended amine
solution raising fastest with holding time, and also
had the highest ratio after held for 399 hours
compare with other amine solutions. Then is that of
MEA single amine solution. Then the single MEA
amine had a lower oxidative degradation ratio than
MDEA+MEA (7:3) blended amine. Lowest
oxidative degradation ratio was found for single
MDEA after 399 hours oxidization, and MEDA+
PZ (8:2) has a little higher ratio than MDEA which
was found as 24.63%.

According Table 4 and Fig. 2, a conclusion can
be obtained that the in these four amine solutions,
MDEA +PZ blended amine solutions was affected
by oxygen a little, whose oxidative degradation
ratio is only 3.8% at the first 44 hours, but still

Table 4. The hydrochloric acid consumption amount of each 1 L amine solutions ( mol/L )

Time MDEA MEA MDEA+MEA MDEA+PZ
Oh 2.565 5.030 3.471 3.93
96h 2.515 4.829 2.842 3.8052
192h 2.389 4.552 2.766 3.7204
303h 2414 4.389 2.641 3.6156
399 2414 4.276 2.616 3.607
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The oxidative degradation ratio %
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Fig. 2. The change of oxidative degradation ratio of
amine solutions with time

more larger than its thermal degradation ratio of
1.6% at the first 44 hours. As the effect of oxygen
on amine solutions exists almost in the whole
decarburization process, while the effect of heat
exists only in the amine solution recovery process,
the influence of oxygen on amine degradation is
much larger than that of thermal.

The oxidative degradation characteristics of
blended amine solutions with anti-oxidants

The 30% amine concentration solution which
contained by MDEA+PZ (8:2) blended amine was
reported had a good CO2 absorption ability with a
high CO2 absorption rate and regeneration
ratio[15]. Moreover, the above thermal degradation
experiments and oxidative degradation experiments
proved that the MDEA+PZ (8:2) had a reliable
stability even in high temperature and high oxygen
content atmosphere.

Therefore, the blended amine solution
MDEA+PZ (8:2) was selected as an optimization
CO2 absorption compound of the investigation for
studying the effect of anti-oxidants. 1wt% of three
kinds of antioxidants, namely potassium sodium
tartrate tetrahydrate, sodium sulphite and sodium
metavanadate was added in the blended amine
solution. The oxidative degradation characteristics
study results are shown in Table 5 and Fig. 3.

e MD EAFL

MDEA+ PZ+sodium potassium tartrate

e WD EA+ P+ s00cium sulfite

—— MD EA+ PZ+ sodium metavanadate,

2 2% 29 %

Fig.3. The change of oxidative degradation rate of
blended amine solutions with time

Table 5 shows that the hydrochloride
consumption amount of each 1 L amine solutions
reduced with increasing of held time, which means
the total amine concentration decreased gradually
with time, and indicates that the oxidative
degradation occurred in the amine solution. But the
total amine concentration of MDEA+PZ (8:2)
blended amine solutions with anti-oxidants did not
change significantly.

From Fig.3, it can be seen that, after adding
three different anti-oxidants, the oxidative
degradation ratio of MDEA+PZ (8:2) solutions was
decreased. This indicated that the anti-oxidants did
effort on protecting the amine solutions from
degradation caused by oxygen. Results show
sodium metavanadatehad the best ability to reduce
the degradation caused by oxygen in these three
anti-oxidations, and the degradation ratio reduced
32% after 303 hours reaction compare with the
blended amine solution without any anti-oxidations.
And it was found that t sodium potassium tartrate
had a better ability to reduce the degradation than
sodium sulfite.

Corrosion results

Corrosion characteristics of fresh amine soliotions

The corrosion characteristics of six different
fresh amine solutions of 30wt% total amine
concentration were investigated by the corrosion
experiments at the same temperature of 90°C for 72
hours. The results are shown in Table 6.

Table 5. The hydrochloric acid consumption amount of each 1 L amine solutions (mol/L)

MDEA+PZ MDEA+PZ

. . MDEA+PZ :

Time + §od|um + sodium sulfite + sodium MDEA+PZ
potassium tartrate metavanadate

Oh 3.7728 4.0872 3.8252 3.93
96h 3.668 4.0872 3.8252 3.8052
192h 3.668 3.93 3.8252 3.7204
303h 3.5632 3.8252 3.6156 3.6156
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Table 6. Corrosion characteristics of fresh amine solutions

. Specimen Specimen
. Amine .
Fresh amine . Surface mass mass Corrosion
- Concentration . .
solutions W% area before erosion  after erosion rate
10 m? g g g/(hm?)
MDEA 30% 3568 32.5308 32.5269 0.01518
MEA 30% 3446 31.3111 31.3071 0.01612
DETA 30% 3616 32.7790 32.3841 1.51668
MDEA+PZ 30%(8: 2) 3524 31.8979 31.8921 0.02286
MDEA+DETA 30%(8: 2) 3585 31.7671 31.7603 0.02634
MDEA+MEA 30%(8: 2) 3450 31.3799 31.3734 0.02617

Among these three single amine solutions, the
lowest corrosion rate was found on the specimen
immersing in the MDEA single amine solution,
while that in DETA single amine solution had a
highest corrosion rate, which indicated that the
corrosion rate of specimen in amine solutions has a
positive correlation with the alkalinity of amine
solutions. That means the better CO, absorption
characteristics, the stronger corrosion
characteristics. After adding different activators
(PZ, DETA and MEA) in the MDEA solutions, the
specimens in these three blended amine solutions
had a larger corrosion rate than that in the MDEA
single amine solutions, but still much lower than
that in the DETA single amine solutions. And the
specimen in the MDEA+PZ blended amine
solutions had the lowest corrosion rate among these
three blended amine solutions.

Corrosion characteristics of rich amine solutions

The rich amine solutions were prepared by
piping CO2 into the fresh amine solutions for
enough time. Then the corrosion characteristics of
rich amine solutions were studied by the corrosion
experiments at the same temperature of 90°C for 72
hours. The results were as shown in Table 7. From
Table 7 it can be seen that, the largest corrosion rate
of specimen immersing was found in the MEA rich
amine solitions, while that in MDEA rich amine
solitions is the lowest. The corrosion rate of
specimen in MDEA+PZ rich amine solutions is
0.0999 gm-2/h, which is slightly higher than that in
MDEA rich amine solitions. Compared with Table
6, it is obviously that the corrosion rate of specimen

in rich amine solutions is much higher than that in
the relative fresh amine solutions, which indicated
that the corrosion characteristics of rich amine
solutions is much stronger than that of fresh amine
solutions. And in these blended rich amine
solutions, the specimen in the MDEA+PZ rich
amine solutions still had the lowest corrosion rate.

Corrosion characteristics of rich amine solutions
with inhibitors

According to the corrosion experimental results
above, whether among the fresh amine solutions or the
rich amine solutions, specimen in the MDEA+PZ(8:2)
blended amine solutions had a relatively small corrosion
rate. So the MDEA+PZ(8:2) blended rich amine solution
was taken for investigation in this part of experiments.
0.5% -1% of sodium vanadate and vanadium pentoxide
as corrosion inhibitors was added into the
MDEA+PZ(8:2) blended rich amine solutions, the
corrosion experiments were carried out at 90 °C for
72hours. The corrosion rate of specimens in the
MDEA+PZ(8:2) blended rich amine solutions with
different inhibitors were measured, and the results were
shown in Table 8. Compared Table 7 and Table 8, it can
be seen that, afteradding inhibitors, the corrosion rate of
specimens in the MDEA+PZ(8:2) blended rich amine
solutions had a significant decrease, the corrosion rate
decreased from 0.0999 g/(hm?) for the amine without
inhibitors to 0.0026 g/(hm?) which was the largest
corrosion rate after adding inhibitors. The anti-corrosion
ratios of these six solutions with different inhibitors were
larger than 97%. The anti-corrosion effect of inhibitor
V705 was slightly better than that of inhibitor
NaVOszwhen same amount of inhibitors was added. And
it was found the influence of inhibitor amount on the

Table 7. Corrosion characteristics of rich amine solutions

Concentration

Rich amine solutions Wi%

Surface area

Specimen mass
before erosion

Specimen mass

after erosion Corrosion rate

10°m? g g g/(hm?)

MDEA 30% 3514 32.2393 32.2160 0.0896
MEA 30% 3429 31.2417 30.8665 1.4786
MDEA+PZ 30%(8: 2) 3408 31.2460 31.2208 0.0999
MDEA+MEA 30%(8: 2) 3566 32.4742 32.4338 0.1531
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anti-corrosion effect is similar in the range from 0.5%
t01%. And the he highestanti-corrosion ratio, 99.2%, was
found in the solution which added 1% inhibitors of
NaVO3+V205(0.5%:0.5%)is t up to. The specimen
surface corrosion characteristics were observed by using
SEM at different scale, 5um,10um, 20um, 50umand
100um respectively. The SEM results of specimen before
and after immersed in MDEA+PZ(8:2) blended rich
amine solutions are shown in Fig 4-la and Fig 4-1b
respectively. Compared these two groups of images, it
can be seen that, without adding any inhibitors, after
immersing in the MDEA+PZ (8:2) blended rich amine
solutions for 288h, that pitting appeared on the specimen
surface was observed at 5um,10um and 20um scale,
while at the 50umand 100um scale, that cracks increased
on the specimen surface was observed. The results

indicated that the rich amine solutions has a strong
corrosion effect on the steel sample sheets, which is
consistent with the results of corrosion ratio tests above.
Fig 4-2a and Fig 4-2b show the SEM results of
specimen before and after immersed in MDEA+PZ(8:2)
blended rich amine solutions with inhibitors of
NaVO3+V,05(0.5%:0.5%),respectively. Compared these
two groups of micrographs, it can be seen that, with
adding inhibitors of NaVO3+V205(0.5%:0.5%),no
significant difference can be observed on the specimen
surface. This results indicated that the inhibitors of
NaVO3+V205(0.5%:0.5%) had an obviously anti-
corrosion effect and protected the steel sample sheets
from corrosion by rich amine solutions.

Table 8. Corrosion characteristics of MDEA+PZ (8:2) blended rich amine solutions with inhibitors

Specimen

Specimen

\nhibi Surface mass before mass after Corrosion Ant'.'
nhibitor . . corrosion
area erosion erosion rate tio %
10°°m? g g g/(h*m?) e
NaVO3(0.5%) 3654 34.2612 34.2605 0.0026 97.40
NaVO;(1%) 3434 32.4299 32.4293 0.0024 97.60
V,05(0.5%) 3623 34.1066 34.1069 0.0011 98.90
V,05(1%)) 3534 33.1796 33.1790 0.0023 97.70
NaVOs; + V,05(0.25%:0.25%) 3506 32.6926 32.6920 0.0023 97.70
NaVOs+ V,0s (0.5%:0.5%) 3441 32.1723 32.1721 0.0008 99.20

iy T = b

Fig 4-1a. SEM results of specimen before immersed in MDEA+PZ (8:2) blended rich amine solutions

ersed in MDEA+PZ (8:2) blended rich amine solutions after
288h

Fig 4-2a. SEM results of specimen before immersed in MDEA+PZ (8:2) blended rich amine solutions
with inhibitor
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Fig 4-2b. SEM results of specimen immersed in MDEA+PZ(8:2) blended rich amine solutions with
inhibitor after 288h

CONCLUSIONS

In the CBM decarburization process, amine
degradation is mainly caused by oxygen, which
result in low decarburization efficient and bring
serious corrosion problems at the same time.
Experiments were carried out to investigate the
degradation and corrosion characteristics of amine
solutions in the decarburization process. The results
show that by adding certain antioxidants, the
oxidative degradation ratio of blended amine
solutions decreased obviously. The amine solutions
with sodium metavanadate NaVOs; has the most
conspicuous antioxidant effects, followed by that
with potassium sodium tartrate, and the last is with
sodium sulfite. By adding 1% sodium metavanadate
NaVOs; the oxidative degradation ratio of
MDEA+PZ (8:2) solution can be reduced by 32%.
And the results of corrosion experiments show that
the corrosion characteristics of rich amine solutions
was much stronger than that of fresh amine
solutions. The influence of inhibitor amount on the
anti-corrosion effect is very small in the range of
0.5% tol%, and the anti-corrosion ratio of the
solutions with 1% inhibitors of
NaVO3+V,05(0.5%:0.5%)is the highest, up to
99.2%. The SEM results also show that with adding
1% inhibitors of NaVOs;+V,05(0.5%:0.5% ) the
surface of specimen immersed in the MDEA+PZ
blended rich amine solutions changed merely. The
recommended decarburization agent formula is
MDEA+PZ(8:2) with 0.5% NaVO; and 0.5% V20s
as inhibitor.
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XAPAKTEPUCTHKH HA JETPAJALINA 1 KOPO3UA 3A PA3TBOP HA CMEC OT AMMHU
I[TP OTHEMAHETO HA BBI'JIEPOJA OT METAH B CJION BBI'JIMIIA

Jxunxya Yen'", Jlxxyan Ben?

Y Yonacun uscnedosamencku uncmumym npu Kumaiickus umjicenepha KopnopayuonHa 2pyna no mexnoio2us Ha
evenuwama, 55 Llanexuao Canxyn, pation Hllanune6a, Younecun, Kumaticka HP
2 Koneaic no nedsuacuma cobemeenocm Yonecun, 3 Munzoe, paiion Lllanunzé6a, Younecun, Kumaiicka HP

IMoctbnuna Ha 20 deBpyapu, 2017; kopurupana Ha 31 asrycr, 2017 r.
(Pestome)

[pe3 roguuuTe AErpaganusaTa 1 KOPO3UATa OT pa3TBOPUTE HA AMUHHM Ca CTAHAJIM OCHOBEH IPOOJIEM 32 OTHEMAaHETO
Ha MeTaH oT Bbrinnia (CBM). Te3n xapakTepicTHKN Ha Pa3TBOPUTE OT aMHHH JI0Cera He ca U3siCHeHH. B HacTosimata
pabora ca u3cieqBaHU AErpajlallMOHHUTE XapaKTEPUCTUKM Ha CMECH OT Pa3TBOPM Ha aMHHHU B cpela, Oorara Ha
KUCTIOpoJ ¢ W 0e3 aHTHOKCHIAaHTH. Pe3ynraTure mokasBaTr, Y€ OTCHCTBHETO Ha AHTHOKCHAAHHM € HAJIMLE BHCOKA
okucwinTeNHa nerpamanus. Ciex M00aBSHETO HA AHTHOKCHAAHT, T.e. HatpueB MmeraBanamat (NaVO3), Hatpues
cyndu WiIM HaTPUEBO-KaJIHMEB TapTapaT ce 3a0eis13Ba OUYEBHIHO NOHIDKEHHE Ha JerpajalusaTra Ha pazrBopure. Haii-
n00pH aHTHKCHUIAHTHH CBOICTBAa MMa HAaTPUEBHAT METABaHAJAT, Clie]l HETO HATPHUEBO-KAaJMEBHAT TapTapaTr U Hakpas —
HatpeBuAaT cyndun. Ilpu modaBsuHeTo Ha 1% HaTpHeB MeTaBaHAIAT CTENICHTA HAa OKHCIWTEIIHA JACeTpagays Ha METHII-
muetaHonamu (MDEA) + nunepasus (PZ) (B HauanHo otHoenue 8:2) HamamsiBa 10 32%.

W3cnenBanu ca KOPO3MOHHUTE XapaKTEPUCTUKH Ha MPECHH Pa3TBOPH OT aMHHM B excriepumentH mpu 90°C 3a 72
yaca. Pe3ynraTure oT TeCTOBETE 32 KOPO3Us M OT CKaHMpallla eleKTpoHHa Mukpockonus (SEM) nokassar, ye creneHra
Ha KOpo3usl B OOraTH Ha aMHMHH Pa3TBOPU €I 0-BHCOKA, OTKOJIKOTO B IpecHW paszrBopu. Cien mobassaero Ha 0.5%
NaVOs u 0.5% V205 xaro nHXHOUTOp KOpO3WsATa HA Pa3TBOpUTE, OoraTH Ha aMMHM HaMaisiBa. Criopel IMOJIy4eHUTE
pe3ynTaT 3a JerpajganusaTa i Koposusita 3a aekapounusupan arent npu for CBM-nporieca ce npenopsuBa pa3TBOp Ha
MDEA+PZ(8:2) ¢ no6aska ot 0.5% NaVO3 u 0.5%V20s .
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The main impurity elements in magnesite ore are silicon, calcium and iron etc. The index of concentrate grade
for 97.16%, content of SiO,, CaO, Fe,0O; for 0.18%, 0.65% and 0.49% in concentrate, and recovery for 74.43%
were got on the condition of grinding fineness for -0.075mm70%, pH of the pulp for about 5.5, the dosage of
sodium metaphosphate for 150g/t, the dosage of water glass for 1500g/t, the dosage of collector LKD for 175g/t
(roughing for 75g/t, first cleaning for 50g/t, and second cleaning for 25g/t) at the grade of crude for 92.94%,
contents SiO», CaO, Fe;03 for 1.71%, 0.89% and 0.66% in the crude ore by reverse flotation of one time roughing
and two times cleaning. The index of concentrate grade for 97.52%, content of SiO,, CaO, Fe,O3 for 0.18%, 0.51%
and 0.39% in concentrate, and a recovery of 74.35% were received by one time cleaning again by using sodium
oleate for collector and pH for 2.5. Zeta-Potential analysis and infrared spectrum analysis showed that physical
adsorption was the main adsorption form between the collector LKD to magnesite and dolomite. The physical
adsorption and chemical adsorption existed between the sodium hexametaphosphate, water glass and sodium

oleate to surface of magnesite and dolomite.

Key words: magnesite ore, reverse flotation, removing impurity by two step

AIMS AND BACKGROUND

The reserves of magnesite ore in China are rich,
taking about 1/4 of the world total. The main
impurities in magnesite ore. The angue mineral in
magnesite ore can be divided into two categories
which are mineral containing silicon such as talc
quartz, chlorite etc, minerals containing calcium
such as dolomite, and minerals containing iron et al
according to the kinds of minerals. It is general using
water glass and sodium hexametaphosphate as
adjustor, the cation collectors of amine as collectors
under acidic conditions by reverse flotation to
removing gangue minerals containing silicon from
magnesite ore, and positive flotation is general used
to remove dolomite from magnesite ore and at
alkaline conditions by anion collectors. The
flowsheet of reverse flotation and positive flotation
should be used to for most magnesite ore which is
containing silicon and calcium minerals at the same
time [1,2].

The fatty acid collectors which is used in the
positive flotation in general and it need to be heated
in order to obtain good separation results. The
dosage of collectors is big, effect of separation is
poor, and the cost was high because magnesite is
been inhibited at first ,and floated at next in the
flowsheet of reverse flotation and positive
flotation[3].flowsheet of reverse flotation and

* To whom all correspondence should be sent:
E-mail: shujuandai@163.com

positive flotation was replaced by flowsheet of single
reverse flotation in 1990s.Study on the removing
silicon and calcium by a single reverse flotation
process become the industry hot and difficult. Li
Xiaoan, Chen Gonglun et al. studied the feasibility
by using twelve alkyl phosphate to separate of
magnesite and dolomite [4-6].The results show that
the existence of PO,* made the adsorption effect of
dolomite is obviously better than the adsorption
effect of magnesite. Zhang Zhijing studied the
adsorption of sodium oleate on magnesite and
dolomite mineral surface mechanism [7].Research
shows that sodium oleate in the pulp mainly ionic
and molecular clathrate, and the chemical adsorption
is main adsorption form of minerals with sodium
oleate. Yuan Shiquan think that the concentration of
Ca%" / Mg?* in pulp was related closely to surface
electric of magnesite and dolomite[8].

The study used cationic collector by reverse
flotation to remove impurities silicon, and the
anionic collector was be used to remove calcium and
iron by reverse flotation. The sillcon was removed
effective, and calcium and iron were removed at
same time by the flowsheet of removing impurity by
two step from magnesite ore by reverse flotation.

EXPERIMENT

Experimental samples

Mineral composition and content: The samples of
magnesite ore for experimental is from Haicheng
magnesium refractory factory, which was crushed
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sieved, mixed and divided. The mineral composition
of Haicheng magnesium ore is relatively complex,
and there are many kinds of minerals in it. The
main mineral is magnesite, talc, brucite, dolomite,
guartz and clinochlore (Opal), and a little of iron
minerals. The talc and clinochlore may impact on
processing because they are easy sliming.

Composition and content of elements in ore: The
main aim elements and impurities such as iron,
calcium, silicon aluminum in the ore are analyzed,
and the results are shown in Table 1.

From table 1 we can see that grade of crude ore
(MgO content when 1L=0, %) is lower, content of
impurities for silicon, calcium and iron are higher.

Experimental methods

Flotation experiment: Flotation experiment is
carried out by adding sample for 400g with water for
600mL to 1L XFD type flotation machine,
controlling speed for 1800r/min, adjusting the pH
value of the pulp, adding adjustor and stirring for
5min, adding collector and stirring for 3min,adding
foaming agent and stirring for 1min, scraping bubble
flotation for 5min.The products are then filtered,
dried, weighed, analyzed, and the recovery and
removal rate of impurity can be calculated

Zeta potential measurement: The JS94H zeta
potential apparatus is used to measure the dynamic
electrokinetic point. The pure mineral was grinded
by ZXM-1 vibration mill to -5 um. Taking samples
for 250mg into volumetric flask of 250mL and
making it into slurry. Taking the slurry for 30mL into
a beaker, adjusting the dosage of agent. The liquid
forv0.5mL is placed in the electrophoresis tank a
time, the zeta potential is measured with a micro
electrophoresis apparatus, and the 4-6 numbers is
measured at each observation point. average value is
the measuring value after removing interference
number.

Fourier transform infrared spectroscopy:
Infrared absorption spectra are recorded on a Perkin
Elmer Spectrum One FT-IR Spectrophotometer. The
KBr pellet technique is used to record the spectra.

X ray diffraction: The sample to be studied is
grinded to -37um, and is placed in the X ray
diffractometer at room temperature after being
pressed into slice. The diffraction pattern is analyzed
according to the powder diffraction data standard
joint committee international diffraction data center
(JCPDS-ICDD) version of the PDF2-2004 card.

RESULTS AND DISCUSSION

The amine and fatty acid collector are commonly
used as collectors of magnesite ores. The effects of

grinding fineness, pulp pH value and kind and
dosage of adjustor on flotation indexes are
investigated by amine collector LKD which was
developed by University of Science and Technology
Liaoning[3,9].

Grinding fineness experimental

The grinding fineness is an important factor
affecting the flotation index. Increasing grinding
fineness can improve the liberation degree of
mineral,but also increase the slime formation. The
experimental of effects of grinding fineness on
flotation indexes is done on the conditions of pH for
about 5.5, the dosage of sodium metaphosphate for
150g/t, the dosage of water glass for 1500g/t, dosage
of LKD for 75g/t by one roughing process, the results
are shown in Fig.1.

It can be seen from Fig.1.that the grinding
fineness has a great influence on the recovery of the
concentrate and the effect of removing the silicon.
The comprehensive grade, recovery and impurity
removal effect, the appropriate grinding fineness is -
0.075mm70%.This result is consistent with the
previous research conclusion[10,11].
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Fig.1. The experimental results of grind size
The pH value experiment

The pH value is an important factor affecting the
flotation index because pH value will affect the
dissolution characteristics of mineral and electricity
in mineral surface which H" and OH" are locating ion.
pH value experimental is done on the conditions of
the grinding fineness for -0.075mm 70%, the dosage
of sodium metaphosphate for 150g/t, the dosage of
water glass for 1500g/t, dosage of LKD for
75,50,25¢g/t by one time roughing and two times
cleaning process, the results are shown in Fig.2.

As can be seen from Fig.2 with the increase of the
pH value, the concentrate yield decreased, while the
concentrate grade and the content of SiO, and CaO
in the concentrate increased at some time and
decreased at some time, and the appropriate pH value
is 5.5.
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Water glass experiment

Fine minerals in ore is more, and distribution rate
of silicon, calcium in fine particle is larger,
selectivity of flotation process is reduced for more
fine minerals. The dosage of water glass
experimental is done for its good dispersant. The
experimental results are shown in Fig.3.
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Fig. 3.Test results of dosage of water glass.

It can be seen from Fig.3,the concentrate yield
increase gradually, the concentrate grade drop at
first , then increase, and then drop and content of
Si0,, Ca0 increase firstly and then decrease with the
increasing of the dosage of water glass in the dosage
of water glass for 500-2000g/t. The dosage of water
glass for 15009/t is suitable.

The experimental of dosage of sodium
hexametaphosphate

Sodium hexametaphosphate can significantly
enhance the collecting angue minerals as selective
activator of gangue mineral. On the other hand,
sodium hexametaphosphate is an inorganic ionic

Table 1.The chemical analysis results of samples

dispersant, it can been adsorbed on the surface of
carbonate minerals after ionization in the slurry.
Particles are more dispersed because increasing
negative charge in surface of particles. electrostatic
repulsion may enhance between particles. The
removal rate of gangue minerals improve for
increasing action opportunity of collectors with
gangue minerals[12].Experimental results of dosage
of sodium hexametaphosphate are shown in Fig.4.
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results of dosage of sodium

It can be seen from Fig.4,concentrate yield
increase and concentrate grade first rise and then
drop with the increase of the dosage of sodium
hexametaphosphate. The concentrate yield decrease
slightly, the grade increase gradually when dosage of
sodium metaphosphate is 0-150g/t. Tt indicates that
sodium hexametaphosphate is activation of gangue
minerals. When dosage of sodium
hexametaphosphate is more than 150g/t, the yield of
concentrate began to rise, the concentrate grade
decrease because sodium hexametaphosphate is
inhibitor when it is excess. The dosage sodium
hexametaphosphate for 1509/t is suitable.

Experiment of dosage of collector

The content of calcium (CaO) in experimental
samples is high to 0.89%. We need to consider
removing calcium in addition to considering the
effect of Sillon in the experiment to ensure the
quality of concentrate. The experimental of the
effects of dosage of collector on the flotation index
is done by using LKD as collector, the experimental
results are shown in Fig.5.

elements IL CaO Fe 03

Al,Os SiO;

MgO MgO(IL=0)

Content (%)  50.14 0.89 0.66

0.26 1.71

46.34 92.94
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Table 2.The experimental results of kind of acid

Content(%)

Kind of  yield Recovery
acid (%) CaO Fe:03 ALO:s SiO IL MgO  MgO(IL=0) (%)
HCL 7122 065 0.49 0.16 0.18 5148 47.14 97.16 74.43
HNOs; 7212 059 048 0.13 014 5169 4697 97.2 75.45
H,SO, 7019 078 048 0.13 021 5169 46.71 96.69 72.92
Table 3. The experimental results of pH of second step reverse flotation
y  vield content (%) recovery
P (%) Ca0 Fe03 AlLOs SiO; IL MgO MgO(IL=0) (%)
25 70.88 051 0.39 0.13 0.18 51.10 47.68 97.52 74.35
35 7096 064 049 0.13 0.19 5150 47.02 97.1 74.23
45 7094 0.64 0.6 0.11 0.2 51.26 47.33 97.1 73.90
55 7086 055 047 0.11 017 5147 4723 97.32 74.03
100 08 acid<nitric acid. Hydrochloric acid is selected as pH
:><//'/‘ Jo7 value adjustor for its cheap price and less using
% — amount.
2 \v o6
S owf los S The pH experiment of second step reverse flotation
§ —=— grade —A—5i0y < : H H
S 8L _e recovery  —v_ Ca0 qoa © The second step reverse flotation by using sodium
=z los E oleate for 50 g/t as collector is carried out to remove
=T 1o, & calcium for the content of CaO in concentrate is still
E | ' more than 0.6% by a time roughing two times
1™ cleaning process of cationic collector in reverse
L = = = s 200 flotation. pH experimental results of reverse flotation

dosage of collectors(g/t)

Fig. 5. The test results of dosage of collectors

It can be seen from Fig.5,the concentrate yield
decrease, the content of CaO and SiO, in the
concentrate constantly reduce with the increase of
the dosage of collector. The better index of
concentrate yield for 71.22%, the content of CaO and
SiO; in the concentrate for 0.65% and 0.18%,and the
concentrate grade for 97.16% are got when the
dosage of collector is 175g/t.

Kind of pH value regulator (acid) experimental

The pH value is an important factor affecting the
flotation index. The kinds of acid experimental is
carried out by using hydrochloric acid, nitric acid
and sulfuric acid as pH value adjusting agent for
suitable pH value for 5.5.The results are shown in
Table.2.

Table 2.shows the kind of acid has a great
influence on the experimental indexes in contrast,
when the nitrate is used as the pH regulator, the
experimental index was the best, and the index of
hydrochloric acid is slightly lower than that of
hydrochloric acid. When the sulfuric acid is used the
pH value adjustor, the experimental index is the
worst, and the pH value is extremely unstable. The
order of dosage of acid is sulfuric acid< hydrochloric

with sodium oleate are shown in Table 3.

It can be seen from table 3., the content of CaO in
concentrate can be reduced from 0.65% to 0.51% by
the reverse flotation process removing calcium and
using sodium oleate as collector. The technology
which use sodium oleate as collector by a time
reverse flotation again after 1 time rough and 2 times
cleaning have some disadvantage for the low pH
value,big using amount of acid, serious corrosion to
equipment, and so on.

THE INTERACTION MECHANISM BETWEEN
AGENT AND MINERALS

Floatability of magnesite and dolomite is smaller
because they both belong to carbonate minerals and
their lattice structure is similar. The key of effective
separation of minerals in magnesite ore is expanding
the floatability difference between objective
magnesite mineral and gangue minerals by adding
flotation agent to change the physical and chemical
properties of mineral surfaces, increase or decrease
the floatability of the mineralst*3l. The influence of
different agents on surface of minerals are studied by
using two kinds of pure minerals for magnesite and
dolomite as the research object.
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Effect of agent on electrical properties of mineral
surface

Taking 3g pure mineral magnesite and dolomite
respectively to 30 mL suspension in cone, adding
water glass for 300 mg/L, sodium hexameta-
phosphate for 30mg/L LKD for 60mg/L to
suspension. The results of {-potential of magnesite
and dolomite before and after they acting with agent
are shown in Fig.6.

Fig.6 shows that the electric potential of the two

minerals are similar on the conditions of different pH.

The isoelectric point of magnesite and dolomite are
pH=5.0 and pH=5.6.The mineral surface is
negatively charged when pH is higher than the
isoelectric point, and mineral surface is positively
charged when pH is lower than the isoelectric. The
electrical properties of magnesite is different from
dolomite in pH=5.0-5.6.

The addition of water glass can significantly
change the zeta potential of the magnesite [12],
magnesite zeta potential under alkaline conditions
significantly decrease, and the zeta potential of the
acidic environment of magnesite improve slightly.
The isoelectric point of magnesite rise from pH=5.0
to about pH=6.0. The addition of water glass has
little effect on the surface potential of dolomite, the
isoelectric point is stable at about pH=5.6. This
shows that in the pH=5.0-6.0 , adding water glass is
benefit for separation of dolomite from magnesite
ore.

The sodium hexametaphosphate can change
magnesite and dolomite surface electric, It makes
isoelectric point of magnesite down to pH=5.3 and
can significantly reduce the zeta potential of
magnesite after pH>6.The sodium hexameta-
phosphate can significantly reduce the zeta potential
of dolomite to pH=5.

The addition of LKD can significantly increase
the zeta potential of the magnesite and dolomite. The
isoelectric point of magnesite and dolomite both shift
to big pH, that are pH=7 and pH=6.2 repectively.

Infrared spectroscopy analysis

Taking 3g sample in the agent solution in
different concentration. The concentration of water
glass, sodium hexametaphosphate and collector
(LKD, sodium oleate) is 300, 100 and 100 mg/L
respectively. Adjusting pH to 5-6 with 5%
hydrochloric acid and 5% sodium hydroxide. Mixing
fully by stiring for 15min, cleaning the sample which
acting with agent already for 3 times with distilled
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water, and samples is Filtered by vacuum filter and
dried at room temperature[14,15].The results of
infrared spectrum measurement are shown in Fig.7.

Water glass is used as the adjustor of mineral
flotation, and its cost is low. It not only has a
selective inhibiting function for minerals, but also
can disperse the slurry to prevent mud effectively.
After action of magnesite with water glass, The peak
at 2536.89cm changed and shifted obviously, and
the characteristic peaks of CO3s* changed obviously
too. After action of dolomite with water glass, wo
stretching vibration peak of Si—OH and S—O—Si
at 3449.17cm® and 683.15cm? appear, the
absorption peak of dolomite itself COs* at
1440.45cm™? change to sharp. The above results
show that the function formation between water
glass and two minerals was chemical adsorption,
adsorption of water glass on the dolomite was
stronger than it is on magnesite.

After action of magnesite with sodium
hexametaphosphate, a small new peak appeare at
710cm™ and peak in 2538.03cm™ increase. After
action of dolomite with sodium hexametaphosphate,
the new peak appeare at 681.61cm™ and 1102.58cm’
1 the peat at 1102.58cm is the stretching vibration
peak of P—O, peak at 2531.12cm strench obviously.
The stretching vibration peak of P=0 at 1277cm™ is
not obvious for near the antisymmetric stretching
vibration frequency of COz* at 1453.79cm’
1.Chemical adsorption is main action formation
between mineral for magnesite, dolomite with
LKD,and adsorption of dolomite with sodium
hexametaphos-
phate is stronger than its on magnesite.

The spectra of before and after action of
magnesite, dolomite with LKD is almost no change,
combining to Zeta potential experimental,
electrostatic adsorption is main function formation
between mineral for magnesite, dolomite with LKD.

After function of magnesite with sodium oleate,
the absorption peak at 1581.04cm™ and peak at
1535.98cm't is asymmetric and symmetric stretching
vibrations of COO™ and the characteristic peak of
oleate magnesite. The absorption peak of —COO
— .exists at 1660.32cm™ and 1719.96 cm™ and
1821.81cm™. After function of dolomite with sodium
oleate, a new asymmetric stretching vibration
absorption peaks of COO- appear at 1580.77cm-1, it
is possible that oleate magnesite or calcium oleate
formate at mineral
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Fig. 7. Infrared spectra analysis

surface. Characteristic absorption peak of -COO- in
R-COOH appear at 1821.38cm?, 1719.12cm™ and
1659.86cm™ too. Chemical adsorption and physical
adsorption are both presenting in two kinds of
minerals with sodium oleate

CONCLUSIONS

Magnesite ore flotation experimental results
show that the effect of removing silicon and calcium
from magnesite ore by LKD is good, the removing
rate of silicon is above 90%, the removing rate of
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calcium is about 45%.The effect of removing
calcium is poorer than silicon comparely. The second
step experimental is carried out to remove calcium
again at dosage of sodium oleate for 50g/t by reverse
flotation base on the reverse flotation flowsheet of
one time roughing and two times cleaning. The
method can improve the effect of removing calcium
and iron, and its shortcoming is low pH, and serious
corrodes to equipment. The better index of
concentrate grade for 97.52%,content of SiO,,CaO
and Fe,Os for 0.18%,0.51% and 0.39%,the recovery
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for 74.35% are achieved at grinding fineness for -
0.075mm70%, pH of the pulp for about 5.5, the
dosage of six sodium metaphosphate for 150g/t, the
dosage of water glass for 1500g/t, the dosage of
collector LKD for 175g/t, (roughing for 75g/t, first
cleaning for 50g/t, and second cleaning for 25g/t) by
first step reverse flotation and at pH of the pulp for
about 2.5,dosage of sodium oleate for 50g/t by
second step reverse flotation.

Zeta potential and infrared spectrum analysis of
minerals before and after function with agents show
that physical adsorption is main form in magnesite or
dolomite with collector of LKD (amine
collector).Physical  adsorption and chemical
adsorption are both exsiting between magnesite or
dolomite with sodium hexametaphosphate or water
glass.
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N3CJIIEABAHE BbPXY OTCTPAHABAHETO HA 3AMLGPCABAHNSA OT
MATHE3SUTOBA PYJIA YPE3 IBYCTEIIEHHA OGPATHA ®JIOTALIA

VX. Cyn!, C.J1x. Jaii?*, VI, JTio®, JL.T. FO?

Konexc no pecypcu u memanypeus, Yuusepcumem I'vanecu, Hanune, I'vanacu, 543002, Kumaii
ZYuuﬂuu;e no MuHHO uHdICcenepcmeo, Hayuno-mexnonocuuen ynugepcumem Jlsnonune, Anwan, Jlaonune, 11451,

Kumaii

3Yuunuwe no pecypcu u cmpoumenno unxcenepcmeo, Cesepozanaoen ynusepcumem, Illename, Jlsonune,
110004, Kumau

IMoctenmia Ha 13 mait, 2017 r.; Kopurupana Ha 7 rouu, 2017 r.

(Pesrome)

I'maBHUTE OHEYHMCTBAHWS MPU MarHe3WTOBaTa pyJaa ca CHJIMIUS, KallMs, XKeIs30To u Ap. WMHIeKchT Ha
MarHe3uTOBHs KOHICHTpAT 3a 97.16%, nmpeasmwkaa 3a Si02, Ca0O, Fe;O3 crorBetHO 0.18%, 0.65% 1 0.49% B Hero.
Hocrura ce no6us ot 74.43% npu ¢puHOo cmumane g0 70% c pasmepu 0.075mm, pH oxomno 5.5; cpappxanue Ha
HaTtpueB MeTadocdar 150g/; Ha BogHo cThkio 1500 g/t; ma LKD ot 175g/t (rpybo 75g/t, cinen mbpBO IpedYrcTBaHE
50 g/t u cren BTOpO TpeunctBane 25 g/t). Cyposa pyna c¢ uucrota 92.94% wu cpaspxama SiO,, CaO, FeO3
croTBeTHO 1.71%, 0.89% u 0.66%, ce mommara Ha eTHOKpaTHA OOpaTHA (IOTAIMS C IBYKPAaTHO NMPEUYHCTBAHE.
IMpu wunpaekc Ha koHuEeHTpara 97.52% (cvabpxanue Ha Si0z, Ca0, Fe,0O3 crorBetHO 0.18%, 0.51% and 0.39%)
ce moctura no6mB oT 74.35% mpu eXHOKpaTHO NMpEUrcCTBaHE ¢ HaTpueB ojearT u pH 2.5. Anamm3sT Ha C-
MOTEeHIMaMa U Ha HWH(pavYepBEeHHs CIEKThp I[MOKa3Ba, ue (U3MYHATA aICOPOIMs € OCHOBHATA NPHYMHA 32
cBbp3BaneTo Ha LKD ¢ maraesnta u nonomura. @u3nyHarta agcopOums H XeMo-CopOIHATa ChIIECTBYBAT MEXKIY
HaTpueBHs Xxekcameradocdar, BOAHOTO CTHKIIO U HATPUEBHUS OJIeaT C MOBbPXHOCTTA HA MarHe3nuTa U JJOJOMHUTA.
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Adsorption of copper ions by montmorillonite/sodium humate/N-isopropyl
acrylamide composite
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The montmorillonite-based composites can be used to adsorb copper ions to relieve contamination. The
montmorillonite/sodium humate/copper ion complex, which can be obtained by mixing montmorillonite, sodium
humate (surface modification of montmorillonite), and N-isopropyl acrylamide, is ideal candidate for adsorption of
copper ions. First, the modified montmorillonite-based adsorbents were characterized by infrared spectroscopy and
scanning electron microscopy. Then, effects of incubation time and initial concentration of copper ions on adsorption of
copper ion by modified montmorillonite were investigated. The results revealed that modification by
(3-acrylamidopropyl) trimethylammonium chloride, N-isopropyl acrylamide, or sodium humate can significantly
improve the adsorption capability of montmorillonite. The adsorption rates at initial concentration of 1000 mg/L can be
up to 96.98% and 95.02%. In summary, the montmorillonite/sodium humate/N-isopropyl acrylamide composite shows

great adsorption capability towards copper ions.

Keywords: montmorillonite modification; humatic acid sodium; Acrylamide; copper ion; waste water treatment

INTRODUCTION

Owing to its severe toxicity, concentration along
the food chain upwards, and absence of effective
separation approaches, heavy metals in natural
water bodies has been a global environment issue.
Over the past decades, contamination of water
bodies in domestic cities caused by long-term,
considerable discharge of municipal and industrial
waste water has been a significant issue [1]. To
make it worse, contamination of water bodies may
lead to significant soil contamination due to sewage
flow and sewage irrigation. Therefore, a
cost-effective and efficient sewage treatment
approach has been urgently needed [2].

Montmorillonite (A12(OH).SisO10) is a lamellar
aluminosilicate with considerable reserve. This
substance is characterized by large inner surface
area and inter-layer domain adjustability. Hence,
montmorillonite-based materials for effective,
low-cost, and facile water treatment have gain
increasing popularity. Consisting of Al,Os, SiO-,
and several ions (e.g., Ca?*, K*, Mg?*, Fe?*, Na"),
montmorillonite has a octahedron crystal structure
( SiO2:AlLOs = 2:1). As is known, aluminum ions
and silicon ions can substitute each other. As a
result, the montmorillonite crystal cell is negatively
charged and can adsorb certain cations, although
the interaction is so weak that the cations are
readily exposed to substitution by other
low-valence ions. As the ion substitutions take

* To whom all correspondence should be sent:

E-mail:fengyouli66@163.com

place in the inter-layer space, the structure of
montmorillonite is relatively stable. However, the
ion substitutions have a significant effect on the
physical and chemical properties of
montmorillonite.

Montmorillonite swells significantly in water as
the inter-layer space can adsorb considerable
amount of water molecules. The fine crystal grains
of montmorillonite lead to large specific surface
area, while the weak inter-layer interactions result
in easy expansions and separations of
montmorillonite crystal layers in solvent [3]. As a
result, montmorillonite has relatively large inner
surface area. Nevertheless, the adsorption capability
of montmorillonite is not outstanding. For instance,
the Langmuir adsorption capacities of untreated and
acid activated bentonite for copper have been
demonstrated to be 42.41 mg/g and 32.17 mg/g [4],
respectively. Hence, the adsorption capability of
montmorillonite needs to be further improved.
Owing to loose aromatic ring structure and the
pores with varying sizes, humics can interact with
heavy metals via complexation. Additionally, high
contents of carboxyl, hydroxyl, and carbonyl
functional groups were observed in humic acid.
Therefore, humic acid can easily adsorb on soil
minerals in natural environment. The humic acid in
sodium humate can interact with active surface of
clay via complexation [5]. Also, sodium humate can
increase the density of complexation sites and
generate ligands on the surface of montmorillonite
[6]. In this article, montmorillonite/sodium
humate/n-isopropyl acrylamide complex was
prepared and used for adsorption of copper ions.
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This study provides references for treatment of
copper ion containing wastewater.

SAMPLE PREPARATION
Equipment and materials

Equipment: 50 mL beaker, 2000 mL beaker,
balance (graduated value = 0.1 mg), glass rod, 2000
mLm measuring flask, filter paper, oven, three-neck
bottle, nitrogen bottle, water bath container,
polyethylene tube, and shaking incubator.

Materials: distilled water, 0.1 mol/L HCI and
NaOH solution, 2-acrylamido-2-methylpropane
sulfonic acid (purchased from Shanghai Macklin
Biochemical Co., Ltd.), ammonia sulfate,
N-isopropyl acrylamide (purchased from Shanghai
Saen Chemical Co., Ltd.), (3-acrylamidopropyl)
trimethylammonium chloride (purchased from
Shanghai Saen Chemical Co., Ltd.), Ca-based
montmorillonite (Ca-MMT, purchased from Linyi
Luse Chemical Co., Ltd.), sodium humate (SH,
purchased from Linyi Luse Chemical Co., Ltd.). All
chemicals used were analytical grade.

Preparation of composite adsorbent

a) 11.39 g 2-acrylamido-2-methylpropane
sulfonic acid was added into a three-neck flask
equipped with thermometer and condenser and
stirred at room temperature, followed by addition of
3.3 g Ca-MMT and 5 g SH. Then, nitrogen was
injected and kept for 30 min, followed by heating to
40~50 °C in water bath.

b) 96 mg ammonia sulfate was added into
2.5 mL of water and kept for 10 min. Then, the
solution was heated up to 80 °C and kept for 3 h.
Herein, w(Ca-MMT) = 20% and w(SH) = 30%.

c)  The product was collected and dried at 70
°C until no weight loss was observed; the product
was then sieved using a 200-mesh sieve.

d)  2-acrylamido-2-methylpropane sulfonic
acid was replaced by 6.22 g of N-isopropyl
acrylamide and 15.2 g of (3-acrylamidopropyl)
trimethylammonium chloride. Adsorbents were
prepared by following the steps mentioned above
and labelled appropriately.

Sample characterization

Characterization by scanning electron
microscopy

The scanning electron microscope used was
Quanta 250 FEG-SEM field emission scanning
electron microscope (FESEM) purchased from FEI
Corp., USA. The scanning was conducted under
low vacuum mode and 10 kV voltage and the
resolution was 2.5 nm.
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Fig. 1. The SEM photos of sample a, b, ¢ and d
represent sample 1, 2, 3 and MMT

Fig. 1 a, b, ¢, and d shows FESEM images of
(3-acrylamidopropyl) trimethylammonium
chloride/sodium humate/montmorillonite (Sample

A), N-isopropyl acrylamide/sodium humate/
montmorillonite  (Sample B), 2-acrylamido-
2-methylpropane sulfonic acid/sodium

humate/montmorillonite ~ (Sample C), and
montmorillonite (Sample D), respectively. Herein,
Sample D shows typical properties of
montmorillonite: the particles were coarse, clusters
with varying sizes, large thicknesses, and irregular
shapes [7]. As observed, modified and unmodified
samples exhibited similar structures, while Sample
A and B showed relatively loose structures (original
size of montmorillonite particles varies from 3 um
~ 4 pm). Sample A showed in homogeneous
particle size with average size of 1 um, while
Sample B showed clustered surface particles,
indicating that the presence of adsorbents increased
the specific surface area of montmorillonite and
exposure of increasing metal ions. As a result, the
adsorbing capability was enhanced. In Fig. 1 c,
agglomeration was observed and the internal
channels were blocked, resulting in reduced
adsorbing capability.

3.2 Characterization by Fourier Transform
infrared spectroscopy

The FTS-40 Fourier Transform infrared
spectroscopy (FTIR) was purchased from
BIO-RAD Co. Ltd., USA. Samples were prepared
accordingly and characterized using FTIR. The
resolution is 16 cm?, the scanning wave number
ranges from 4000 cm® to 300 cm?, and the
scanning lasts for 16 cycles for each sample.
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Fig. 2. FTIR curves of samples

Fig. 2 a, b, ¢, and d show FTIR curves of
Sample A, B, C, and D, respectively. As shown in
Fig. 2a, the strong and relatively broad peak at 3440
cm®  corresponds to the stretching vibration
absorption of aliphatic and aromatic -OH groups or
-NH groups [8] and the peak at 1658 cm*
corresponds to the (-CONH-)II band in secondary
amide. As shown in Fig. 2a, the peak at 3000~2800
cm?® corresponds to the stretching vibration
absorption of aliphatic C-H, and the adsorption
peaks at 1612 cm™ and 1545 cm* correspond to the
pyridine in the aromatic ring, which can be
regarded a compound that is generated by replacing
a -CH group in benzene molecule using -N group or
the product of reaction between sodium humate and
isopropyl acrylamide. As shown in Fig. 2d, the
double peak at 1033 cm™ corresponds to stretching
vibration of Si-O-Si, while the peak at 500(%50)
cm?® is shoulder-shaped, which may be a result of
flexural vibration of Si-O-Mg. This was observed in
Fig. 2 a, b, and c, especially in Fig. 2 a and b.
Therefore, it is deduced that the adsorption valleys
were caused by the presence of humic acid [9]. As
shown in Fig. 2c, the intensity of the adsorption
peak at 3500~1850 cm? degraded significantly,
indicating decomposition of organic components in
the composites.

ADSORPTION OF COPPER IONS BY
COMPLEX ADDITIVE

Effects of initial concentration on adsorption
capability

0.1g of each composite adsorbent was add in a
separate centrifuge tube (50 ml) containing 20 ml
of copper ions with different concentrations (50
mg/L, 100 mg/L, 200 mg/L, 500 mg/L, and 1000
mg/L), followed by 10 min vibration at room
temperature and 20 min centrifugation (4000 rpm).
10 ml of supernatant was collected and the
concentration of residual copper ions was

determined using the spectrophotometry. The
adsorption capability and the removal ratio of
heavy metal can be calculated using the following
equation:
Q=V(Co-C)/m RE=Co-C/Co*100%

where Q is the adsorption capability of
montmorillonite towards copper ions at equilibrium,
V is the volume of adsorbed solution, Co is the
initial concentration of copper ions, C is the
concentration of copper ions at equilibrium, m is
the quantity of complex additive used, and RE is
the removal ratio of copper ions at equilibrium [10].
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Fig. 3. The removal curve of ratio of copper.
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Fig. 4. The relationship between adsorption
ability and time.

Fig.4 shows adsorption curves of Sample 1, 2,
and 3 under different initial concentrations of
copper ions. As observed in Fig. 3, all composite
samples exhibited improved adsorption capability
(193.95 mg/g, 190.01 mg/g, and 136.33 mg/g for
Sample 1, 2, and 3, respectively), as compared with
42.41 mg/g for montmorillonite [11]. The results
are consistent with those of structural
characterization mentioned above. With initial
concentration of 1000 mg/L, the adsorption rate of
Sample 1 and 2 reached 96.98% and 95.02%,
respectively. This can be attributed to the 3D

687



Y.-l. Feng et al.: Adsorption of copper ions by montmorillonite/sodium humate/N-isopropyl acrylamide composite

networked structures of Sample 1 and 2 [12].
Specifically, the 3D networked structures allow
presence of a significant quantity of anion
functional groups from N-isopropyl acrylamide and
sodium humate and these anions can attract and
retain Cu?* by electrostatic interaction and
complexation. Hence, the adsorption capability of
Sample C was limited by its relatively small inner
surface area. Additionally, the adsorption
capabilities of these samples increased with the
initial concentration of Cu?. The optimized
guantity of adsorbent bentonite varies with the
initial concentration of Cu?* and the adsorbent used
and the adsorption capability degrades once the
bentonite quantity exceeds the critical value. For
Sample 1 and 2, 0.1 g/L composite adsorbent is
ideal for initial concentrations below 1000 mg/L.

Effects of incubation time on adsorption capability

0.1g of each composite adsorbent was add in a
separate centrifuge tube (50 ml) containing 20 mL
of 500 mg/L copper ions and kept for 5 min, 10 min,
20 min, 30 min, 1 h, and 2 h, respectively. Fig. 4
summarizes the concentration of copper ions in
solution samples collected at different time. As
observed, Sample 1 reached equilibrium at 30 min,
Sample 2 and 3 reached equilibrium at 1 h, Sample
C reached equilibrium at 4 h [13]. Additionally,
Sample 1 and 2 follow the secondary adsorption
dynamic model (dp/dt=k(ge-q)?). In other words,
adsorptions of copper ions by these adsorbents were
related to the concentration of copper ions and the
density of surface active sites.

CONCLUSIONS

The adsorption capabilities of
(3-acrylamidopropyl) trimethylammonium
chloride/sodium  humate/montmorillonite  and
N-isopropyl acrylamide/sodium
humate/montmorillonite adsorbents towards copper
ions were significantly higher than that of

2-acrylamido-2-methylpropane sulfonic
acid/sodium humate/montmorillonite  adsorbent.
The saturated adsorption rates of

(3-acrylamidopropyl) trimethylammonium
chloride/sodium  humate/montmorillonite  and
N-isopropyl acrylamide/sodium
humate/montmorillonite adsorbents reached 193.95
mg/L and 190.01 mg/L, respectively; the saturated
removal rates of (3-acrylamidopropyl)
trimethylammonium chloride/sodium
humate/montmorillonite and N-isopropyl
acrylamide/sodium humate/montmorillonite
adsorbents  reached 96.98% and 95.02%,
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respectively. The saturated adsorption rate and

removal rate of 2-acrylamido-2-methylpropane
sulfonic  acid/sodium  humate/montmorillonite
adsorbent were 136.33 mg/L and 68.17%,

respectively.  Nevertheless, the  adsorption
capabilities  of all montmorillonite-based
composites were significantly improved compared
with that of montmorillonite. This can be attributed
to the presence of anion functional groups in the

composites.
The adsorption efficiencies of composite
adsorbents  were relatively high.  (3-acryl-

amidopropyl) trimethylammonium chloride/sodium
humate/montmorillonite adsorbent reached
maximum adsorption capability after 30 min, while
2-acrylamido-2-methylpropane  sulfonic  acid/
sodium humate/montmorillonite and N-isopropyl
acrylamide/sodium humate/montmorillonite
adsorbents reached maximum adsorption capability
after 1 h.

Owing to the gelation nature  of
2-acrylamido-2-methylpropane sulfonic acid, the

adsorption capability of 2-acryl-
amido-2-methylpropane  sulfonic  acid/sodium
humate/montmorillonite adsorbent was

significantly limited as some channels were

blocked.
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AJICOPBLIVISI HA MEJIHU MOHM OT KOMITIO3UT OT MOHTMOPWJIOHUT/HATPUEB
XYMAT/N-U30ITPOITNJI-AKPUITIAMU /]

N.U. ®enr’, JI.JIx. 10, P.V. Lao
Yyunuwe no npupoonu pecypcu u okonna cpeoa, Ilonumexnuuecku ynugepcumem 6 Xenan, /[picuaosyo, 454003, Kumau
Ioctenmna maif, 2017 r.; xopurupana Ha 21 asrycr, 2017 r.

(Pesrome)

Komrmo3uture Ha ocHOBa MOHTMOPHJIOHUT MOXKE Aa CC€ U3IMO0J3BAT 3a a,upop6u1/15{Ta Ha MCIHHU HWOHM 3a HaMaJIsIBaHE Ha
3aMbpCsBaHUATA. KommiekesT oT MOHTMOpI/IHOHI/IT/HanI/IeB XyMaT/MeHeH I7[0H, KONTO MOXXe Ja 6”bﬂe MOJYYCH IpHU
CMCECBAHC Ha MOHTMOPWJIOHHUT C HATPUEB XyMaT (HOB’BpXHOCTHa MOHI/I(l)I/IKaHI/IH Ha MOHTMOPWJIOHUTA U
N-U30NpOIMI-aKpuIaMul € OTIIMYHA Bb3MOXKHOCT 3a a,ucop6111/1ﬁ Ha MCJJHU HOHM.
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The 1,3-dipolar cycloadditions (13DC) of the azides were carried out at the B3LYP /6-31G (d) level. The results obtained
show that the aziridinemorpholine formation from the triazoline by removing the di-azote molecule is thermally
spontaneous starting from 463,15 K. However, that of seven chains undergoes a cycloreversion at 533.15 K with the R7
reagent (2,4-hexadienyloxypropyl azide), this reaction requires irradiation with ultraviolet light.

Keywords: nitrogenated heterocycles, DFT calculation, molecules reactivity, descriptor dual

INTRODUCTION

The 1,3-dipolar cycloaddition (CD13) reactions
are a widespread category of reactions on which
numerous studies have been carried out in particular
by Huisgen, who has made an exhaustive study of
the possible reactions between dipoles and
dipolarophiles [1]. Houk et al. Have also contributed
to understanding and predicting the reactivity and
regioselectivity of( CD13) reactions [2]. These
reactions are also used for the synthesis of natural
products such as sugar derivatives [3], p-lactams [4],
amino acids [5], alkaloids [6] and products of
pharmacological interest such as pyrazolines having
several biological activities (anti-inflammatory,
analgesic, herbicides, etc.) [7]. The 1,3-dipolar
cycloadditions are an excellent method for forming
5-membered heterocycles. Thus the use of azide
constitutes a good way to synthetise the nitrogenous
heterocycles.

The aziridines are three-membered heterocycles
comprising nitrogen and two carbons, two
methylenes linked to a secondary amine, which is
isolatable and even possible to distill [8]. On account
of the intrinsic instability of aziridines, these are not
abundant in nature, but chemists have nevertheless
synthesized some analogues with interesting
properties, for example, we can mention the proteins
comprising an aziridine in place of a methylene on a
glycine [9]. The best example of biologically active
molecules comprising an aziridine is certainly the
mitomycin family [10], the expulsion of two

* To whom all correspondence should be sent:
E-mail: Ouddai_nadia@yahoo.fr

nitrogen atoms from the triazoline ring in form of
molecular nitrogen "N2" allows the formation of an
aziridine [11,12].This process can be carried out by
irradiation with ultraviolet light or by thermolysis
using high temperature heating(scheme 1).

Morpholine skeleton compounds are of great
biological interest because of their fungicides,
analgesics and antidepressant properties.

Our aim in this research activity is to carry out a
theoretical study on the synthesis of six-chain
(aziridinomorpholine) and seven-chain nitrogen
heterocycles, we will focus on the stereochemical
analysis of the 1,3-dipolar cycloaddition and then
determine whether the conversion of the
cycloadduittriazoline to the corresponding aziridine
allows a stereochemical control.The synthesis of
aziridinomorpholine from azide (R6) where the
presence of a dipolarophilic double bond and the
"N3" group as dipolar species provides adequate
conditions for the 1,3-dipolar intramolecular
cycloaddition reaction. Heating of the azide (R6) in
the refluxing toluene for five days conducted
stereospecifically to a single cycloadduit via the
intermediate  triazoline, The latter having
decomposed thermally to give, after removal of N2,
aziridinomorpholine (scheme 2).

The azide (R7) is heated to reflux with toluene in
order to obtain the corresponding aziridine, the
thermolysis is not complete insofar as there was no
complete disappearance of the starting material,
even at the end Of the twentieth day.
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Scheme 3. 1,3-dipolar cycloaddition of R7 and cycloreversion

Thermolysis gave the azide as reaction product,
the corresponding triazoline underwent a known
cycloreversion (variant of a retro Diels-Alder
reaction) regenerating the starting product. The non-
disappearance of the starting azide would certainly
be due to an equilibrium established with the
corresponding triazoline (Scheme 3).

CALCULATION METHODOLOGY

The equilibrium geometries were optimized at
the B3LYP 6-31G (d) level, using the Gaussian09W
program[13]. The corresponding transition states
have been located at B3LYP / 6-31G (d) [14,15,16],
their existence was confirmed by the presence of one
and only one imaginary frequency in the Hessian
matrix. The enthalpy and free enthalpy of each
stationary point were evaluated at T = 298.15K and
P = latm, in the approximation of a rigid rotator and
a harmonic oscillator for the first step of the
reactions (Preparation of triazolin). For the second
part" N2 removal", the free enthalpy was evaluated
at different temperatures (from T = 463.15K to T =
533.15K) and P = 1latm. Finally, in order to
reproduce as best as possible the solvent in which the
intramolecular dipolar cycloaddition reaction takes

place, | SCRF PCM (polarizable continuum Model)
Mode of Tomasi[17] was chosen to model the
solvent by a continuum of dielectric constant equal
to that of the toluene € = 2.38.

RESULTS AND DISCUSSION
Analysis of geometric structures

The control of stereochemistry in 1,3-dipolar
cycloadditions depends on the approach of dipole
and dipolarophile orbitals in space. The overlapping
is done suprafacially for both species and
summarized by the denomination [2 + 4]
[18,19].Concretely, the suprafacial approach
indicates that the two groups must overlap with
parallel planes. Thus the intramolecular 1,3-dipolar
cycloaddition reaction begins with the folding of the
azides so that the dipolarophilic and the dipole part
are held in proximity, this relation allows a good
control of the stereochemistry as for all the
suprafacial approaches, which makes it possible to
know, in advance, that E di-substituted alkenes will
give cycloadduits having a trans orientation. Indeed,
the dipolarophiles have a n-bond which makes them
linear or plane and the same is true for dipoles. The
"R6" and "R7" folded azides are shown in (FIG 1).
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In this study, the alkenes used are planar,
characterized by the dihedral angle C5-C6-C7-C8
equal to 180 ° and they should orient themselves
appropriately with azides which are mainly linear.
Thus, without other effects, spatial orientation of a
group related to the other is random, since the N3-
C6 distance is about (3.6A) for the two reactants and
about (3.4 - 3.7A) For the N1-C7 distance for R6
and R7, respectively. Analysis of the intramolecular
geometric parameters such as the o: N1-C7 and N3-
C6 bonds, formed in the transition state, shows that
they have different values, This is quite normal
because of the dissymmetry of the dipolarophile.The
asynchronicity of the cycloaddition process can be
estimated using the difference: Ar = | d (N1-C7) -d
(N3-Co6) | . The results obtained for the first step of
the reaction are 0.12 A and 0.24 A for TS1-P6N and
TS1-P7N respectively, this allows us to conclude
that the cycloaddition of R7 is more asynchronous.
The bonding order concept can be used to obtain
a deeper analysis of the extent of
formation/breakdown for the bonds along a reaction
path, this theoretical tool is used to study the
molecular mechanism of chemical reactions. In
order To find the nature of the formation process of
"N3-C6", "N1-C7" bonds for the transition states

TS1-6N, TS1-7N and the "N3-C6", "N3-C7" bonds
for the transition states TS2-6N, TS2-7N, the
Wiberg?® binding index was calculated using the
NBO analysis implemented in the Gaussian09
program. The results are illustrated in (Table 1).

The general analysis of the obtained values for
bond's orders, relative to all the transition structures,
indicates that the TS1-7N is more asynchronous in
the bonds formation process, these values [0.0155-
0.2684] are in good agreement with asynchronicity
analysis, previously discussed for these azide
cyclization reactions. On the other hand TS2-7N is
more asynchronous in the second part "N2 removal"
of triazoline in the process of formation of N3-C6
and N3-C7 bonds. In contrast, in the "N2 removal”
reaction, the™ N1-N2" Bonding order is close to 3
which implies the formation of a triple bond N1=N2
and the bonding index "N1-C7" tends towards zero,
which means breaking of this bond.

Transition states TS1-P6, TS2-P6, TS1-P7 and
TS2-P7 were located at the B3LYP / 6-31G * level.
The transition states were confirmed by the presence
of one and only one negative eigen value in the
matrix of force constants, in other words a single
imaginary frequency in the Hessian matrix. The
transition states are shown in (Fig. 2)

Table 1.Wiberg binding order at the transition structures corresponding to TS1-6N, TS2-6N, TS1-7N and TS2-7N.

TS1-6N TS1-7N TS2-6N TS2-7TN
N2-N3 1.0913 1.1207 0.1449 0.4427
N1-N2 1.6022 1.5038 2.9790 3.2435
N3-C6 0.1868 0.2684 1.2624 0.5785
N1-C7 0.0155 0.1902 0.0003 0.0006
N3-C7 0.9062 0.1695

1 1
10009

'

Basasy

Folded RE

&

v s
©, L
Pa%ads,

Folded R7

Fig. 1. Optimized geometries (B3LYP / 6-31G (d)) of folded reagents.
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Analysis of reactivity by the dual descriptor.

The studies on the molecules reactivity and
reaction mechanisms began to be carried out through
the analysis of the wave function which defines the
guantum state of a molecular system, for example,
the Frontier Orbitals[21,22] theory has been very
effective in understanding the regioselectivity of
organic reactions, through the study of the phase or
opposition phase recovery between the highest
occupied orbital of the nucleophile and the most
vacant base orbital of the electrophile. It was shown
that the spin densities of the N + 1 / N-1 systems
were good approximations for the Fukui functions,
thus the dual descriptor was calculated by the
difference between spin densities of the N + 1/ N-1
systems.

In all the representations of the dual descriptor
isodensity maps, zones where the values of the
descriptors are negative (Af (r) <0) will be colored
yellow, while the zones where the descriptor values
are positive (Af (r ) >0) will be colored red.

The use of the dual descriptor Af (r) allows an
unambiguous prediction of the most reactive site
with respect to an electrophilic or nucleophilic
attack.

(Fig.3) shows the isodensity map of the dual
descriptor for the azides "R 6" and "R 7", on which
it can be observed that the nitrogens possess
nucleophilic characters (Af (r) < 0, colored in
yellow), and will thus react preferentially with the
electrophiles, such as the C6 and C7 carbons of the
alkene.The discrimination between the electrophilic
and nucleophilic properties of the nitrogen and
carbon of the double bond is thus clearly established

by the use of the dual descriptor. Same meanings,
when studying the "N2 removal" reactions of the
triazoline, the dual descriptors of the transition states
which lead to the product P2-6N and P2-7N are
presented in (Fig.3).

Finally, we conclude that the formation of the two
six- and seven-membered heterocycles is under
orbital control.

On the other hand, the stability of the products
can be studied by the LUMO-HOMO energy gap,
(Fig. 4) illustrates this energy gap for the products
P1-6N, P1-7N, P2-6N and P2-7N.

Analysis of the potential energy surface and
prediction of the reaction mechanism

An exhaustive exploration of the potential energy
surface allowed us to determine the different
transition structures. The values of the relative
enthalpies of the stationary points, entropies, and
free energies associated with these intramolecular
1,3-dipolar cycloadditions of the azide and the "N2
removal™ of the triazoline were also calculated. The
energy results are presented in Table 2. The
inclusion of zero-point energy (ZPE) and thermal
contributions to barriers does not significantly
modify the activation enthalpies for TSs. Indeed, the
free enthalpy is inaccessible in solvent because the
PCM model includes entropy effects of solvation in
the determination of the energy of the system. The
evolution of the free enthalpy can be followed in a
medium of dielectric constant € = 1 and in a medium
of dielectric constant ¢ = 2.38, which makes it
possible to analyze, in part, the influence of the
solvent.
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Table 2. Relative enthalpy in vacuum (AHe = 1, kJ / mol), free relative enthalpy in vacuum (AGe = 1, kJ / mol),
entropies (ASe = 1, J / mol), free relative enthalpy in Toluene (AGe = 2.38, kJ / mol), for the stationary points of the
reaction mechanism studied, calculated at 298.15K and latm.

AHy—; AG,=; AS.=; AG,=238
P1-6N -29.69 -7.23 -75.31 -13.53
TS1-P6N 107.72 128.89 -71.01 128.15
P2-6N+N> 204.67 170.80 113.60
TS2-P6N 156.14 176.08 -66.85
P1-7N -48.70 -23.94 -83.05 -27.17
TS1-P7N 113.44 135.19 -72.94 135.05
P2-7N+N> 229.69 195.14 100.58
TS2-P7N 215.34 224.76 -31.59

Relative to reagents R6 and R7

694



H. Merouani et al.: DFT study of nitrogenated heterocycles of six and seven links

Table 2 shows that in the intramolecular 1,3
dipolar cycloaddition of the azides R6 and R7, the
thermodynamic step is decisive, with an enthalpy
(AHe = 1=-29.69 kJ / mol) for "P1-6N" and (AHe =
1 = -48.70 kJ / mol) for "P1-7N", while the free
enthalpy ( AGe =1 =-7.23kJ / mol) for "P1-6N" and
(AGe = 1 = -23.94kJ / mol) for "P1-7N". The
solvation does not have a great influence on the
energy barrier to cross to achieve this stage.

The calculations show that the step of removing
a nitrogen molecule from P1-6N and P1-7N is
thermodynamically non-spontaneous at 298.15K.
The formation of the aziridine P2-6N and P2-7N can
be carried out by irradiation with ultraviolet light or
by thermolysis by means of heating at elevated
temperature, it is for this reason that we have
recalculated the energies for the geometries of the
second stage of the reaction at different temperatures
of 463.15K up to 533.15K, the corresponding free
enthalpies are summarized in (Table 3)

Table 3. Free relative enthalpy AG (kJ / mol) to
aziridine formation.

P2-6N P2-7TN R7

AG AG AGr
463.15K -215.89 185.78 6.88
473.15K -217.87 183.74 5.95
483.15K -219.84 181.71 5.01
493.15K -221.82 179.67 4.07
503.15K -223.80 177.64 3.12
513.15K -225.78 173.09 2.18
523.15K -227.76 173.56 1.23
533.15K -229.74 171.52 0.28

Relative to reagents P1-6N and P1-7N.

The theoretical study of the triazoline P1-6N
thermolysis for the nitrogen molecule removal is
spontaneous from 463.15K. For P1-7N, the reaction
is impossible whatever the temperature, the reaction
is directed towards photolysis. However, the free
enthalpy AGR = 0.28kJ / mol at temperature T =
533.15K when the thermolysis gave the azide R7 as
the reaction product (Scheme 3), We find that an
equilibrium between triazoline P1-7N and azide R7
has been established, The corresponding triazoline
thus underwent a known cycloreversion (variant of a
retro-Diels-Alder reaction). These results are in good
agreement with the experimental part.

CONCLUSION

The intramolecular 1,3-dipolar cycloaddition
reaction mechanism of the azides for the six- and
seven-membered heterocycles were studied using
the DFT method at the B3LYP / 6-31G (d) level. The
analysis of the results proposed by the dual
descriptor implies that the nitrogen possess

nucleophilic characteristics. The activation energies
calculation, the potential energy surface analysis
(SEP) and the calculation IRC show that these
cycloadditions follow asynchronous concerted
mechanisms and that the solvation does not have a
great influence on the energy barrier. The formation
of aziridinemorpholine from the removal of a
dinitrogen molecule from the triazoline cycle is
spontaneous at 463.15K, while that of seven links is
impossible under the same conditions, Nevertheless
an equilibrium is obtained at 533.15 K between the
triazoline and the azide R7. We conclude that it is
probably a photolysis that can be carried out by
irradiation with ultraviolet light.
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Effects of different Cd levels (0, 75, 150, 300 and 600 mg-kg?) on biomass, Cd content and accumulation and
cadmium tolerance related gene expression levels of two cultivars of ryegrasses (Bond and Aberd) were studied in soil
culture experiment. The results showed that dry weights of shoot and the plant of Bond and Aberd increased by 10.06%
and 4.04%, 25.84% and 16.89%, respectively compared with the control when exposed to 75 mg-kg?* and 150 mg-kg'*
Cd, respectively. Cadmium concentration and Cd accumulation of shoot and root were significantly increased with the
increase of soil Cd level (P <0.05). When exposed to 150 mg-kg* Cd, Cd concentrations of shoot and root in Bond and
Aberd were 171.83 mg-kg, 374.49 mg-kgand 169.12 mg-kg?, 229.68 mg-kg™, respectively. Cadmium accumulation
in Abed was greater than that in Bond at the same Cd level. The trend of the expression of OAS and IRT gene was
consistent with the bimodal curve by increasing of cadmium levels. 75-150 mg-kg? Cd stress promoted the expression
of OAS and IRT genes in ryegrasses. Considering two cultivars of ryegrasses, Abed has more suitable as a

phytoremediation materials to repair soil Cd pollution due to higher biomass and cadmium accumulation.

Keywords: cadmium; ryegrasses; cadmium uptake; OAS gene; IRT gene

AIMS AND BACKGROUND

Cadmium (Cd) is the first heavy metal
contaminant due to strong mobility in the soil and
high toxic to the crop [1] of soil. According to
statistics, the world releases about 30,000 tons of
Cd to the environment each year, of which, about
82% -94% Cd penetrate into the soil [2]. China's
annual discharge of cadmium to the environment by
industrial waste totals 680 t, Cd pollution area of
farmland reaches 280,000 hm? and annual
production of agricultural products with exceeded
cadmium approaches1.5 million t [3-4]. Cadmium
content of approximately 24.1% vegetable garden
soil exceeds the national soil environmental quality
secondary standard [5]. Studies have shown that Cd
will be enriched in the human body through the
food chain and damage human health when crops
exposed to Cd-contaminated soils [6]. Therefore,
Soil Cd pollution control and remediation have
been widely concerned by scholars at home and
abroad in the field of environmental science.

Phytoremediation technology, as a green
biotechnology, has the advantages of simple
operation, economy and technical possibility of
large area implementation [7]. Ryegrasses (Lolium
multiflorum L.) is an ideal heavy metal restoration
plant due to high growth rate, strong tillering ability
and high yield, and strong enrichment effect on soil
heavy metals [8]. There are significant differences

* To whom all correspondence should be sent:
E-mail: xuwei_hong@163.com; chaiyourongl@163.com

in uptake and accumulation of Cd between different
species and different cultivars, which is mainly
related to genotype [9]. So far, there have been
many metal ion transporter genes isolated and
cloned from plants. Their transporters are closely
related to absorption, transport, accumulation and
fixation of metal ions, and play an important role in
plant tolerance to Cd or Cd accumulation. ZIP gene,
i.e. zinc-iron regulating protein gene, includes two
types of genes of ZRTP (Zinc Regulated
Transporter) and IRT (Iron Regulated Transporter),
which are respectively responsible for the transport
of Zn and Fe. Iron deficiency-induced increased
expression of IRT1 in the root is beneficial to the
uptake of Fe by root, and also causes more Zn?*
and Cd?" accumulation in the root, indicating that
IRT1 is related to absorption of Cd by root [10].
The report by He [11] has shown that RsIRT1 gene
in radish is induced by exogenous Cd stress.
RsIRT1 is involved in absorption and transport of
cadmium under Cd stress. Phytochelatins (PCs) are
a class of sulfhydryl-containing polypeptides of
varying lengths consisting of cysteine (Cys),
glutamic acid (Glu), glycine (Gly), etc.[12]. PCs
can decrease Cd activity by chelating with the
heavy metal ion Cd?* in plant cells via sulfhydryl
group, and alleviate Cd toxicity to plant [13].
Dominguez-Solis et al. [14] found that Cd stress
strongly induced the expression of OASTL in
Arabidopsis thaliana, whereas overexpression of
OASTL also increased the tolerance of Arabidopsis
thaliana to Cd. Unfortunately, there are few studies
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on the differences in the expression levels of Cd
tolerance related genes among different cultivars of
ryegrasses Therefore, pot experiment was
conducted to study the difference in biomass, Cd
content and accumulation, the expression level of
Cd tolerance related gene among different Cd levels
and between two cultivars of ryegrasses (Bond and
Aberd).

EXPERIMENTAL
Plant material, soil and Cd treatments

The soil pH was 5.23, organic matter content
was 8.87 g-kg?, total nitrogen content was 1.54
g-kg?, available nitrogen content was 74.60
mg-kg, available potassium content was 65.07
mg-kg?, available phosphorous content 38.59
mg-kg, cation exchange capacity (CEC) was
0.178 mol-kg™. The total cadmium 0.11 mg-kg?,
and available cadmium was not detected. Seeds of
two cultivars of ryegrasses (Bond and Aberd) were
purchased from Jiangxi Scarecrow Agricultural
Garden.

Five levels s of Se (0, 75, 150, 300 and 600
mg-kgt) prepared from CdCl,-2.5H,O were set up
for the pot experiment. Moreover, air-dried soil (5
kg) was sieved using a 40-mesh sieve, and treated
with the CdCl»-2.5H,0 solution and mixed to be
homogeneously put in a plastic pot (diameter, 25
cm; height, 17 cm) and kept balance for two weeks.
The seedlings of ryegrasses (Lolium multiflorum L.)
with 10 cm high were then transplanted 30 plant for
each pot. The moisture content in soil was kept
60% of the maximum moisture in the fields with
deionized water. Fast- measurement of Soil
Moisture (TZS-IW, Zhejiang Tuopu Instrument Co.,
Ltd., China) was used to determine the moisture
content in soil. In the basic fertilizer the used
amount of P (NH4H2PO4) and K (KCI) were 100
and 150 mg-L* respectively and Nitrogen content
(NH4 H2POg4and urea) was 180 mg-L%. N fertilizer
was applied in three installments: 40% for basal
and 60% each for seedling stages which applied
with 15 days’ interval after transplanting, each time
30%. All experiments were performed in triplicate
and arranged at random. The harvested plants were
oven-dried at 105 °C for 15min, and oven drying to
constant weight in 60°C.

ANALYSIS OF SOIL CD CONCENTRATIONS

Soil total Cd was digested with HNO3-HCIO4 (5:

1 by volume) and determined by atomic absorption
spectrophotometry (Perkin Elmer SIMMA 6000,
Norwalk, USA). Soil available Cd content was
determined by DTPA extraction (GBT 23739-2009)
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and atomic absorption spectrophotometry (Perkin
Elmer SIMMA 6000, Norwalk, USA). Soil
reference materials (GBW # 08303) provided by
National Institute of Standards and Technology
were used for quality monitoring of the determined
results. The Cd recovery of all soil samples was
higher than 95% and accuracy of relative standard
deviation (RSD) was within 10%.

ANALYSIS OF CD CONCENTRATIONS IN THE
PLANTS

Plant Cd concentration was digested with
HNO3:HCIOs (4: 1), and Cd? * solution after
digestion was determined by atomic absorption
spectrophotometry (Perkin Elmer SIMMA 6000,
Norwalk, USA). The detection limit was 0.005
mg-kg?. Plant reference materials (GBW # 08513)
provided by National Institute of Standards and
Technology were used for quality monitoring of the
determined results. The Cd recovery of all plant
samples was higher than 95% and accuracy of
relative standard deviation (RSD) was within 10%.

DETECTION OF GENE EXPRESSION
Total RNA extraction

RNA was extracted from each leaf tissue sample.
The specific procedure was performed with reference
to the Biomed RNA Extraction Kit operation manual.

Purification of total rna and detection

Reverse transcription of RNA used TaKaRa's
PrimeScript™ RT reagent Kit with gDNA Eraser
(Perfect Real Time). First, use DNase | to treat the
remaining DNA in RNA, and the treatment time
was extended from 2 min in manual to 20 min, for
sufficient removal of heavily contaminated total
genome DNA from RNA and reverse transcription
into cDNA. The specific operation is: (1) RNA
purification: take 200ul RNase-free centrifuge tube
configuration reaction system mixture, 5xgDNA
Eraser Buffer 2.0 pl, gDNA Eraser 1.0 pul, Total
RNA 1.0 pg, RNase Free dH,O Up to 10 pl. After
configuration of mixture, PCR instrument was
heated at 42°C for 20 min, and then cooled to 4°C
forl~2 min. (2) RNA reverse transcription into
cDNA. 20 pl reaction system: 5x PrimeScrip
Buffer 4 pl, PrimeScrip RT EnzymeMix | 1 pl, RT
Primer MIX 1 pl, purified RNA 10 pl, RNase Free
dH20 supplemented to 20 pl. Reverse transcription
was performed on a PCR instrument at 37°C for 15
min — 85°C for 5 sec — 4°C forl min. The
resulting cDNA was stored at -20°C refrigerator for
standby use.
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Primer design and synthesis

Seven Cd-resistant genes (OAS, IRT, HAM,
NRAMP, MT, PCS and CAM) were studied in this
study (Table 1). Based on BLAST and multiplex
alignment (Vector NTI Advance 11.51) of sequence
of Cd-resistant gene family members in ryegrasses,
RT-PCR specific primers of seven genes and 25S
rRNA primers of reference genes were designed
(Table 2), which were synthesized by Nanjing
Kingsley Biotech Co., Ltd.

PCR amplification of CDNA

The obtained cDNA was specifically amplified
with an ABI-9700 PCR instrument. The total
volume of the reaction system was 25 pl, including
2.5 ul 10 x PCR Buffer (containing Mg?*), 0.5 pl
dNTPs (10 mM), 0.5 ul forward and reverse
primers (10 upM), 0.25 ul Easy-Tag DNA
polymerase (5 U-ul?), 0.5ul cDNA template, and
the rest was ddH;O. PCR reaction procedure: pre-
degeneration at 94°C for 2 min, degeneration at
94°C for 30 s, annealing (at 61.5°C) for 45 s,
extension at72°C for30 s, to be repeated 35 cycles,
with last extension at 72°C for 3 min, at 16°C for 5
min. PCR products were subject to 1.0% agarose
electrophoresis detection. If clear band of predicted
target size (about 250 bp) is obtained, then the
reverse transcription is successful.

Table 1.Selection of Cd-tolerance related genes

Real-time quantitative PCR

The cDNA after reverse transcription was
diluted 30 times with ddH.O, and the
transcriptional expression level of the target gene
was detected by qRT-PCR using FastStart Essential
DNA Green Master kit of F.Hoffmann-La Roche
AG. The data was analyzed on Bio-Rad CFX
Manager 3.0 software via CFX96TM Real-Time
System of real-time quantitative PCR. The
operation was carried out with reference to the
instruction manual. The reaction system is as
follows: FastStart Essential DNA Green Master
(2X) 5ul, F-primer (10 uM) 0.5 pl, R-primer (10
uM) 0.5 ul, cDNA template 3 pl, ddH2O 1pl
Reaction conditions: pre-degeneration at 95°C for
10 min, degeneration at 95°C for 10s, annealing at
61.5°C for 30 s, to be repeated 40 cycles. The
product melting curve was tested from 65°C to
95°C, and repeat 3 times with 25 s as internal
reference gene.

THE STATISTICAL ANALYSIS

Three-way analysis of univariate ANOVA and
correlation analysis were performed using SPSS
version 21.0 package (SPSS, 2009). The variables
analyzed separately were Cd concentration and Cd
uptake in ryegrass. The level of significant was
0.05.

Gene name Gene symbol  Encoded protein Literature resources
Calmoduline gene TcCaM2 Calmoduline Han et al. [15]
AtPCS1 Clemens et al. [16]
Plant synthase gene BjPCS1 Plant synthase
L . L Zhang et al. [17]
Metallothionein gene BjMT2 Metallothionein An et al. [18] (2006)
OASTL gene OAS O-acetyl-ser(thiOl)-lyase Dominguez-Solis et al. [14]
HMA2 Mills et al. [19]
. Hussain et al. [20]
HMA family HMA3 Related ATP enzyme Gravot et al. [21]
HMA4 Bernard et al. [22]
) AtNramp3  Encoded metal ion transport ~ Thomine et al. [23]
Nramp family -
AtNramp4  protein
ZIP family IRT1 Encoded plasma membrane  Eide et al. [24](1996)

transporter

Clemens et al. [25] (2006)

699


http://dict.cnki.net/dict_result.aspx?searchword=PCR%e6%89%a9%e5%a2%9e&tjType=sentence&style=&t=pcr+amplification

W. Xu et al.: Differences of Cd uptake and expression of Cd-tolerance related genes in two varieties of ryegrasses

Table 2. Primers for gRT-PCR of Cd-tolerance related genes in ryegrass

Gene Primer Sequence (5°— 37) ™Tm'C
OAS1 FLmOAS1q (Forward primer) 5’-GCTGGTTGGAATATCTTCTGGC-3’ 615
RLmMOAS1q (Reverse primer) 5’-CCATGCTCTCAGCCTCCTTCT-3’ '
OAS? FLmMOAS2q 5’-GCTGGTTGGAATATCTTCCGGT-3’ 615
RLmMOAS2q 5-CATGTTCTCGGCCTTCCTCC-3’ '
OAS3 FLMOAS3q 5’-GCAAAGCAGTTGGCTCTTCAG-3’ 615
RLmMOAS3q 5’-CTGCTCGCACTCTTCTCTGATG-3’ '
OAS4 FLMOAS4q 5’-GTTACCACGGGAGAGGCAGT-3’ 615
RLmMOAS4q 5’-CGGAACAGGATGCTAGAGATGT-3’ '
OAS5 FLMOASS5q 5’-AGGTGAAAGGTGAGGATGCTG-3’ 615
RLmMOAS5(q 5’-CAGCTTCCTTCCTCAAACCCT-3’ '
OASE FLMOAS6q 5’-CACTGAGGATGCAATGACGAAC-3 615
RLmMOAS6q 5’-CAGTGGCAAAGAGGTCCGAGTT-3’ '
OAS7 FLMOASTq 5’-AGTCATCGACGAAGTGGTCACT-3’ 615
RLmMOASTq 5’-TGCTGCAAAGAGGTGTGAGTC-3’ '
OAS8 FLMOASSq 5’-GGTGATTGACGAGATCCTTGCA-3’ 615
RLmMOASS(q 5-TTCCACGAAGAGGTCAGAGGAA-3’ '
OAS9 FLMOAS9q 5’-GGTCACACAAGATTCAGGGTACA-3’ 615
RLmMOAS9q 5’-GTCACATTCCTCCCTAACAAGTG-3’ '
IRT4 FLmMIRT4q 5’-CCGAAACGATCCGTCACAGA-3’ 615
RLmMIRT4q 5’-AAGAAGGTCGCCATGAGCAC-3’ '
ITR6 FLMIRT6q 5’-GAAGCAGAAGATGGTCTCCAAG-3’ 615
RLmMIRT6q 5’-CACATGTAACCCACTGTTGCCA-3’ '
ITR7 FLmMIRT7q 5’-GCTCCGTCGTGGTGTCACAG-3’ 615
RLmMIRT7q 5’-GCTCCGTCGTGGTGTCACAG-3’ '
ITR8 FLmMIRT8q 5’-TCCGAGGACGAAAAGGACAC-3’ 615
RLmMIRT8q 5’-CAGAAGAAGAGGATCATGGTCAC-3’ '
ITR10 FLmMIRT10q 5’-CCATGGGAGCGAGGAGAGAC-3’ 61.5
RLmMIRT10q 5’-AGCCATGAGGAGTGCAGAGA-3’
HMA2 FLmHMAZ2q 5’-CTGCCGCCCATCATCCTCA-3’ 61.5
RLmMHMA2q 5’-CTTCACATCCTGGCAAGCAAC-3’
HMA3 FLmMHMAS3q 5’-TCGAGACCCTGGCTTGCAC-3’ 61.5
RLMHMA3q 5’-CTGCTTGGGCACCGGATAA-3’
NRAMP2 FLMNRAMP2q 5’-GTGGTTACGAGCAATGATCACAC-3’ 61.5
RLMNRAMP2q 5’-CGGACTTCGTCGGTATAGAAGGA-3’
NRAMP6 FLMNRAMP3q 5’-CTGAGGGCGCTGATAACCAGA-3’ 61.5
RLMNRAMP3q 5’-CAGCCACTGTCCAGGTTACAG-3’
NRAMP6L FLmMNRAMP6L(q 5-AGCTGTCGCTCTGTACTTCAAC-3’ 61.5
RLMNRAMPG6Lq 5’-TTGATCACGATTGGCAGAGACG-3’
MT1 FLmMMT1q 5’-GGATGTCTTGCAGCTGTGGAT-3’ 61.5
RLMMT1q 5’-CCGGAGGCCATCTCAAACT-3
MT2A FLmMMT2Aq 5’-CATCATGTCGTGCTGCGGT-3’ 615
RLMMT2Aq 5’-CACTTGCAGCCTCCGTTCT-3’ '
MT2B FLMMT2Bq 5’-GGAAGGAGAATGTCTTGCTGCA-3’ 615
RLMMT2Bq 5’-ACTTGCAGGTGGTGCAGTC-3’ '
MT2C FLmMMT2Cq 5’-GAAGATGTCTTGCTGCTCAGGA-3’ 615
RLmMMT2Cq 5’-TGGTGCCGCAGTTGCACTT-3’ '
PCS FLmMPCSq 5’-CGCTCTCCGTCGTCCTCAAC-3’ 615
RLmMPCSq 5’-TGGATGGTGGTCTGGTCTGC-3’ '
CAM FLmCAMq 5’-GAGCAGATCGCCGAGTTCAAGGA-3’ 61.5
RESULTS shoots in Bond and Aberd increased first and then
Biomass decreased with the increase of soil Cd level. The

As shown in Fig. 1, significantly different of dry
weight in shoots, roots and the plant in Bond and
Aberd were found between cultivars and among
different Cd levels (P <0.05). The dry weight of
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highest dry weight of shoots and the plant were
observed at 75mg-kg* Cd, increased by10.06% and
4.04% compared with the control respectively. The
dry weight of shoots and the plant of Aberd reached
highest value at 150mg-kg?! Cd, increased by
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25.84% and 16.89% respectively compared with

the control.
Concentration of CD in shoot and root

The concentrations of Cd in shoot and root of
cultivars increased significantly with the increase of
soil Cd (P <0.05) (Fig. 2). At different Cd levels,
Cd concentrations of roots were higher than that of
shoots. When soil Cd level was at 150 mg-kg?, Cd
concentrations of shoots and roots of Bond and
Aberd were 171.83 mg-kg?, 374.49 mg-kg* and
169.12 mg-kg?, 229.68 mg-kg™ respectively, with
Cd concentrations exceeding the critical value of
cadmium hyper-accumulator (100 mg-kg™).

ryegrass. Different letters (a, b, ¢) indicate significant
difference at P<0.05 among different Cd levels in the
same variety

CD accumulation in shoot and root
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Fig.1. Effects of different Cd levels on dry weights of

shoot and root in ryegrass. Different letters (a, b, c)
indicate significant difference at P<0.05 among different
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Fig. 3. Effect of different Cd levels on Cd
accumulation of shoot and root in ryegrass. Different
letters (a, b, c) indicate significant difference at P<0.05
among different Cd levels in the same variety

As shown in Fig. 3, Cd accumulation in each
part of plant increased with the increase of soil Cd
level, and significant difference was found between
cultivars and among soil Cd levels(P <0.05). The
accumulations of cadmium in the shoots and roots
of Bond were 53.84-422.93 times and 8.10- 116.56
times higher than that of the control respectively at
75, 150, 300 and 600 mg-kg?! Cd.; while the
accumulations of cadmium in shoots and roots of
Aberd were 25.72- 304.23 and 6.94-70.04 times
higher than that of the control respectively. At
different Cd levels, the total of Cd accumulation in
Aberd was greater than that in Bond.

Detection of cd-resistance related gene expression

The results of testing of OAS gene family of two
cultivars of ryegrass were seen from Fig. 4. The
trends of the expression of OAS5, OAS6 and OAS7
at different Cd levels were basically consistent with
bimodal curve. The expression levels of OASS,
OAS6 and OAS7 of Bond cultivar were
significantly increased by 13.63, 15.42 and 41.31
times higher than that of the control at 75 mg-kg*
Cd, respectively. Expression levels of OAS5, OAS6
and OAS7 in Bond cultivar decreased at the level of
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150-300 mg-kg*Cd, but increased at 600 mg-kg™
Cd; Expression levels of OAS5, OAS6 and OAS7

in Aberd increased at the level of 75-150 mg-kg*Cd,

decreased at 300 mg-kg*Cd, but increased at 600
mg-kg Cd.
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Fig. 4. Real-time PCR analysis of OAS in leaf of
Ryegrass

As shown in Fig. 5, the expression trends of IRT
gene family of two ryegrass cultivars at different
cadmium levels were different. The expression
trend of IRT gene family of Bond was basically
consistent with bimodal curve. Expression level of
IRT gene family in Bond significantly increased by
2.77, 3.60, 9.84, 4.40 and 1.80 times higher than
that of the control at the level of 75 mg-kg* Cd
respectively; while the expression level of IRT gene
family in Bond decreased at the level of 150-300
mg-kg?® Cd, then increased at the level of 600
mg-kg? Cd. The expression level of IRT gene
family in Aberd increased first and then decreased,
showing unimodal curve at 75-300 mg-kg™
cadmium. The highest of expression level of IRT4
and IRT6 was observed at the level of 150 mg-kg™*
Cd, and then decreased when Cd level > 300
mg-kg®. The expression level of IRT4 was
significantly increased at 300 mg-kg? Cd. The
highest of expression level of IRT8 and IRT10 was
702

found at the level of 75 mg-kg! Cd, but
significantly decreased when Cd level > 150
mg-kg?. Significantly differences of expression
level of IRT4, IRT6, IRT7, IRT8 and IRT10 genes
were observed between cultivars of ryegrass and

among soil Cd levels (P <0.05).
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Fig. 5. Real-Time PCR analysis of IRT in leaf of
ryegrass

DISCUSSION

Under Cd stress, the growth of plants are often
inhibited and the toxic effect increases with the



W. Xu et al.: Differences of Cd uptake and expression of Cd-tolerance related genes in two varieties of ryegrasses

increase of Cd stress level [26]. However, a few
studies also have shown that Cd has no significant
effect on plant growth under low Cd concentration
[27], and even stimulates plant growth [28]. In our
study, with the increase of soil Cd level, the dry
weights of shoots of Bond and Aberd increased first
and then decreased. Low Cd (<75mg-kg? or
150mg-kg™Cd) stimulates the growth of Bond and
Aberd, but high Cd (>75mg-kg™* or 150mg-kgCd)
inhibits the growth of shoots and roots of the two
cultivars. The result is similar to the report by Shi et
al. [28]. Significant differences in tolerance to Cd
were found among different plant varieties or
cultivars due to genotypic difference [29]. The
recent experiment also supported this view, which
Cd tolerance of Aberd was greater than that of
Bond.

Cadmium hyper-accumulators should have
three characteristics: First, under the same growth
condition, shoot Cd concentration of plant is 100
times higher than that of ordinary plants, with
cadmium critical content at 100 mg-kg?; second,
Cd concentration in root is less than that in shoot;
third, plant growth does not show obvious toxic
symptoms, and has a strong tolerance to cadmium
[30]. Shoot Cd concentrations of the two ryegrass
cultivars (Bond and Aberd) exceeded the critical
value of hyper-accumulator (100mg-kg?) when
exposed to 150 mg-kg! Cd. It indicated that
ryegrass was one of cadmium hyper-accumulators.
The results were similar to those reported by Fang
et al. [31]. Cadmium is highly mobile and readily
absorbed by plants, and most plants can transfer
cadmium from root to shoot [32]. However, the
recent experiment showed that Cd concentrations of
roots in Bond and Aberd were higher than that of
shoot at the same Cd level in soil. It replied that
roots of ryegrass had strong ability to enrich soil Cd,
while its ability of transferring Cd to shoots from
roots was weaker. These results were similar to the
report of Sun et al. [33]. Significant differences in
uptake and accumulation of cadmium between
cultivars due to genotypic difference [34]. At the
same level of cadmium, Cd concentrations and Cd
accumulations of shoots and roots in Aberd were
higher than that in Bond. This result supported to
the report of Nesler et al. [34]. Comparing with two
cultivars of ryegrass, Aberd has greater repairing
ability in Cd pollution soil.

The study of glutathione metabolism is one of
the important research contents in resistance /
tolerance mechanism of plant under environmental
stress [35]. There are two Kkey enzymes,
O-acetyl-serine  (thiol) ligase (OAS-TL) and
glutamylcysteine synthetase (y-GCS), in the

process of biochemical synthesis of glutathione
[36]. These two enzymes impacts detoxification of
cells and heavy metal enrichment due to limit the
amount of glutathione synthesis, and affect
synthesis and activity of polypeptide in the plant
that can integrate heavy metal ions, i.e.
phytochelatins (PCs) [37]. Harada et al. [13]
introduced some of the genes into model plant
tobacco using transgenic techniques. The results
showed that tolerability of stress was much greater
than that of the control group, and synthesis ability
of cysteine in the plant was significantly improved.
In this study, the highest expression level of OAS
genes for Bond was found at 75mg-kgCd, while
the highest expression level of OAS genes for
Aberd was found at 75-150mg-kg. It showed that
Cd stress level at 75-150 mg-kg™ promoted the
expression of OAS genes in ryegrass. However,
with the increase of soil Cd level, the expression
level of OAS genes in ryegrass decreased gradually.
These results were different to Wang‘s report,
which the transcription expression of OAS-TL6
gene in collard increased when exposed to
Cd-contaminated soil. The expression level of two
Cd related genes (family) in ryegrass by Cd
induced were significantly different between
cultivars and among different cadmium treatments.
These results are consistent with the report by
Takahashi et al. [38].

IRT was first discovered as an iron transporter
in Arabidopsis thaliana, which regulates cadmium
absorption and transport [39]. The expression
product of IRT1 and IRT2 is iron ion transport
regulating protein located on the plasma membrane,
and it is responsible for absorption of Fe?* in the
root and outer cortex. It is also related to Cd?**
absorption, and OSIRT1, AtIRT1 and AtIRT2
overexpression can increase accumulation of
cadmium [38, 40]. In recent experiment, 75-150
mg-kg? cadmium stress increased the expression
level of IRT genes in ryegrass, while high cadmium
stress (=600 mg-kg?!) decreased the expression
level of IRT genes in ryegrass, which was lower
than that of the control. It may be the toxicity of Cd
on growth and metabolic levels of ryegrass when
exposed to high Cd stress. However, these results
are inconsistent with the report by Uraguchi and
Fujiwara [41].

CONCLUSION

The dry weight of shoot and the plant of the two
ryegrass cultivars (Bond and Aberd) increased first
and then decreased with the increase of soil
cadmium pollution, and reached the peak at 75
mg-kg™? and 150mg-kg?* Cd respectively. Shoot Cd
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concentrations of the two cultivars (Bond and
Aberd) were higher than the critical value of
hyper-accumulator (100mg-kg™) at 150 mg-kg™ Cd.
At the same soil Cd level, Cd concentrations of
shoot and root in Aberd were higher than that in
Bond. Cadmium stress (75-150 mg-kg™) promoted
the expression levels of OAS and IRT genes in
ryegrass. The expression levels of the two cadmium
metabolism  related genes  (family)  were
significantly different between cultivars and among
soil Cd levels (P <0.05).
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PA3JIMKU B YCBOSIBAHETO HA Cd 1 EKCITPECHUATA HA Cd-TOJIEPAHTHU I'EHH B
JABE PASHOBUJIHOCTHU HA PAUTI'PAC

T. JIu!, ¥V.X. Cy**, I.P. Yaii?*, 3.1. Yanr?, JI. Cue!

L Koneoic no pecypcu u exonoauynu nayxu, FOzozanaoen ynueepcumem, Yynyun 400715, H. P. Kumaii
2 Koneoic no azponomus u 6uomexuonozus, FOzozanaden ynusepcumem, Yynyun 400715, H. P. Kumaii

[Mocrbnuna Ha 24 mapt 2016 r.; Kopurupana na 23 mait, 2017 r.
(Pesrome)

Wscnensan e edekTa Ha pasiuM4yHM HMBa Ha Kaamuii B mousata (0, 75, 150, 300 u 600 mg-kg?') m Guomacara,
cpabpxanneTo Ha Cd, HaTpynBaHeTo My 1 eKcripecusita Ha Cd-TonepaHTHH I'eHH B JIBE KyNTypH Ha paiirpac (Bond n
Aberd) npu ekcriepuMeHTH ¢ MOYBEHH KyITypu. PesynraTure mokaspat, 4e CyXOTO TErJIO Ha M3bHKU M PACTCHHS OT
Bond u Aberd ce nosummasat ¢ 10.06% u 4.04% u crotBeTHO 25.84% 1 16.89%, cIpsIMO KOHTPOJHHUTE EKCIIEPUMEHTH
¢ JaHHU OT chotBeTHO 75 mg-kg? u 150 mg-kg? Cd. Konuenrpauuure u HarpynsaHeto Ha Cd B M3IbHKMTE U
KOPEHHTE 3HAYNTEITHO HApacTBaT C HApACTBAHETO HA HUBATa Ha kaamui B mousata (P <0.05). IIpu BB3aeiicTBue ot 150
mg-kg™? Cd koHueHTpanuaTa Ha OCIeAHUA B M3ABHKHTE U KOpeHHuTe Ha KynTypure Bond u Aberd ca croreTHo 171.83
171.83 mg-kg?l, 374.49 mg-kglu 169.12 mg-kg?!, 229.68 mg-kgl. Harpynsanero naCd B Aberd e mno-Bucoko
oTkosKoTO B Bond npu emnaksu HUBa Ha kaaMui. TennaeHnusTa 3a ekcripecus OAS- u IRT-renuTe nocnenoBaTenHa ¢
Ou-MoJanHA KpHBA C TMOBMIIABAHETO Ha HWBaTa Ha Kaamms. Ctpec oT kaamumii or 75-150 mg-kg?! mpomotupa
excrpecusita Ha OAS- u IRT-rerute B paifrpaca. Kynarypara Aberd e mo-momxozsmia 3a pemeananus Ha HOYBarta
CHPSIMO KaJIMHs1, TOPAJIH MO-TOJISIMOTO KOJIMYECTBO Ha OHOMaca U HaTPYIBAaHETO Ha KaJMHUSL.
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A new approach to modeling the industrial column chemical reactors is presented. A theoretical analysis of the effect
of the radial non-uniformity of the axial velocity component in the industrial column chemical reactors is presented. A
numerical analysis shows, that average concentration model, where the radial velocity component is equal to zero (in the
cases of a constant velocity radial non-uniformity along the column height), is possible to be used in the cases of an axial
modification of the radial non-uniformity of the axial velocity component. The use of experimental data, for the average
concentration at the column end, for a concrete process and column, permits to be obtained the model parameters, related
with the radial non-uniformity of the velocity. These parameter values permit to be used the average concentration model

for modeling of different processes.

Keywords: Column apparatus, chemical reaction, convection-diffusion model, average concentration model, velocity

radial non-uniformity.

INTRODUCTION

The fundamental problem in the column
apparatuses modeling is result of the complicated
hydrodynamic behavior of the flows in the columns
and as a result the velocity distributions in the
columns are unknown.

The industrial column chemical reactors is
possible to be modeled, using a new approach [1-4]
on the base of the physical approximations of the
mechanics of continua, where the mathematical
point is equivalent to a small (elementary) physical
volume, which is sufficiently small with respect to
the apparatus volume, but at the same time
sufficiently large with respect to the intermolecular
volumes in the medium. As a result, a convection-
diffusion type model (for qualitative analysis) and an
average concentration type model (for quantitative
analysis) are possible to be used in the cases of
isothermal chemical reactions [1-4].

CONVECTION-DIFFUSION MODEL

The physical elementary volumes will be
presented as mathematical points in a cylindrical
coordinate system (r,z), where r and z [m] are radial
and axial coordinates. The concentrations [kg-
mol.m~] of the reagents are c,(r,z), i=12,...i,,

i.e. the quantities of the reagents (kg-mol) in 1 m® of
the column volume.

In the cases of a stationary fluids motion in
cylindrical column apparatus, when the radial non-

* To whom all correspondence should be sent:
E-mail: chr.boyadjiev@gmail.com
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uniformity of the axial velocity component u(r)

[m.s7!] is permanent along the column height, the
radial velocity component is equal to zero.

The homogeneous chemical reaction, as a
volume source or sink in the column volume is

Q(c) [kg-mol.m3s?], i=12,..,i, (i,- reagent
number). They lead to different values of the reagent
(substance) concentrations in the elementary
volumes ¢ (r,z), i=12,...,i; and as a result, two

mass transfer effects exist — convective transfer
(caused by the fluid motion) and diffusion transfer
(caused by the concentration gradient).

The mathematical model of the processes in the
column apparatuses, in the physical approximations
of the mechanics of continua, is mass balances in the
elementary volumes between the convective
transfer, the diffusive transfer and the volume mass
sources (sinks) (as a result of the chemical reaction).
In the stationary case, the convection-diffusion
equations (as a mathematical structures of the mass
transfer process models in the industrial column
chemical reactors) [1-4] are:

oc. o’c. laoc  o%c
U— =D | — 4+ =4 27 14 Q (c);
0z '(622 ror 6r2j Q(c)
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where u°, c® are the inlet

: velocity and
concentrations, D, [mZs?] - diffusivities, r,[m] -
column radius.

In the cases of a two components complex

chemical reactions =12, Q =-kcc,, where
m, n are the reaction orders. For big difference
between inlet concentrations of the reagents
(¢! ¢3) and m=1, from (1) follows the pseudo-

first-order reactions case (i0 =l ¢=¢c¢C= cg):

ac o’c loc o% .
U—=D| S +=—+— |-kg¢
oz oz ror or
oc oc
r=0, —=0; r=r,, —=0; 2
or o or @)
z=0, c=c’, u’’=u c°—D(@J .
62 z=0

AVERAGE CONCENTRATION MODEL

The average values of the velocity and
concentration, at the column cross-sectional area is
possible to be presented [1-4] as:

ag=u° =—jru(r)dr, E(z):%jrc(r,z)dr. (3)
oo o 9
The functions u(r), c(r,z) in (2) can be
presented by the help of the average functions (3):

w(r)=00(r). c(r2)=c(z)c(rz). @

where G(r),¢(r,z) present the radial non-

uniformity of the velocity and concentration and

satisfy the next conditions:

fo ~ 2 o ~

—Jr a(r) dr=1, r—zjr ¢(r,z)dr=1. (5)
0

r-O 0 0

The average concentration model may be
obtained if put (4) into (2), multiply by r and
integrate over r in the interval [0, ro] . As aresult, the
following is obtained:

— 2
ar98, 9% e _pIdT e
dz dz dz
dc ©
z=0, ¢(0)=c’, ——=0,
dz

GENERALIZED VARIABLES

In (2) and (6) is possible to be introduced the
generalized variables [2]:

r=rR, z=1Z, u(r)=uU(R),

=)
—~
=
N—
Il
c
—~
=
N—
Il
c
—
Py
N—
o
—~
=
N
N—
Il
¢
o
O
—~
o
N
N—

and as a result is obtained:
2 2
U@:Fo ga E +l@+a (2: —DaC;
oz oz ROR OR
ce=Fo'Pe™;

)
@EO’ R:]_’ @EO’
oR 0

R=0,

Z=0, C=1 1=U-Pe" —.

dz
where Fo, Da and Pe are the Fourier, Damkohler and
Peclet numbers, respectively:
DI al kl

Fo=—, Pe=—, Da=— (11)
ar, D u

The convection-diffusion model (9) permits to be
made [1-4] a qualitative analysis of the process
(model) for to be obtained the main, small and slight
physical effects (mathematical operators), and to be
rejected the slight effect (operators). As a result the
process mechanism identification is possible to be
made. On this base are possible different

approximations for high column (0 =€ 310’2) , big

average (0=Fo<10?),  small

(0=Da<10?) or big (0=Da™"<10") chemical

reaction rate.

In an industrial column (1 >1 [m]), the average
velocity is T>1 [m.s?] and the diffusivity is
D, <10 [m2s™]. In these conditions is possible to

velocity
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be obtained the order of magnitude of the parameters
values:

Pet <10, % >10", Fo<107, (12)

and the models (9), (10) have convective forms:

UL - pac; z=0, c=1 (13)

oz

A(z)d—c+d—A6=—DaC; Z=0, C=1.(14)
dz dz

The average concentration models allow a
guantitative analysis of the processes in column
apparatuses. The theoretical analysis of the models
(13), (14) shows [1-4], that the function A(Z) is

possible to be presented as a linear approximation:
A=a,+aZ, (15)

where the model parameters a,, a, is possible to be
obtained, using experimental data for a short column
(Z=0.1).

The presented theoretical analysis shows that the
basic approximation of the convection-diffusion
model (13) and average concentration model (14) is
ol
= =0
oz

MODELING OF THE INDUSTRIAL COLUMN
CHEMICAL REACTORS

Very often in industrial conditions, an axial
modification of the radial non-uniformity of the
velocity, is realized. The radial non-uniformity of the
axial velocity component in the column apparatuses
is caused by the fluid hydrodynamics at the column
inlet, where it has as maximum and decreases along
the column height as a result of the fluid viscosity.
The theoretical determination of the change in the
radial non-uniformity of the axial velocity
component in a column is difficult in one-phase
processes and practical impossible in two-phase and
three-phase processes. For a theoretical analysis of
the effect of the axial modification of the radial non-
uniformity of the velocity, this difficulty can be
circumvented by appropriate hydrodynamic model,
where the average velocity at the cross section of the
column is a constant, while the maximal velocity
(and as a result the radial non-uniformity of the axial
velocity component too) decreases along the column
height.

Let’s considers the velocity distribution

u,(r,z,)=00,(r,z,) (16)
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2

U.(R.Z,)

0.6 Z, =0,
Z, =06

0.4 Z, =05
Z, =04

0.2 Z, =03
Zn =0

0 - - - Z, =01

0.1 02 03 0.4 0.5 06 0.7 08 0.9 1
p

. . S U (R,Z

Fig.1. Velocity  distributions ”( ' ”)’

Z,=01(n+1), n=0,1,...,9.

and an axial step change of the radial non-uniformity
of the axial velocity component in a column (Fig. 1):

a,(r.z,)=0,(nR,1Z,)=
=U,(R,Z,)=a, —b,R?,

(17)
a,=2-0.1n, b =2(1-0.1n),
0.In<Z,<01(n+1) n=0.L..9,
where T, (r,z,) satisfy the equation:

iifr a,(r,z,) dr=1, (18)
r02 0 " "
l.e. O =const.

If put (16), (17) in (13), the convection-diffusion
model has the form;

u ‘;;n =-DaC,; 0.n<Zz, <0.1(n+1);

n
n

z,=0.1n, C,(RZ,)=C,,(RZ,); (19)
n=0,1,...,9;
Z,=0, C,(RZ,)=1.

MODEL EQUATIONS SOLUTION

The solution of (19)
c(R.z)=C,(R.Z,), Z,=0.1(n+1), n=0,1...,9
in the case Da=1 is presented on the Fig. 2. This
solution C(R,Z) permits to be obtained in (8) the
average (“theoretical”) concentration distribution
C(z)=C,(z,), Z,=0.1(n+1), n=01..9 in
the column (the points on the Fig. 3) and function
A(Z) (the points on the Fig. 4) on every step:
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1

C(2)=C,(2,)=2[RC,(R,Z,)dR,

L C,(RZ,)
WolR, (20)

Z,=0.1(n+1), n=01,..,9,

which are presented on the Figs. 3, 4. From Fig. 4 is
seen, that the function A(Z) is possible to be

presented as a quadratic approximation:

~
|
|
|

NNNNNNNNN
|

0 0.1 02 0.3 04 05 0.6 07 0.8 09 1
R

Fig. 2. Concentration distributions
C, (R,Zn), Z = O.l(n +1), n=0,1..,9.
1%
7 .
Fig. 3. Average concentration distribution:

“theoretical” values (as solution of (19) and (20)
C.(Z,),Z,=0.1(n+1),n=0,1,...,9 (points); C(Z)
as a solution of (22)(22) for “experimental” values of
a,, a,, a, (line).
A(Z)=a,+aZ+a,Z%, 21)
where the (“theoretical”) values of a,,a,,a, are

presented in the Table 1. As a result, in the case of axial
modification of the radial non-uniformity of the velocity,
the model (14) has the form:

dC =
(ao +a,Z +a1222)d—z+(a1 +2a,Z)C = 22)

=-DaC; z2=0, C-=1

where the parameters a,, a;, a, must be obtained,
using experimental data.

Fig. 4,
A(Zn ) Z = 0.1(n +1), n=01,..,
approximation (21) (line).

Function A(Z):

9:as a quadratic

PARAMETERS IDENTIFICATION

The obtained value of the function C, (1) (Fig. 3)
permit to be obtained the artificial experimental data
Co (1) for the column end (Z, =1):

exp

Co (1)=(0.95+0.1B,)C, (1),

exp

m=1...,10,

(23)

where 0<B_ <1, m=0,1,..,10 are obtained by a
generator of random numbers.

The obtained artificial experimental data (23) are
used for the illustration of the parameters (a,, a,, a,

) identification in the average concentrations model
(22) by the minimization of the least-squares
function:

Q(ao’alyaz):
Z[ 1 aO ai a2 exp (1)] ! (24)

where the value of C(La,,a,,a,) is obtained after

the solution of (22) for Z=1. The obtained
“experimental” parameter values are presented on
the Table 1.

The obtained (“experimental”) parameter values
are used for the solution of (22) and the result  (the
line) is compared with the average (“theoretical”)
concentration values
C(z)=C,(2,).Z,=0.1(n+1),n=0,1,..,9.
(points) (as solution of (19) and (20)) on the Fig. 3.
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INFLUENCE OF THE MODEL PARAMETER

The model (22), with “experimental” parameters
values of a,, a,, a, in the Table 1, is used for the
calculation the average concentrations in the case

Da =2 and the result (line) is compared (Fig. 5)
with the average (“theoretical”’) concentration

19
08}
08
0.7
0.6

o5t \0
04} ‘ 0
03|
0.2 - T— q

0.1

Fig. 5. Effect of the chemical reaction rate (Da = 2)

average  (“theoretical”’)  concentration  values
C.(Z,),Z,=0.1(n+1),n=0,1,...,9. (as solutions of
(19) and (20) (points)); solution of (22) (line) values
C.(Z,).Z,=0.1(n+1),n=0,1,...,9. (as solutions of
(19) and (20) (points)) for this case.

Table 1. Parameters a,a, a,

“Theoretical” “Experimental”
Parameters
values values
a, 1.0387 0.8582
a 0.3901 0.4505

1

—0.4230
CONCLUSIONS

The presented numerical analysis of the industrial
column chemical reactors shows, that average
concentration model, where the radial velocity
component is equal to zero (in the cases of a constant
velocity radial non-uniformity along the column
height), is possible to be used in the cases of an axial
modification of the radial non-uniformity of the axial
velocity component. The use of experimental data,
for the average concentration at the column end, for
a concrete process, permits to be obtained the model
parameters (a,, &, 8, ), related with the radial non-

uniformity of the velocity. These parameter values
permit to be used the average concentration model
for modeling of different processes (different values
of the parameter Da, i.e. different values of the
column height, average velocity, reagent diffusivity
and chemical reaction rate constant).
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HOBU MOJEJIN HA UTHAYCTPUAJIHU KOJIOHHU XUMWYHU PEAKTOPU

b. bosmxues, Xp. bosmxuen

Hncemumym no unoicenepna xumus, Bvacapcka akademus na naykume, yiu. ,,Axao. I'. Bonues*, 6n. 103, 1113,
Cogus bvreapus

[Monydena Ha 13 ronu, 2017 r.; npuera Ha 21 romu, 2017 .

(Pesrome)

Hpe,I[CTaBeH € HOB ITOAXO0/ 3a MOJICJIMPAHE HA NPOMUIIIJIICHU KOJIOHHU XUMHWYHH PEAKTOPH. Hpez[nomeﬁ € TCOPCTUYCH
aHaJIu3 Ha C(bCKTa Ha paJauaJiHaTa HCPABHOMEPHOCT Ha aKCHUaJIHATA KOMIIOHCHTAa Ha CKOPOCTTa B MPOMUIIJICHU
KOJIOHHU XUMUYHU PEAKTOPH. YucleHUAT aHaau3 IMoKa3Ba, 4€ MOJCIbT HA CPCAHUTEC KOHLECHTpaluH, KOrato
paanajiHaTa KOMIIOHCHTA Ha CKOPOCTTAa € paBHAa Ha HyJla (B CJIy4auTe Ha IOCTOSIHHA pajuaiHa HEPABHOMEPHOCT Ha
CKOpOCTTa IO BUCOYMHATA Ha KOJ'IOHaTa), € BB3MOXKHO Ja 6T>H€ HM3I0JI3BaHa B CIIY4YaUTC HAa aKCHAJIHO U3BMCHCHUC Ha
paanaiHaTa HCPaBHOMCEPHOCT Ha aKCHaJIHaTa KOMIIOHEHTA Ha CKOPOCTTaA. H3nomsBaneTo Ha CKCIICPUMEHTAJIHU JaHHU
3a Cp€aHaTa KOHIOCHTPAIIWA Ha U3X0Jia Ha KOJIOHATa, 3a KOHKPETCH ITPOLEC U KOJIOHA, ITO3BOJIABA 1a 61)}13T HaMCpPEHHU
MOACIHUTE MapaMETPH, CBbP3aHU C paJuajIHaTa HEPABHOMEPHOCT Ha CKOPOCTTA. Te3u cToifHOCTH Ha mapamMmeTpuTe
TIO3BOJIABAT M3IIOJI3BAHETO HA MOJICTIa HA CPEIHUTE IMMOHICHTPAIIUKU 3a MOJCIIMPAHE HA pa3JIMUHU IIPOILICCH.
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A new approach to modeling the industrial column absorbers is presented. A theoretical analysis of the effect of the
velocity radial non-uniformity on the co-current absorption processes in the column apparatuses is presented. The
average concentration model, where the radial velocity component is equal to zero (in the cases of a constant velocity
radial non-uniformity along the column height), is used in the cases of an axial modification of the radial non-
uniformity of the axial velocity components in the gas and liquid phases. The use of experimental data, for the average
concentrations in the gas and liquid phases at the column end, for a concrete process (absorption of an average soluble
gas), permits to be obtained the gas and liquid phase model parameters, related with the radial non-uniformity of the
velocities. These parameter values permit to be used the average concentration models for different absorption

processes modeling in co-current columns.

Keywords: Column apparatus, gas absorption, co-current flows, convection-diffusion model, average concentration

model, velocity radial non-uniformity.

INTRODUCTION

In the first paper [1] was shown, that average
concentration model, where the radial velocity
component is equal to zero (in the cases of a
constant velocity radial non-uniformity along the
column height), is possible to be used in the cases
of an axial modification of the radial non-
uniformity of the axial velocity component. The use
of experimental data, for the average concentration
at the column end, for a concrete process and
column, permits to be obtained the model
parameters, related with the radial non-uniformity
of the velocity. These parameter values permit to be
used the average concentration model for modeling
of different processes in the cases of different
values of the column height, average velocity,
reagent diffusivity and chemical reaction rate
constant. This possibility will be used for modeling
of the gas absorption processes in a co-current
column.

CO-CURRENT ABSORPTION PROCESSES

The new approach of the processes modeling in
the column apparatuses [2-5] permits to be created
the convection-diffusion and average concentration
models of the gas absorption process. In the cases
of a constant radial non-uniformity of the velocities

along the column height (u; =u;(r), j=1,2), the
convection-diffusion and average concentration

models of a chemical absorption (with a pseudo-
first-order chemical reaction in the liquid phase) in

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

a co-current column [6] have the forms:
2 2
u %— Dl[a Cl +1%+_a ClJ_

Yor a2 ror or?
—k(Cl—;(CZ);
2 2
uzﬁz D2 0 C22 +lai+a_czz +
oz 0z ror or
+k (¢, — x¢,)—KoC,; 1)
C oc. .
r=0, 8—‘50; r=r, L=0, j=12
r

_dc, deo, _ _ dc
al(z)ul—zl+—zlu1c1:Dldzzl—
_k(q_l(_:z)’

_dc, da, _ _ d%c,
az(z)u2d22+d_zzu2 ,=D,—*2
+k(_1_7(62)_k0_21
z=0, ¢ (0)=c/, T,(0)=0, (2)
d_élgo d_ZEO'

z | dz

j=12.

¢ (r.z)= C(2)
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In (1, 2) uj(r),cj(r,z),Dj,jzl,Z are the
velocities, concentrations and diffusivities in the
gas and liquid phases, T,,C;(z), j=12 - the

|
average velocities and concentrations at the column
cross-sectional area, Gj(r),éj(r,z), j=12 - the
radial non-uniformities of the velocities and
concentrations.
GENERALIZED VARIABLES

In (1), (2) is possible to be introduced the
generalized variables:

r=rR, z=1Z, u;(r)=0U,(R),
c,(r,z)=c¢/C,(R,Z),

o (rn2)=2¢,(R2), §(2)=cC(z), ©@
X

€z=&0_
A)ZQ@)

and as a result is obtained:

2 2
Ula_Cleol ga_czl+la_cl+a_czl —
oz 0Z?> ROR OR
-K,(C,-C,);
2 2
0,8 o, (6 0G, 120 0
0z 0Z> R OR  OR
+K,(C,—C,)—-DaC,;
. (4)
R=0, —=0;
oR
oC
R=1 —=0;, j=12
OR
Z=0, C =1 C,=0,
1=U, P;lacl, C, _
oz’ oz
dC, dA ,d*C
Z)—L4+1C, =Pe;' —1
Al )dZ dz * ' dz?
_K1< 1 2)1
dC, dA = ., d*C
Z2)—24+-2C =Pe—24
Al )dZ dz ° 2 dz? (5)
+K2(C_31—_2)—DaC_22,
z=0, C,=1 C,=0,
@€ _, 9,
dz ' dz

where Fo, Da and Pe are the Fourier, Damkohler
and Peclet numbers, respectively:
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DI ul
Fo,=—5, Pe;=—-, Dazg,
u;r D; u,
-1pa-1
&=Fo; Pe, (6)

In the cases of a physical absorption Da =0.
In (5) are used the expressions:

Cj(z):szcj(R,z)dR,

6 (r Z):cj(r,z)zcj_(R,Z)

g C(z) ()
a;(z)=a;(12)=A;(2)=
:2£RUj(R)%dR, j=12

The convection-diffusion model (4) permits to
be made [2-6] a qualitative analysis of the process
(model) for to be obtained the main, small and
slight physical effects (mathematical operators),
and to be rejected the slight effect (operators). As a
result the process mechanism identification is
possible to be made. On this base are possible to be
obtained different approximations for high column
(0=¢<107?), big average velocities
(0=Fo,;<10?, j=12), small (0=Da<10?) or

big (0=Da" <107?) chemical reaction rate, highly
soluble (0=w<10?) or lightly soluble
(0=w'<107) gas.

PHYSICAL ABSORPTION OF AVERAGE
SOLUBLE GAS

Let’s consider the physical absorption (Da=0)
of an average soluble gas (@[ 1)? in an industrial
absorption column (1>1 [m]), in the cases of down
co-current gas-liquid drops flow. The average gas
velocity and the average liquid drops velocity are
0, >1,0, >1 [m.s?], the diffusivities in the gas (air)
and the liquid (water) are D, <107, D, <107
[m2s?] . In these conditions is possible to be
obtained the order of magnitude of the parameters
values:

Pe;t <10, 25107 Fo, <102,

l (8)

Pe,' <10°, Fo, <107,

and the model (4) has a convective form:
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dC
Uld—zlz—Kl(C1 -GC,);
dC
Uzd_zzza)Kl(Cl_Cz); ©)

Z=0, C =1 C,=0.
In the conditions (8) the average concentration
model (5) has the form:

a6, A~ (= =
Ai(z)d_z"'d_zcl Kl(cl C2)1

dC, dA, ~ N
AZ(Z)E+$CZ=¢0K1(01—CZ), (10)

Z=0, C,=1 C,=0.
The theoretical analysis of the model (9) shows
[2-6], that the functions A, (), j=1,2 is possible

to be presented as linear approximations:
A=a,+a,Z, =12, (11)

where the model parameters «;y, a;, j=12 is

possible to be obtained, using experimental data for
a short column (Z =0.1).

The theoretical analysis [6] shows, that the basic
approximations of the convection-diffusion models
(1) and average concentration models (2) are
o /oz=0, j=12..

EFFECT OF THE AXIAL MODIFICATION OF
THE RADIAL NON-UNIFORMITY OF THE
VELOCITY

The radial non-uniformity of the axial velocity
components in a co-current column apparatus is the
result of the fluid hydrodynamics at the column
inlet, where it is a maximum and decreases along
the column height as a result of the fluid viscosity.
For a theoretical analysis of the effect of the axial
modification of the radial non-uniformities of the
velocities in a two phases co-current column, this
difficulty can be circumvented by appropriate
hydrodynamic model, where the average velocities
in the phases at the cross section of the column are
constants, while the maximal velocities (and as a
result the radial non-uniformity of the axial
velocities components too) decrease along the
column height.

Let’s considers [1, 7] the velocity distributions

u,(r.z,)=0,0,(r.z,), j=12 (12)
and an axial step change of the radial non-

uniformity of the axial velocity component in a
column:

;,(r.z,)=0,(RR.1Z,)=
~U,(RZ,)=a, -b,R?,

a,, =2-0.In, b, =2(1-0.1n), (13)
0.In<Z, <0.1(n+1),
n=0.1..9, j=12,

where 0, (r,z,), j =1,2 satisfy the equations:
2% .
Y R T
0

i.e. U; =const, j=1.2.

If put (13) in (9), the convection-diffusion
model has the form:
dc,,

Uln dZn :_Kl(cln_czn);
dC
2n dzzn :a)Kl (Cln _CZn);
0.In<Z <0.1(n+1); (15)

Z,=01n, C,(RZ,)=C;,,(RZ,);

n=01..9 j=12

Z,=0, Cy(R,Zy)=1, C,(R,Z,)=0.

The parameter @ in (15) is known beforehand.
The solution of (15), for concrete process (@ =1)

and “theoretical” value of K, =1, permits to be
obtained the concentration distributions
C,(RZ,), j=12 for different

Z,=0.1(n+1), n=0,1,...,9 (Fig. 1).

NNMNBNNN NN N

NN NN NN NNNR
|

Fig. 1.  Concentration distributions
Ci(RZ,), j=12 in the case w=K, =1 for
different Z, =0.1(n+1), n=0,1,...,9.

The solution of (15) (Fig. 1) and (7) permit to be
obtained the “theoretical” average concentration

distributions C_:jn(Zn), j=12 (the points in the
Fig. 2) and the functions A, (Z,), j=12 (the
713
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points in the Fig. 3) for different

Z,=0.1(n+1), n=0,1,...,9.

] 01 02 03 04 05 0.6 0.7 0.8 0.9 1

Fig. 2. Average concentration C,(Z), j=12 in
o=K, =1:
C;(2)=C,,(Z,). j=1,2 as solutions of (15) and (7)
for different Z, =0.1(n+1), n=0,1...,9 (points);
C;(Z),j=12 as a solution of (17), using the
“experimental” parameter
jos Qjys )z 1=12,K, (lines).

the case “theoretical” values

values

g
99
0

1] 01 0.2 0.3 04 0.5 0.6 0.7 08 09 1
Z,

Fig.3. Function Ajn(Zn), j=1,2 in the case
=K, =1: as a solution of (15) and (7) for different
Z,=01(n+1), n=01,...,9
A (Z), j=12 as a quadratic approximation (16)

]
(lines).

(points);

From Fig. 3 is seen, that the functions
A,(Z,),n=01..,4,j=12 are possible to be
presented as quadratic approximations:

A(Z)=a,+ay,Z+a,z’

(16)
A (Z)=ay +8,Z +a,2%,

714

where the (“theoretical™) values of
a0, 8y, 85, ] =1,2 are presented in the Table 1.

As a result, in the case of axial modification of
the radial non-uniformity of the velocity, the model
(10) has the form:

dc,
+a,Z+a,Z%)—+
(3 +auZ +8,2%)
+(ay, +2a,Z)C, =K, (C,-C,);
dC.
Ay + 8,7 +a,Z% | —2 + 17
( 20 21 22 ) dz ( )
+(a, +22,2)C, =K, (C,-C,);
z=0, C =1 C,=0.
where, at an unknown velocity distribution in the
two phases, o is known beforehand for a concrete

process, while the parameters
K, a;0,8;,8;,, J=1,2 must be obtained, using

experimental data.

PARAMETERS IDENTIFICATION

The obtained the values of the functions
Cjn(Zn), j=12, for a concrete process (w=1),
of K;=1 and different
Z,=01(n+1), n=0,1,...,9 (Fig. 2), permit to be
obtained the values of
C;(1)=C,4(Z,),Zy=1 j=12 and the artificial
experimental data:

Ch,(1)=(0.95+0.1B)C, (1),
j=12 m=1..,10,
where 0<B, <1, m=1..10 are obtained by a

generator of random numbers.

The obtained artificial experimental data (18)
are used for the illustration of the parameters
(K a0, 8,855, =42 a4,8,,8,, J=12,K))

“theoretical” value

(18)

identification in the average concentrations model
(17) by the minimization of the least-squares
function with respect to K, a;,,a;,a;,, j=12:

Q(LK,.a),a,a,, j=12)=

— 2
0| C(L,K,a,,,a;,,a,, j=12)-
- 1_(m v ) +(19)
m=1 _Clexp (1)
_ . 2
R C,(LKyaj.a,),,j=1,2)-
m=1 _szexp (1)
where the values of

Ci(LK.aj.8,8,,j=12), i=12 are obtained

J
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as solutions of (17). The obtained (after the
minimization) “experimental” parameter values

Kl,ajo,ajl,ajz,jzl,z are compared with the

“theoretical” values on the Table 1.

Table 1. Parameters
K, a0, a;,a;,, ] =1,2(physical absorption).

Parameters “Theoretical” “Experimental”

values values
a,, 1.0318 0.9348
a, 0.1226 0.1286
a, —0.1640 —0.1616
a,, 0.5301 0.5547
a,, 1.0671 1.0267
a,, —0.6190 —0.6300
K 1 1.0637

The obtained (“experimental”) parameter values
K, a;,a;,a;,, ] =1,2 are used for the solution of
(17) and the results (the lines) are compared with
the “theoretical” average concentration values on
the Fig. 2.

The obtained “experimental” value of K;
permits to be obtained the “experimental” value of
the interphase mass transfer coefficient k = K, T, /1.

18

09

08 o
07 : © -
¢ S —a - Y
06
o o ?
05 o o___—
04 & ¢
O
03 O
02- o
01
[ 12
0 01 02 03 04 0’5 0.6 07 os 09 1
Fig. 4. Average concentration distribution

CJ—(Z), j=12 in the case @w=1.5: “theoretical”
values as solutions of (15) and (7) for different
Z, =O.l(n +1), n=0,1...,9 (points); as a solution of
(17), wusing the “experimental” parameter values

Ky, Qjo, 81, Ajp, j =12 (lines).

In the same velocities distribution in the phases
(the same “experimental” values of
K, a;0,2;,3;,, J=12 in the Table 1), for other
concrete process (w=1.5), the solution of (15) and
(7) permit to be obtained the “theoretical” average
concentrations (_Ij (), j=1,2, which are compared

(Fig. 4), with the solution of (17), using the
“experimental” values of K, a;5,8;,,8;,, J=12 in

the Table 1.

CHEMICAL ABSORPTION

In the case of chemical absorption, from (4, 5, 8,
16) follow the models:
dac,,

Uln dZn __Kl(Cln_CZn);

dC
u,, dZZnn =a)K1(C1n —CZn)—DaCZn;
0.n<Z, <0.1(n+1); (20)
Z,=0.1n, Cjn(R,Zn)zcj(nfl)(R,Zn);
n=01..4, j=12;

Z,=0, Cp(R.Zy)=L Cy(R,Z,)=0.

dc
(aio +a112 + aizzz)d_zl+
+(ay, +2a,2)C, =K, (C,-C,);
dcC.
(am+a21Z +a2222)d_22+ (21)

+(a21 + 2a222)62 =K, (61 —62)— Daéz;
Z=0, Clzl, c_:zzo_
The parameters w, Da in (20), (21) are known

beforehand. The solution of (20) for a concrete
process (w=1, Da=1) and a “theoretical” value of

K, =1 permits to be obtained the concentration
C,(RZ,),j=12 for different
Z,=0.1(n+1),n=0,1,.,9 (Fig. 5).

n

distributions

Fig. 5. distributions

Concentration
C,(R.Z,), j=12 in the case @=Da=K,=1 for

Z,=01(n+1),n=01,...,9

different
absorption).

(chemical

715
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The solution of (20) (Fig. 5) and (7) permit to be
obtained the “theoretical” average concentration

C,,(Z,), j=1,2 (the points in the Fig. 6) and the
functions A, (Z,), j =12 (the points in the Fig. 7)
for different Z, =0.1(n+1),n=0,1,...,9.

From Fig. 7 is seen, that the functions
A.(Z,).Z,=01(n+1),n=01..,9 are possible
to be presented as quadratic approximations (16)
and the “theoretical” values of @y, a;;,a;,, j =12,

are presented in the Table 2.

0.8

07 Q
i}
06+ O.‘ o
(&) — o
G 0.5 | —a -
®
0.4
03+
s o o o —o0—%
02 P S
2]
0.1 o~
[ ]
1] 01 02 03 04 05 06 0.7 [1F:] [X:] 1
Z,
Fig. 6. Average concentration distributions

C,(Z,),j=12 in w=Da=K, =1:
“theoretical” values as solutions of (20) and (7) for
different Z, =0.1(n+1),n=0,1..,9 (points); as a
solution of (21), using the “experimental” parameter
values Ky, a;,,8;;,8;,, j=1,2 (lines).

the case

11 A
5 [
o > T T ———
1.05 b ° ° =
| [=]
; - .
o o
16 ) o 8
2
A
0.95 9 ’
o,
0.9
< 085
(+]
0.8
0.75
07 o
0.65 }f
0.6
0 01 02 03 0.4 05 0.6 07 08 08 1

Fig. 7. Function Ajn(Zn), j=1,2 in the case
w=Da=K, =1: as a solution of (20) and (7) for
different ~ Z, =0.1(n+1),n=0,1...,9
A (Z),j=12 as a quadratic approximation (16)

]
(line).

(points);
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The “theoretical” average concentration values
CJ. (1)=C_Ij9(Zg),ZQ=1,j=1,2 (Fig. 6) are used
for to be obtained and the artificial experimental
data (18). As a result, the minimization of the least-
squares  function (19) with  respect to
K. a0, a;,8;,, j=1,2 permits to be obtained the
“experimental”  values of the parameters
K, a;0,;,8,, ] =1,2, presented in the Table 2.

The “theoretical” average concentration as
solutions of (20) and (7) for different
Z, =0.1(n +1),n=0,1,...,9 (points) are compared
(Fig. 5) with the solution of (21) for the same case
(w=1,Da=1) (the line), where the “experimental”
values of the parameters Ky, a;;, a;,,3;,, =12 in

the Table 2 are used.

Table 2. Parameters K, a;,,d;,,8;,, =12
(chemical absorption).
“Theoretical” “Experimental”
Parameters
values values
aio 1.0346 0.8825
an 0.2378 0.2423
a2 —0.2742 -0.2771
ao 0.6405 0.6586
an 1.0359 1.1074
ax —0.6869 —0.6794
K1 1 1.0684
0.7 s
0.4
Fig. 8.  Average concentration distribution

Ci(Z),j=12 in the case w=1Da=15:
“theoretical” values as solutions of (20) and (7) for
different Z, =0.1(n+1),n=0,1,...,9 (points); as a
solution of (21) (lines), using the “experimental”
parameter values K, a;,8;,,8;,, =12 in the Table
2.

In the same velocities distribution in the phases

(the same “experimental” values of
K a;,8;,8;,, J=12 in the Table 2), for other
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concrete process (w=1, Da=1.5), the solution of
(20) and (7) permit to be obtained the “theoretical”
average concentrations C,(Z), j=1,2, which are
compared (Fig. 8), with the solution of (17), using
the “experimental” values of
K, a;0,;,a;,, ] =1,2 in the Table 2.

PHYSICAL ABSORPTION OF HIGHLY
SOLUBLE GAS (w = Da = 0)

In the cases of physical absorption of highly
soluble gas (w=Da=0), from (15), (17) follows

C,, =C,, =0,n=01..,9, and as a result the
models (15), (17) have the forms:

U, (;CT“ =—K,C,,; 0In<Z <0.1(n+1);

n

Z,=04n, C,(RZ,)=C,,(RZ) (22
n=01..4 Z,=0, Cy(R,Z,)=L.

d
(%+%J+%Jﬁﬁ%+

+(ay, +2a,Z)C,=-K,C; Z=0, C =L
The solution of (22) for “theoretical” value of
K, =1 (dimensionless interphase mass transfer

coefficient in the gas phase) permits to be obtained
the “theoretical” concentration distributions

C,(R.Z,) for different
Z,=0.1(n+1),n=0,1...,9. This solution of (22)
and (7) permit to be obtained the “theoretical”

1@

(23)

0.9
0.8
07
06 o
o 05 o)
0.4 o
0.3

0.2

Fig.9. Average concentration distribution C,(Z)
in the case w=Da=0:
“theoretical” values of C,, (z,) for different
Z,=0.1(n+1), n=0,1...,9 (points):;

C_Il (Z) as solutions of (23) for “experimental” values of
A, &y, &, Ky (line).

average concentrations C, (Z,) for different
Z,=0.1(n+1), n=0,1...,9 (the points on the Fig.
9), which are compared with the solution of (23)
(the line on the Fig. 9), where the “experimental”
values of the parameters a,,a,,a,, K, in the

Table 1 are used.

PHYSICAL ABSORPTION OF LIGHTLY
SOLUBLE GAS (&' = 0)

The model (15), (17) is possible to be presented
as

dC B
U, dzlnn =—® 1K2 (Cln _CZn);
dC
Uzndenn: K2 (Cln _CZn);
0.In<Z <0.1(n+1); (24)

z,=04n, C,(RZ,)=Cy,,(RZ,);
n=01..9 j=12
Z,=0, Cyu(R/Zy)=1 Cyu(R,Z,)=0.
dC,
Z+a,2%)—=
(3 +8uZ +2,2° )+
+(ay, +2a,2)C, =-0K,(C,-C,);

(2 +8,Z +2,2° )% + (25)

+(a, +2a,7)C, =K, (C, - C,);

Z=0, C, =1 C,=0.

In (24), (25 K,=wK;=1 in the case
w=K, =1.

In the case of physical absorption of lightly
soluble gas (o™ =0), from (24), (25) follows
C,=1n=0,1..9 and as a result from (24) and
(25) is possible to be obtained

dC
U2n dzzn = Kz (1_C2n);

n

0.In<Z, <0.1(n+1);
z,=01n, C,(RZ,)=C,,(RZ,); (26)
n=0,1..,9;

d
+(ay +2a,7)C, =K, (1-C,); (27)

717
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The solution of (26) for “theoretical” value of
K, =1 (dimensionless interphase mass transfer

coefficient in the liquid phase) permits to be
obtained the “theoretical” concentration

distributions C,n(R.Z,) for
differentZ, =0.1(n+1),n=0,1,...,9. This solution
of (26) and (7) permit to be obtained the
“theoretical” average concentration values C,, (z,)
for different Z =0.1(n+1), n=01..9 (the
points on the Fig. 10), where are compared with the
solution of (27) (the line), where the
“experimental”  values of the parameters
8y, 8y, 8y, K, =K, inthe Table 1 are used.

o0& L L L
0 0.1 02 0.3 0.4 0.5 06 0.7 0.8 09 1
Z,

Fig. 10. Average concentration distribution C,(Z)
in the case @ ' =0: “theoretical” values C,, (Zn) for
z,=01(n+1), n=01..9
C_IZ ( Z) as solutions of (27) for “experimental” values of

Ay, 8y, Ay, K, =K, inthe Table 1 (line).

different (points);

The comparison of the Figs. 2, 9, 10 shows that
the obtained parameters in the cases of highly and
lightly soluble gases can be used at average soluble
gases, Wwhere is necessary an experimental

718

determination of the interphase mass transfer
coefficient, only.

CONCLUSIONS

The presented numerical analysis of a co-current
absorption process in column apparatus shows, that
the average concentration model, where the radial
velocity components in the phases are equal to zero
(in the cases of constant velocity radial non-
uniformities along the column height), is possible
to be used in the cases of an axial modification of
the radial non-uniformities of the axial velocity
components. The use of experimental data, for the
average concentrations at column end, for a
concrete process, permits to be obtained the model

parameters (K, a;y,a;,a;,, j=1,2), related with

the radial non-uniformities of the velocities in the
gas and liquid phases. These parameter values
permit to be used the average concentration model
for modeling of physical and chemical absorption,
absorption of highly and lightly soluble gases
(different values of the parameters w,Da, i.e.

different values of the column height, average
velocities, chemical reaction rate constant and gas
solubility).
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HOBU MOJEJIN HA UHAYCTPUAJIHN KOJIOHHU AGCOPBEPH.
1. TIPABOTOYHU ABCOPBIIMOHHU ITPOILIECHU

b. bosmxues, Xp. bosamxues

HUnemumym no unsicenepna xumust, Boaeapcrka akademust wa naykume, yi. ,,Axao. I'. Bonues*, 6n. 103, 1113,
Cogus bvreapus

Tlomyuena na 20 romm, 2016 r.; mpuera Ha 2 ¢eBpyapu, 2017 .
(Pe3tome)

[IpeacraBeH € HOB MOAXO/ 32 MOJEJIMpPAHE Ha WHIYCTPUAIHU KOJOHHU abcopOepu. IIpemioxken e TeopeTHyeH
aHaiM3 Ha e(eKTa Ha paJraHaTa HEpaBHOMEPHOCT Ha CKOPOCTTA IIPY MPaBOTOYHHU aOCOPOLMOHHH TIPOLIECH B KOJIOHHU
anapaTi. MoJenbT Ha CpeIHUTE KOHIEHTPAlKHU, KbAETO pajualHaTa KOMIOHEHTa Ha CKOPOCTTAa € Hyna (B CIy4auTe Ha
MOCTOSIHHA pajuajiHa HEePaBHOMEPHOCT Ha CKOpPOCTTa IO BHCOYMHATAa HAa KOJIOHATa), € HM3IOd3BaH B clydyauTe Ha
aKCHAJHO M3MEHEHHE Ha pajJualHaTa HEPaBHOMEPHOCT Ha AKCHAJTHWTE KOMIIOHEHTH Ha CKOPOCTHUTE B Ta3oBara U
TeuHarta (a3u. M3mon3BaHETO HA EKCIIEPUMEHTATHY JJaHHHU 32 CPEIHUTE KOHIEHTPALMK B Ta3oBaTa U TeYHaTa (a3u Ha
n3X0/la UM OT KOJIOHATa 3a KOHKPETEH Ipolec (abcopOuust Ha CpPEeAHO Pa3TBOPHM ra3), MO3BOJIABA HAMHPAHETO Ha
MOJIETIHATE TapaMeTpH B ra3oBaTa M Te€4HaTa (pa3u, CBBP3aHH C pajuaHaTa HEPaBHOMEPHOCT Ha CKopocTHTe. Te3un
CTOMHOCTH Ha MapaMeTPHUTE MO3BOJIABAT M3MOI3BAHETO HA MOJEIHNTE HA CPEIHHUTE KOHIICHTPAIWHU 32 MOAEIHMpPaHE Ha
pa3nuuHu a0COPOIMOHHY ITPOLIECH B IPABOTOYHH KOJIOHH.
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A theoretical analysis of the effect of the velocity radial non-uniformity on the counter-current absorption processes
in the column apparatuses is presented. The average concentration model, where the radial velocity component is equal
to zero (in the cases of a constant velocity radial non-uniformity along the column height), is used in the cases of an
axial modification of the radial non-uniformity of the axial velocity components in the gas and liquid phases. The
modeling problem in the counter-current flows is complicated, because the model equations has to be presented in two-
coordinate systems (in a one-coordinate system one of the equations has no solution due to the negative Laplacian
value).

The use of experimental data, for the average concentrations in the gas and liquid phases at the column end in the
cases of highly and lightly soluble gases, permits to be obtained the gas and liquid phases model parameters, related
with the radial non-uniformity of the velocities. These parameter values permit to be used the average concentration
models for different absorption processes modeling in counter-current columns.

Keywords: Column apparatus, gas absorption, counter-current flows, convection-diffusion model, average
concentration model, velocity radial non-uniformity.

INTRODUCTION models [2] must be replaced by z=1z,,z=1z, inthe

In two papers [1, 2] was shown, that average gas and liquid phases, respectively. As a result, the
concentration model, where the radial velocity convection-diffusion and average concentration
component is equal to zero (in the cases of a models of the counter-current chemical absorption

constant velocity radial non-uniformity along the ~ Processes have the forms:

column height), is possible to be used in the cases aoc, o°c, laoc, o
of an axial modification of the radial non- “1672 R e
uniformity of the axial velocity component. The use ' !
of experimental data, for the average concentration —k(c, - x¢,);
at the column end, for a concrete process and ac 2. 1éc. o
column, permits to be obtained the model U, —== 2[ 2 ——2+—22]
parameters, related with the radial non-uniformity oz, oz, ror or
of the velocity. These parameter values permit to be +k (¢, — x¢,)—KoCy;
used the average concentration model for modeling ac.
of different processes in the cases of different r=0, —=0; 1)
values of the column height, average velocity,
reagent diffusivity and chemical reaction rate oc; . .
constant. This possibility will be used for modeling r=h, o 0 =12
of the gas absorption processes in the counter- — _ 0
current columns, where the problem is complicated 1= G =0,
[3], because the mass transfer process models has to W0 = u.c® — D a ) .
be presented in two-coordinate systems (in a one- et ez ),
coordinate system one of the equations has no s ac
z,=0, c,=0, (—2 =0.
Counter-current absorption processes 0 ),

The modeling of the counter-current absorption
processes uses two cylindrical coordinate systems

(f,Zj), j=12 inthe gas (j=1) and liquid (j =2)
phases, i.e. the axial coordinates in the co-current

* To whom all correspondence should be sent:
E-mail: chr.boyadjiev@gmail.com
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_dc, dea, __ d%c _
(2)% a0 D dzfl_k( 1))
_dg, da, . d%
Z)U + =D 2
% (2)%, dz, dz, °° % dz?

Zl:O, (_:1(0)5010, E 0; (2)
2,20, ©,(0)=0, %:o,

2% . u; (1)
al(zl):r_Z_[rujcjdr’ u;(r)= —

00 i

c,(r.z;)
c(rz, )= j=12
(ra)-240

In (L, 2) u;(r),c;(r.z;),D;, j=12 are the
velocities, concentrations and diffusivities in the
gas and liquid phases, T;,C,(z;),j=12 - the
average velocities and concentrations at the column
cross-sectional area, ;(r),¢;(r.z;), j=12 - the
radial non-uniformities of the velocities and
concentrations.

Generalized variables

In (1, 2) is possible to be introduced the
generalized variables [4-7]:

r=nR, z,=1Z, z,=1Z,, u,(r)=0U,(R),
0=y, ®), -z

g 3)
C1(rvzl):C10C1(R’Zl)’ 61(21):(71061(21)

Cl0 = G~
Cz(r,22)=;C2(R,Zz)a CZ(ZZ)ZE

and as a result is obtained:

U,

oC, 0°C, 1aC, o&°C,
—t=Fo | e—+—-—=+— |-
0z, oZ; ROR OR
-K,(C,-C,);
2
;o (8, 12C, O,
o0z, 0Z, ROR OR
+wK,(C,-C,)-DaC,; (4)

U,

oC. oC. .
R=0, —1=0; R=1 —=0; j=12
OR OR

Z,=0, C, =1 1=U,-Pe’ e
oz,
Z,=0, C,=0 %, _o
oz,
dC, LOA & ,d?C, = =
Al(z )dz dZ C Pel d212 Kl(cl_CZ)’
dC, , dA, L d’C,
—2C, =Pe +
A )dZ dz, * T dz?2
+aK,(C,-C,)-DaC,;  (5)
Z,=0, C =1, &:o,
dz
z,=0, C,=0, 9©,

In (4, 5) Fo, Da and Pe are the Fourier,
Damkohler and Peclet numbers, respectively:

Dl al k|
Fojz—u;z, esz—’, Da=U—°,
j'o j 2
_ (6)
s=Foipel K =N, 0% g
l"Il u2

In the cases of a physical absorption Da=0.
In (5) are used the functions:

]

C.(zj)zszcj(R,zj)dR,

C.(r,z)—c(r z.)_Cj_(R,Zj),
() Gi(z) ™
a;(z)=a;(12,)=A(2;)

S 2jRu ©) (? Z;
The convection-diffusion model (4) permits to
be made [1-4] a qualitative analysis of the process
(model) for to be obtained the main, small and
slight physical effects (mathematical operators),
and to be rejected the slight effect (operators). As a
result the process mechanism identification is
possible to be made. On this base are possible to be
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obtained different approximations for high column
(0=£<107), big average velocities
(0=Fo, <107?, j=1,2), small (0=Da<10") or

big (0=Da™ <107%) chemical reaction rate, highly
soluble (0=w<107) or lightly soluble
(0=w™ <107?) gas. In the industrial absorption

column [2], the model parameters have very small
values:

Fo,[110°, Fo,107", ®)
Pe,'(110°, Pe,'0107"°
and the models (4, 5) have the convective forms:
0, % - K (c,-c,)
le
dC
Uzd—zzza)Kl(Cl—Cz)—DaCZ; 9)

2

Z,=0, C =1, Z,=0, C,=0.

dA1 _
Ai(z)dz OIZC K(C C)
dc, dA2 = &\ MaF -
AZ(Z )OIZ 0z, C,= (C1 CZ) DaC,; (10)

z2,=0, C,=1 Z,=0, C,=0.

Physical absorption of the average soluble gases

In the case of physical absorption (Da=0) of
an average soluble gas (@[ 1) from (9, 10) follows

dC,
U—=-K(C-C
Yz, X o)
dC
U2d_22=a)K1(Cl_C2); (11)

2

2,=0, C;=L Z,=0, C,=0

AI(Z) AIC __Kl(c_:l_éz);

dZ dZ
A (2) 55+ PG, ok (6-C.): 2

z,=0, C,=1 Z,=0, C,=0.

The theoretical analysis of the model (12) shows
[3-7], that the functions A;(Z;), j=1,2 is possible
to be presented as linear approximations:

Aj =aj0+ajlzj, j=12, (13)
where the model parameters «;y, a;, j=12 is

possible to be obtained, using experimental data for
ashort column (Z;=0.1, j=1,2).

The presented theoretical analysis shows, that
the basic approximations of the convection-
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diffusion models (4, 9) and average concentration

oa . ]
model (5, 10) are —- =0, j=1,2.
8zj
Effect of the axial modification of the radial non-
uniformity of the velocity
Let’s considers the velocity distributions [2]:
u, (rz,) =00, (rz,), =12 (14)

and axial step changes of the radial non-uniformity
of the axial velocity components in the column:

0, (r.z,)=0,(LR1Z,)=

=U,(RZ,)=a, -b,R? (15)
a,,=2-0.In, b, =2(1-0.1n),
0.In<Z,<01(n+1), n=01..9, j=12

where the average velocities at the cross section of
the column are constants, while the maximal
velocities (and as a result the radial non-uniformity
of the axial velocity components too) decrease
along the column height.

If put (15) in (11), the model has the form:

dC
Uln dZi: :_Kl(cln _CZn)'
0.In<Z, <0. 1(n +l)
dC,,
U,, dZ; za)Kl(Cln _CZn)’
0.In<Z,, <0.1(n+1); (16)

Z,=01n, C,(RZ,)=C;,,(RZ,)
n=0...9; j=12

Z,=0, ClO(R’Zlo)El;

Z,o=0, Cyp(R,Zy)=0.

The solution of (16), using the method in [2, 8],
for concrete process (w=1) and “theoretical” value
of K, =1, permits to be obtained the concentration

distributions C;,(R,Z,,), j=1,2 for different
Z,,=0.1(n+1), j=1,2,n=0,1...,9. These results

and (7) permit to be obtained the “theoretical”
average concentration values

Cin(Z;,).2,,=01(n+1), j=1,2,n=0,1,...,9 (the
points on Fig. 1) and the function values
A, (Zjn), j =1,2 (the points on Fig. 2) for different

Z,,=01(n+1), j=12,n=01,...,9.
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07 [ % T

/,{

0.1 02 03 0.4 05 06 07 08 [+R:] 1

Fig. 1. Average concentration C_:j (Zj), j=12 in
wo=K, =1: values
C,(2;)=C;,(Z;,), i =12 as solutions of (16) and
(7) for different Z,, =0.1(n+1), j=1,2,n=0,1...,9

the case “theoretical”

(points); C_Ij (Zj), j=1,2 as a solution of (18), using

the “experimental” parameter values
K, +K
1 2 _ ;
j9, Ay, 85, ] =12, K, =K, =———*=1.05 inthe
Table 1 (lines).
11 T
1.05 o °©__° o 5
1 o ° O
16 - 8
0.95 - ﬁ" ©
0s - o
As
9
0.85 - e
Ty 0//
0.75 /
o
07 4
0.65
0.6 o
0.55
[ X
0 01 02 03 0.4 05 06 07 08 09 1
Z,
Fig. 2. Function A, (Zjn)for different

Z, =0.1(n+1), j=1,2,n=0,1,...,9 (points);
Aj(Zj),jzl,Z as a quadratic approximation (17)
(line).

From Fig. 2 is seen, that the functions
Ay (Z;,),n=01...,4,j=12 are possible to be
presented as quadratic approximations:
A(Z))=a,+a,Z; +a,Z}, j=12 (17)
where the (“theoretical™) values of
ajo, ;3,@;,, ] =1,2 are presented in the Table 1.

As a result (in the case of axial modification of
the radial non-uniformity of the velocity) the model

(10) has the form:
(a1 +a,Z, +a, Zz)d—cl+
0 171 2-1 dZ
+(311+231221)61:_Kl(cl_éz);

dC
(ap +2,2, +a22222)d—22+ (18)

2
+(a, +2a,2,)C, =K, (C,-C,);
z,=0, C,=1 Z,=0, C,=0.
Physical absorption of highly soluble gas
(w=Da=0)

In the cases of physical absorption of highly
soluble gas (w=Da=0), from (16, 18) follows

C,, =C,, =0, and as a result the models (16, 18)
have the forms:
u, dC_lﬂ:—chln; 0.In<Z,, <0.1(n+1);
dz,,
Z,=0n, C,(RZ,)=Cyy(RZ,); (19)
n=0.1,..,9; zm_o Cyo(R,Zy)=1
(20 +2,:Z, +a,Z; ) +( 1 +28,2,)C,
=—K1C1? (20)
z,=0, C =1

The solution of (19) for “theoretical” value of
K, =1 permits to be obtained the “theoretical”

concentration distributions C,, (R,Z,,) for different
Z,,=0.1(n+1),n=0,1...,9 . This solution of (19)
and (7) permit to be obtained the “theoretical”
average concentrations C,,(Z,,) for different
Z,,=0.1(n+1),n=0,1...,9 (the points on the Fig.
3).

Parameters identification in the gas phase

The obtained the values of the function
Cn(Z4,),Z,,=01(n+1),n=01..9 (using the
solution of (19) and (7)), for the concrete process
(w=Da=0) and “theoretical” value of K, =1,
permit to be obtained the concentration values
C,(1) and the artificial experimental data:

Chho(1)=(0.95+0.1B,)C,(1), m=1..10, (21)

lexp
where 0<B, <1, m=1..,10 are obtained by a

generator of random numbers.
The obtained artificial experimental data (21)
are used for the parameters (a,,, a,,, a,, K;)
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identification in the average concentrations model
(20) by the minimization of the least-squares
function Q, with respect to a,y, a;, a,,, K, :

Q (802135, K, ) =

0 _ > (22
:Z[Cl (1' Qg 8y, &y Kl)_clrzxp (1):| '
m=1

where the values of C,(La,,a,,a,,K,) are

obtained as solutions of (20), using the method in
[8]. The obtained after the minimization
“experimental” parameter values a,,a,;,a,, K,

are compared with the “theoretical” values on the
Table 1.

The obtained (“experimental”’) parameter values
a,, 8y, &,,, K, are used for the solution of (20)
with the help of the method in [8] and the result
(the line) is compared on Fig. 3 with the

“theoretical” average concentrations C,, (Zln) for
different Z,, =0.1(n+1),n=0,1,...,9 (the points).

Fig. 3. Average concentration distribution C,(Z) in
the case @=Da=0: “theoretical” values of C,,(Z,)
for different Z,, =0.2(n+1), n=0,1...,9 (points);
C, (Z) as solutions of (20) for “experimental” values of

9, 8y, Ay, Ky (line).

Physical absorption of lightly soluble gas
(0*=0,Da=0)

The models (16, 18) is possible to be presented
as:

724

dC _
1n dZ1n =-w 1KZ (Cln _CZH)’
1n

0.In<Z,, <0.1(n+1);

dc,,
Umﬁ: K (Cln _Czn)_Dacznv
0.1n<Z, <0.1(n+1); (23)
Z,=01n, C,(RZ,)=C,,(RZ);
n=01..9;, j=12

Z,, =0, Clo(R'Zm)El;
Z, =0, Cy(R,Z,)=0.

dC =
(aio +ayZ + aizzz)d_zl+(a11 + zaizz)cl =

1

In (23, 24) K, = wK,.

In the case of physical absorption of lightly
soluble gas (@™ =0, Da=0), from (23, 24) follows
C,=1n=0,1..,9 and as a result from (23, 24) is
possible to be obtained:

u, 2;2 _K,(1-C,); 0.n<Z, <01(n+1);

2n

Z,,=01n, C,(RZ,,)=Cy,y(RZ,);
N=01..9; Z,,=0, Cy(R,Z,;)=0.
(25)

dC —
(2 +2,Z, + azzzzz)d—zer (ay +2a,,2,)C, =
2

=K, (1-C,):  (26)

Z,=0, C,=0.
The solution of (25) for “theoretical” value of
K, =1 (dimensionless interphase mass transfer

coefficient in the liquid phase) permits to be
obtained the “theoretical” concentration

distributions C,.(R.Z,,) for  different
Z,,=0.1(n+1),n=0,1...,9. This solution of (25)
and (7) permit to be obtained the “theoretical”
average concentration values C, (Z,,) for
different Z,,=0.1(n+1), n=0,1..,9 (the points
on the Fig. 4).
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Parameters identification in the liquid phase

The obtained the values of the function
Con(Zs).Z,,=0.1(n+1),n=01..,9 (using the
solution of (25) and (7)), for the concrete process
(0*=0,Da=0) and “theoretical” value of

K, =1, permit to be obtained the concentration
values C, (1) and the artificial experimental data:

Cro (1)=(0.95+0.1B,)C,(1), m=1..10, (27)

2exp
where 0<B,<1,m=1..10 are obtained by a
generator of random numbers.

The obtained artificial experimental data (27)
are used for the parameters (a,,a,,a,, K,)
identification in the average concentrations model
(26) by the minimization of the least-squares
function Q, with respect to a,,, a,,, a,,, K,:

Qz(azo’azpazzv Kz):

10 _ _ 2 (28)
16 et ]

where the values of C,(Lay,a,,a,,K,) are
obtained as solutions of (26), using the method in
[8]. The obtained after the minimization
“experimental” parameter values a,y, 8y, 8,,, K,
are compared with the “theoretical” values on the
Table 1.

The obtained (“experimental”) parameter values
8,5, 85, 8y,, K, are used for the solution of (26)
with the help of the method in [8] and the result
(the line) is compared on Fig. 4 with the
“theoretical” average concentrations C,,(Z,,) for

different Z,, =0.1(n+1),n=0,1,...,9 (the points).

1
0.9

08

o7

06 o~
05

0.4 /,D-"'!{'
03
02 ’?f//
01 /

od-
0 o1 02 03 04 05 0.6 07 0.8 09 1
Z,

Fig. 4. Average concentration distribution C,(Z) in
w'=0,Da=0: “theoretical” values of
C,,(Z,) for different Z,,=0.2(n+1), n=0,1...,9

(points); C, (Z) as solutions of (26) for “experimental”

the case

values of a,, a,;, a,,, K, in the Table 1 (line).

Model parameters in the cases of average soluble

gases

The parameters a;,a;,a;,, j=12, in the
model (18) are related with the velocity
nonuniformity in the column, only. Their

“experimental” values are obtained in the cases of
absorption of highly and lightly gases (Table 1).
The parameter K, in (18) must be obtained from

the experimental values of K, and K, in the Table

1 as KlzKlJ;K2

=1.05. The solution of (18),

using the experimental parameter values in Table 1
and K, =1.05, leads to the average concentrations
in the Fig. 1 (lines).

Effect of the gas solubility

The  procedure  for  determining  the
concentrations in (18) is repeated for different
values of the Henry’s number ( y =0.5,1.5) and the

results are presented on the Figs. 5, 6.

.
N

08 N

Q_ "._._Cl

Fig. 5. Average concentration C_Ij(Zj), j=12 in

the cases @=0.5 K, =1: “theoretical” wvalues
Ci(z;)=C,,(2;,). i=12 as solutions of (11) and
(1) for different Z;,n=0,1,..,9 (points);

5j (Zj ) j=1,2 as solutions of (16) for “experimental”

values of a5, a;,,8;,, ] =1,2, K, =1.05 inthe Table 1
(lines).
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01 02 03 04 05 08 07 08 09 1
Zn

Fig. 6. Average concentration C_j(Zj), j=12 in

the cases w=15 K =1: “theoretical” values
Cj(Zj):Cjn(Zjn), j=12 as solutions of (11) and
(7)  for different Z;,n=01..,9  (points);

Cj (Z i ), j=1,2 as solutions of (16) for “experimental”
values of a;,,a;, @;,, J=12,K, =1.05 inthe Table 1
(lines).

Table 1. Parameters a;,a;, a;,,K;, j=12,
(physical absorption).

Parameters  “Theoretical”  “Experimental”

values values

ay, 0.919 0.567

a, 0.420 0.443

a,, —0.427 —-0.420

ay 0.433 0.414

ay 1.105 0.910

a,, —0.632 —0.766

K, 1 1.077

K, 1 1.029

Chemical absorption

In the case of chemical absorption, from (9, 10,
16, 18) follow the models:
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Ul dCln :_Kl(cln _CZH)'

"dz,,
0.In<Z,, <0.1(n+1);

dc,,
2n dZZn

0.1n<Z, <0.1(n+1); (28)
Z,=01n, C,(RZ,)=C,,(RZ);
n=01..9;, j=12

Z,, =0, Clo(R'Zm)El;

Z,,=0, Cy(R,Z,)=0.

U

=K, (Cln -C,, ) —-DaC,,,

dC =
(aio +ayZ + aizzz)d_zl+(ail + 2aizZ)C1 =

1
:—Kl(C_:1 —C_:Z);

dC -
(2 +2,Z +a2222)d—22+(a21+2a222) ,= (29)

2
=aK,(C,-C,)-DaC,;
z,=0, C,=1 Z,=0, C,=0.
The solution of (28) for a concrete processes
(w=1,Da=12) and a ‘“theoretical” value of

K, =1 permits to be obtained the concentration
distributions  C;,(R,Z;,), j=12 for different
Z,,=0.1(n+1), j=1,2,n=0,1...,9. This solution

of (28) and (7) permit to be obtained the
“theoretical” average concentration

Cn(Z,,) 2, =01(n+1), j=1,2,n=01..,9 (the
points in the Figs. 7, 8).

1«
~
08 “
a™ N
~
08l -
o
07
G
06l
Cos
04f |
03 B
J T
5,
o1
o . ) ‘ |
o1 02 03 04 05 06 o= - " |
Zn

Fig. 7. Average concentration C_Zj(Zj), j=12 in
w=1Da=1: values
5j(Zj):5jn(Zjn), j=1,2 as solutions of (28) and
(7) for different Z, =0.1(n+1), j=1,2,n=0,1...,9

the  cases “theoretical”
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(points); C_Ij (Zj), j=1,2 as a solution of (29), using

the “experimental” parameter values

I PO j=L1,2 in the Table 1 (lines) and the

“experimental” value of K; =1.05.

Fig. 8. Average concentration C_Ij (Zj), J=12 in
w=1Da=2: “theoretical”
C_j(Zj):C_jn(Zjn), j=12 as solutions of (28) and

(7) for different Z,, =0.1(n+1), j=1,2,n=0,1...,9

the  cases values

(points); Cj (Zj), j=12 as a solution of (29), using

the “experimental” parameter values
jo, @)1, @), j =12 in the Table 1 (lines) and the

“experimental” value of K; =1.05.

CONCLUSIONS

The modeling of the counter-current processes
in column apparatuses is complicated because the
hydrodynamic models has to be presented in two-
coordinate system (in a one-coordinate system one
of the equations has no solution due to the negative
Laplacian value). The presented numerical analysis
of a counter-current absorption process in column
apparatus shows, that the average concentration
model, where the radial velocity components in the
phases are equal to zero (in the cases of constant

velocity radial non-uniformities along the column
height), is possible to be used in the cases of an
axial modification of the radial non-uniformities of
the axial velocity components.

The use of experimental data, for the average
concentrations in the gas and liquid phases at the
column end in the cases of highly and lightly
soluble gases, permits to be obtained the gas and
liquid phases model parameters, related with the
radial non-uniformity of the wvelocities. These
parameter values permit to be used the average
concentration models for different absorption
processes modeling in counter-current columns
(different values of the parameters w,Da, i.e.

different values of the column height, average
velocities, chemical reaction rate constant and gas
solubility).
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HOBU MOJEJIN HA UHAYCTPUAJIHU KOJIOHHHW AGCOPLEPH.
2. ITPOTUBOTOYHU ABCOPBLIMOHHU ITPOLIECHU

b. bosmxues, Xp. bosamxues

HUnemumym no unsicenepna xumust, Bvaeapcka akademust wa naykume, yi. ,,Axao. I'. Bonues*, 6n. 103, 1113,
Cogus bvreapus

Tlomyuena na 13 romm, 2017 r.; npuera Ha 21 romm, 2017 .
(Pe3tome)

HpeL[CTaBeH € TCOPCTUYCH aHaJIU3 Ha e(l)eKTa Ha paJjuajiHaTa HCPAaBHOMEPHOCT Ha CKOPOCTTA IPU NPOTUBOTOYHHU
a6COp6HI/IOHHI/I IMMpo1EeCH B KOJIOHHU amaparu. MopensT Ha CPCAHUTC KOHLCHTPALIUU, KbACTO paJjuajiHaTa KOMIIOHCHTa
Ha CKOpOCTTa € HYyJa (B CJIy4yauTC¢ Ha IMOCTOSAHHA paJjvajHa HEPABHOMEPHOCT Ha CKOpPOCTTa IO BUCOUYMHATA Ha
KOJIOHaTa), € H3NOJI3BAaH B CIIYyJauT€ Ha AKCHAJIHO M3MEHCHHE Ha paauaHaTa HEPAaBHOMEPHOCT Ha AKCHAJIHUTE
KOMIIOHCHTH HAa CKOPOCTHUTC B ra30BaTa U TCHHATA (1)8.31/1. HpO6J’I€MT>T Ha MOACIHUPAHCTO IIPU NPOTUBOTOUYHUTC TOTOLU €
YCJIOKHCH, 3allOTO MOJACIIHUTC YPABHCHUA Tpﬂ6Ba JAa CC IMPCACTABAT B ABC KOOPAMHATHU CHUCTCMU (B c€aHa
KOOpAUWHATHA CUCTEMA YPAaBHCHUATA HAMAT PCHICHUC ITOPAAN OTpULIATCIIHATA CTOMHOCT Ha J'IarmacnaHa).

Hznon3Banero Ha CKCIICPUMCHTAJIHNA JaHHU 3a CPCAHUTC KOHLUCHTPALUU B ra30BaTa U TECYHATA (1)331/1 Ha U3xoJa UM
OT KOJIOHaTa, B CIIy4auTC Ha CWJIHO U c1abo Pa3TBOPUMHU I'a30BC, MO3BOJIsIBA Aa C€ HAMEPAT MOIACIHHUTE IMapaMETpH,
CBBbp3aHU C paJguajiHaTa HCPABHOMCECPHOCT Ha CKOPOCTHUTE. CTOWHOCTHUTE Ha TE3HU napaMe€Tpu Ca HU3MNOJI3BAHU 3a
HaMHUpaHC Ha MOACIWUTE Ha CPCAHUTE KOHULCHTpAIMU 3a MOACIHMpAaHE Ha pasinvyHu a)Z[COp6III/IOHHI/I npouecu B
MIPOTUBOOYHHU KOJIOHU.
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Application of modified carbon paste electrode with multiwall carbon nanotube as a
simple and an effective catalyst for determination of cefixime in real samples
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Department of chemistry, Qaemshahr Branch, Islamic Azad University, Qaemshahr, Iran
Received September 1, 2016; Revised March 2, 2017

In this research, a modified electrode has been produced by mixing of graphite and multiwall carbon nanotube (MWCNT-
CPE). This modified electrode has a very good activity toward the cefixime electrooxidation in a phosphate buffer solution
(pH=5). Under optimal experimental conditions, the peak current response increased linearly with cefixime concentration
over the range of 3-12x103uM. The detection limit (35) of the method was 2.5uM. Therefore, this modified electrode was

a simple, rapid and effective electrode to determine cefixime in pharmaceutical preparations.

Keywords: Cefixime, modified electrode, electrooxidation, real sample.

INTRODUCTION

Cefixime [6R-[6a,7b(Z)]]-7-[[(2-amino-4-
thiazoyl) [(carboxymethoxy) imino]acetyl]amino]
3-ethenyl -8-oxo -5- thia-1-azabicyclo[4.2.0]oct-2-
ne-2-carboxylic acid (Scheme 1)is a third generation
cephalosporin. It is a useful antibiotic for the
treatment of a number of bacterial infections such
asotitis, sinusitis, tonsillitis and bronchitis. It is also
used to treat typhoid fever. It is also a primary
candidate for switch therapy owing to its very good
efficacy and safety profile [1].

HO /O

S o

Q

< NS
H,N S | || N NS \CHz - 3H,C
N N--
H I™s
Nog H H
H.(OH

Q
Scheme 1. Chemical structure of cefixime

Up to now, several analytical methods have been
reported for the determination of cefixime including
High-performance liquid chromatography (HPLC)
[2,3], high-performance capillary electrophoresis
[4], high-performance thin-layer chromatography
(TLC) [5],liquid chromatography (LC)-tandem
mass spectrometric [6] and various
spectrophotometry methods [7]. In most of the
reported methods, the selectivity and sensivity have
been improved, but they are time-consuming,
involving a large number of complicated
pretreatment steps for analysis, and they require
sophisticated and expensive instrumentation. In
comparison with above methods, using of
voltammetric methods has advantages such as

* To whom all correspondence should be sent:
E-mail: norouz2020@yahoo.com

simplicity, cheapness and increasing in sensitivity
and selectivity by modifying electrodes.

On the other hand, carbon nanotubes (CNTSs) are
considered as a novel nanosized material playing a
main role in the field of nanotechnology. They are
widely used in materials sciences, physical and
electronic fields for various applications [8-12].
Several unique properties of CNTs such as good
electrical conductivity, extremely high mechanical
strength and high chemical stability [13, 14] have
been caused numerous investigations were focused
on the studies of their properties and applications. In
addition, the subtle electronic behavior of CNTs
reveals that they have the ability to promote electron
transfer reaction and have a high electrocatalytic
effect when used as electrode materials [15, 16]. All
these fa scinating properties make CNTs as a
suitable candidate for the modification of electrodes
[17, 18].

The goal of this study was to development of
new, fully validated and rapid for the simple and
direct determination of cefixime in drug dosage
forms without any time-consuming extraction or
separation steps prior to drug assay.

Our literature survey indicates that, there is no
report about using of modified carbon paste
electrode with MWCNT-CPE for determination of
cefixime. In this work, we decided to use of this
modified electrode for the aim of electrocatalytic
oxidation of cefixime. Also, the study aimed at
examining the applicability of this modified
electrode to determine cefixime in some real
samples.

EXPERIMENTAL
Reagents and materials

The solvent used in this work was twice distilled
water. The electrolyte solutions were 0.1 M
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phosphate buffer in pHs of 2, 5, 7, 9,11and 13
respectively. Cefixime was prepared from Sari
Pharmaceutical (Sari, Iran) and used without further
purification. High viscosity paraffin (density = 0.88
g cm®) from Fluka (Sydney, Australia) was used as
the pasting liquid for CPE. Graphite powder (particle
diameter = 0.10 mm) from Merck and MWCNT
(New Jersey, US) (with purity >95%, outer diameter
5-20 nm, inner diameter 2-6 nm, length 1-10 mm,
number of walls 3-15, apparent density 0.15-0.35 ¢
cm? from Nanostar Tech. Co., Tehran, Iran) were
used as the working electrode substrates. To activate
MWCNTSs and remove any residual metals in the
nano-structure, 0.5 g of MWCNTSs plus 20 mL of
concentrated acids (H2SO4/HNOs: 3/1) were mixed
in a 25-mL flux and then the mixture was refluxed
for 8 h. Then, the MWCNTSs were separated from the
mixture and washed with 50 mL doubly distilled
water, centrifuged (3500 rpm) and dried at room
temperature. All other reagents were analytical
grade.

Apparatus

Electrochemical experiments were performed
with potentiostat/galvanostat u-Auto lab type system
(Eco Chemie BV, Netherlands), general purpose
electrochemical system (GPES). The voltammetric
measurements were performed in a three-electrode
cell using the modified CPE as working electrode, a
Ag | AgCI | KCI (3 M) from Azar electrode (Urmia,
Iran) as reference electrode and a platinum rod from
Azar electrode (Urmia, Iran) as counter-electrode.
All experiments were carried out at room
temperature. No action was taken to remove oxygen
from solutions.

The electrode modification

A mixture of graphite powder (0.99 g) plus
MWCNT (0.01 g) were blended by hand mixing
with a mortar and pestle. Using a syringe, the amount
of paraffin was added to the mixture and mixed well
until a uniformly wetted paste was obtained. The
resulting paste was then inserted in thebottom of a
glass tube (internal radius: 1.7 mm). The electrical
connection was implemented by a copper wire lead
fitted into the glass tube. A fresh electrode surface
was generated rapidly by extruding a small plug of
the paste out of the tube and smoothing the resulting
surface on white paper until a smooth shiny surface
was observed.
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RESULTS AND DISCUSSION
Oxidation of cefixime at MWCNT-CPE

Preliminary experiments were carried out to
compare electrochemical behavior of cefixime in
phosphate buffer of pH=5 at CPE and MWCNT-
CPE by cyclic voltammetry. Fig. 1 shows cyclic
voltammograms recorded at CPE and MWCNT-
CPE in the absence and the present of cefixime. No
cathodic and anodic peaks were observed in the
investigated potential range (0.2 to +1.2 V) on CPE
but at the surface of MWCNT-CPE, only an anodic
peak was observed at about 0.82 V (more than 380
mV negative shift compared to the observed solvent
oxidation wall at CPE).As it is obvious, the cefixime
signal is sensitive and occurs at a much lower over
potential than on CPE. These results show that
MWCNT-CPE reduces the over potential of
cefixime oxidation and in fact imparts
electrocatalytic activity for cefixime determination.

T T T T T T

I/ nA

I/ nA

0.4 0.8 1.2

EV vs. Ag/iAgCl KC1 (3M)

Fig. 1. Cyclic voltammograms of (A) CPE and (B)
MWCNT-CPE in 0.1 M phosphate buffer solution
(pH=5), in the absence (a) and presence of 1 mM cefixime
(b), Scanrate = 20 mV s %,
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Optimization of electrode variables for efficient
performance of MWCNT-CPE towards cefixime
oxidation

Effect of different percents of MWCNT to graphite

Figure 2 shows the effect of the paste
composition on the resulting voltammetric response.
MWCNT-CPE with different percents of MWCNT
to graphite (0.5, 1, 5, 10, 15 and 25%) was studied in
the absence and the presence of cefixime. There is
an increase in the oxidation current peak density
with increasing of percents of MWCNT to graphite
through a maximum at 1%. Based on Figure 2, as the
amount of MWCNT is increased more than 1%, the
current value decreases. However, large surface
areas can cause increments in background current,
which might decrease the resulting current values as
in the case of our work in agreement with previous
works [19-21]. As a result, further studies were
conducted using a 1% MWCNT to graphite.
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Fig. 2. Cyclic voltammograms of different percents of
MWCNT to graphite (A) 0.5%, (B) 1%, (C) 5%, (D) 10%,
(E) 15% and (F) 25% at the MWCNT-CPE in (a) absence
and (b) in presence of 1 mM cefixime and in 0.1 M
phosphate buffer solution (pH=5) at a scan of 20 mV s2,
Inset: Comparison of electrocatalytic currents for the
oxidation of cefixime observed on MWCNT-CPE.

Effect of pH

We have tested the electrocatalytic activity of
MWCNT deposited on CPE against cefixime
electrooxidation in the buffered solutions with
various pHs in the range of 2-13 (Fig. 3).For all of
them, the modified electrode shows electrocatalytic
activity. However, higher electrocatalysis peak
currents are observed at pH=5 (the value of Al is the
most of others).Based on such investigations, a
buffered solution of pH=5 was chosen as an
optimum condition in order to obtain the best
sensitivity in all voltammetric measurements.

10| PH=2 pH=5 b,*

) 7

04 0.8 12
EV vs. Ag/AgCl KC1(3 M)

0.4 0.8 1

EV vs. Ag’AgCl KC1(3 M)

2 5 7 9 11 13
pH

Fig. 3. Cyclic voltammograms of MWCNT-CPE in
different pH solutions, in the absence (a) and the presence
of 1 mM of cefixime (b) at scan rate of 20 mVs™.

Effect of cefixime Concentration

Figure 4 shows the effect of cefixime
concentration on the cyclic voltammograms of the
MWCNT-CPE. As can be seen from this figure, the
height of the anodic peak increases with increasing
in cefixime concentration. The characteristic shape
of CV inthis potential region indicates that the signal
is due to the oxidation of cefixime. The catalytic
peak current is proportional to the concentration of
cefixime in the range of 0.003 to 12mM. The linear
regression equation is I (uA) = 5.939Ccefixime (MM) +
11.68 (R? = 0.99). The detection limit calculated
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from the calibration graph was 0.0025mM when the
signal to noise ratio was 3.

A

I/ nA

04 03 12
EN vs. Ag/AgCl KC1 (3 M)

80 4

yo 593 + 1188
R =090

I/pnA

C/mM

Fig. 4. (A) Cyclic voltammograms of MWCNT-CPE
in 0.1 M phosphate buffer solution (pH=5) containing
0.003, 0.008, 0.01, 0.02, 0.04, 0.6, 6 and 12 mM of
cefixime from a to h at 20 mV s (B) Plot of catalytic
current vs cefixime concentration.

Real sample analysis

In order to examine the applicability of the
proposed method, we tested the determination of
cefixime in commercial tablet sample using the
standard addition method for preventation of any
matrix effect under the optimized conditions. All

samples were diluted with phosphate buffer solution
(pH=5) and then appropriate amounts of cefixime
standard samples were transferred to the
electrochemical cell for the determination of it.
There is a linear relationship between the I, versus
cefixime concentration. It was found that the drug
concentrations determined using this method is in
good agreement with the reported values. The value
of experimentally determined drug and the declared
value in tablet are tabulated in Table 1.

Effect of scan rate

The dependence of the anodic peak current
response on the potential scan rate during the
electrocatalytic oxidation of cefixime was examined
employing CV by varying the scan rate from 10 to
1000 mV s (not shown). Results indicated that
there is a linear relationship between the anodic peak
current (Ip.) and the square root of the scan rate (v*2)
in the scan rates of 10-1000 mV s* for cefixime
(1,=1.033 v*2-0.019). This indicates that the
oxidation of cefixime at MWCNT-CPE is a
diffusion-controlled process.

Chronoamperometric studies

We employed chronoamperometric method for
the investigation of electrochemical processes at
MWCNT-CPE. Fig. 5 represents the current—time
profiles obtained by setting the working electrode
potential at 850 mV for various concentrations of
cefixime. Plotting of the net current as a function of
the inverse square root of time, gives a linear
relationship (Fig. 5B), resulting in a diffusion
controlled process. The diffusion coefficient of
cefixime can be obtained by using the slope of this
straight line, according to Cottrell equation [22]:

| = nFADl/Zc*n.—l/Zt—UZ (1)

Table 1.Determination of cefixime in pharmaceutical preparation using MWCNT-CPE

Sample Amount Labeled /g Amount Founded / g Recovery % RSD %, n=5
Cefixime tablet 0.4 0.422 105.5 2.5
Table 2. Comparison of performances of some electrodes in determination of cefixime
Electrode Modifier pH LDR /uM LOD/ uM Reference
CPE Gold nanopartcle 3 1.2-200 1 [23]
GC MWCNT/NiFe;04 8 1.8-600 1.74 [24]
SPGE? Gold nanopartcle 2.6 10-1000 [25]
HMDEP S 2.6 9.85-50.4 9.62 [26]
CPE MWCNT 5 3-12000 25 This
work

aScreen printed gold electrode
bHanging mercury dropping electrode
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Where D is diffusion coefficient and C* is the bulk
concentration of cefixime. The value of diffusion
coefficient of cefixime was found to be 2.48x 10°°
cm? s
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16] B 1=2086 7" +1201
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0 1 2 3
Fryg1n

Fig. 5.(A) Chronoamperograms of MWCNT-CPE in
0.1 M phosphate buffer solution (pH=5) with different
concentrations of cefixime: (a) 0, (b) 0.1, (c) 0.6 and 6
mM (B) Plot of I vs. t12

Stability of the modified electrode

The long-term stability of MWCNT-CPE was
also studied by storing the electrode for 2 weeks at
room temperature. The current response was only
decreased by 0.5% after two weeks. It confirms the
stability of modified electrode.

CONCLUSION

The study has described successfully the
modification of CPE with MWCNT. This modified
electrode acts as an active suitable catalyst for the
oxidation of cefixime. At the surface of this
electrode, the operating potential can be reduced
more than 380 mV compared to CPE. The oxidation
currents are directly proportional to cefixime
concentration in a wide range, which illustrates the
potential applications of this type of electrode for the
anodic determination of cefixime. Table 2 compared

the proposed electrode for cefixime determination
with electrodes reported in literatures. As shown, the
proposed electrode is comparable with other
electrodes. Also, the proposed method provides a
fast, sensitive and simple approach to the
determination of cefixime in real samples.
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I[MPUJIOXEHUE HA EJIEKTPO/] C BbIJIEPOJHA ITACTA, MOJAUDULIMPAH C
MHOI'OCTEHHU BBIJIEPOJJHU HAHOTPBBEU KATO ITPOCT U EOEKTHUBEH
KATAJIU3ATOP 3A OIIPEJEJIAHETO HA HEOUKCUM B PEAJIHU ITPOBA

B. Hopoysu ", C. Tamkenun
Henapmamenm no xumus, Knon Kaemwaxp, HUcrnsmcku ynusepcumem ,,A3a0*, Kaemwaxp, Upan
Tonyuena Ha 1 cenremBpH, 2016 r.; kopurupana ua 2 mapt, 2017 .
(Pe3tome)

B ToBa m3cnenBaHe € NPUroTBEH MOAU(HIMPAH €JIEKTPOJ Ype3 CMECBAHETO Ha I'pa)T C MHOTOCTEHHH BBIJIEPOJHU
HaHOTPBOU (MWCNT-CPE). To3u mMoguduuupan eixekTpoa MMa MHOTO A00pa aKTHBHOCT CIPSIMO OKHCICHHETO Ha
nedukcuM B paztBop Ha pocdarer 6ydep (pH = 5). [Ipu onTUMANHU SKCIEPUMEHTAHN YCIOBHS MAKCHMATHHAT TOK
HapacTBa JIMHEWHO ¢ KOHIIEHTpaluaTa Ha nepukcuM B uHTepBana 3-12x10% M. I'panunara na uyBctButenoct (38) Ha
Mmerona € 2.5 pM. 3aToBa M3MON3BAaHETO HA TO3M EJIEKTPO IO3BOJSIBA MPOCTO, OBbP30 M €EKTUBHO ONpEICISIHE Ha
e uKCUM BBB (papMaIleBTUIHHU IperapaTH.
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A successful anaerobic intrinsic bioremediation (bioaugmentation) was carried out on 2,4,6-trinitrotoluene (TNT)
and Pentaerhytritol tetranitrate (PETN) contaminated soil, using indigenous bacteria. Two soil pans were enriched by
sewage sludge and one pan was mixed by monorhamnolipid biosurfactant both of which are economically suitable
substrates for anaerobic in situ explosive bioremediation. Preliminary concentrations of TNT and PETN were 1000 and
200 mg/kg. The results of this study showed that in order to increase the explosives degradation with more resistant to
biodegradation such as PETN, the usage of biosurfactant could be effective. Inoculation of indigenous bacteria had a
significant effect on TNT and PETN remediation efficiency and increased them to 99.1% and 91% in the presence of
biosurfactant. Seven indigenous strains were identified as Planomicrobacterium flavidum, Pseudomonas auroginosa,
Entrobactor asburiae, Azospirillium, Rhizobium, Methylobacterium and Pseudomonas denitrificant strains. It is logical
that these isolates may have potential for TNT and PETN degradation. Monorhamnolipid might be effective in the
improvement of explosives degradation due to impact on the cell membrane of bacteria. The results of this study have
shown that intrinsic bioremediation has the potential to reduce the time and costs for in situ explosive bioremediation.

Keywords: Bioaugmentation - intrinsic bioremediation - 2,4,6-trinitrotoluene - Pentaerhytritol tetranitrate

INTRODUCTION handling of TNT [4]. The harmless concentration of
TNT in the soil is <30mg/kg [5]. PETN is widely
used as a powerful explosive and is classified as a
great concern by DoD in the U.S.A. Short term
exposure to PETN may affect the cardiovascular
system, resulting in a decrease in blood pressure.
PETN is known to be “toxic to aquatic organisms”
by U.S DoD because of its wide spread use and the
potential environmental impact [6]. Several physico-
chemical methods [7-11] are available for explosive
remediations from agqueous solutions. Some methods
such as incineration are currently used, but are
expensive and may lead to the formation of by-
products that are more toxic than the primary
compounds. Biological methods are more cost-
effective and reduce toxicity of the soil due to the
enzymes produced by specific bacteria [12].
Bioremediation has been considered as a valuable
option for remediation of explosive-contaminated
soil. Natural bacteria are present in the environment
[13] and have an exceptional ability to exploit
various compounds for their growth. Most
organisms contain redox enzymes, which are able to
transform nitro-aromatics to amines. Several
enzymes have roles in biodegradation of explosives,
but nitro-reductase enzymes are very important since
they help with the detoxification of nitro-aromatic

The large scale manufacturing and use of a
variety of synthetic chemicals continuously pollutes
soil, water, and air which have direct or indirect
adverse impacts on our and animals’ health[1]. They
have significant concerns such as carcinogenicity
and potential for bioaccumulation in living systems
[2]. According to the estimated annual production of
108 tones, nitro-aromatics are considered as
important industrial chemicals [3]. Environmental
pollution by explosive residues from TNT and NG is
widespread and causes long term health problems.
Average contaminated sites may contain more than
10 g of TNT per kg in soil and 100 mg/l in water.
TNT and metabolites have high potential for toxicity
and mutation on prokaryotes and eukaryotes. It has
been estimated that 3200 sites in Germany require
environmental management [1]. Toxicity of
Explosives is exhibited by symptoms such as
irritation, methemoglobinaemia, disturbed heart
function, kidney trouble and malfunction of vascular
system [2]. Exposure to TNT is known to cause
rashes, mucus and blood disorders. Toxic effects
such as liver damage and anemia have been reported
by workers who worked in manufacturing and

* To whom all correspondence should be sent:
E-mail: f_teimouri@hlth.mui.ac.ir © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 735
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compounds [14]. However, enzymes for complete
breakdown of nitro-compounds are rare [3]. It seems
that anaerobic metabolism of nitro-aromatics may
provide a treatment for contamination with nitro-
compounds, while most of the aerobic studies
showed only the modification of these compounds
[15]. The biodegradation of TNT under anaerobic
conditions occurs by reduction of the nitro group to
form the corresponding mononitroso,
monohydroxylamino and monoamino derivatives.
These monoamino derivatives were further
transformed into diamino and triamino derivatives
through a reductive mechanism [16-19]. Also, other
studies have shown that denitrifying bacteria are able
to reduce PETN to precursor derivates [20]. Overall,
the general goals for bioremediation are to enhance
indigenous bacteria activities by the addition of
nutrients or aeration (biostimulation) or the addition
of microorganisms (bioaugmentation).
Bioaugmentation has proven for remediation of
PAHSs in sediments with poor intrinsic degradation
potential [21]. Hence, for efficient and complete
biodegradation, solubilization of hydrocarbons with
biosurfactants prior to bioaugmentation is
advantageous [22]. Many studies related to
bioaugmentation have been based on the use of
certain species which were isolated from
contaminated soils [23]. Although isolated bacteria
can degrade explosives, most authors accept the
importance of the growth of natural consortia rather
than select specific strains. The latter may survive
under laboratory conditions, but usually could not
survive or grow in full scale conditions [8].
Nowadays, more than 10000 km? of land area in the
border provinces of southern-southwest and west of
the country of Iran are affected by pollution caused
by Iran-lrag war. Despite the fact that we are over
three decades past the war, large areas are not
suitable for human applications. Khuzestan is one of
the provinces which were repeatedly invaded by
Iragi army and in which soil contamination is higher
than other cities. Geographic and climatic
characteristics show that most of these areas are
located in the wet zone, low rainfall and high
humidity [24].

In this study, the natural explosive degrading
bacteria in the soil were isolated and inoculated into
the soil. The advantages of this method may be that
the natural bacterial species in the soil do not change.
Considering that a large area of the country is
contaminated with explosives, another main purpose
of this study was to perform the least expensive and
most efficient way so that it can be offered on a
large-scale  as in  situ bioremediation.
Characterization of explosives degradation bacterial

736

community, isolation and the influence of dominant
indigenous bacteria inoculation on degradation rates
(bioaugmentation effect), were the other objectives
that were evaluated in this study.

EXPERIMENTAL
Biosurfactant

Monorhamnolipid biosurfactant was purchased
from the National Institute for Genetic Engineering
and Biotechnology, Institute of Chemistry and
Chemical Engineering, which was produced through
fermentation by P. aeruginusa strains. The
concentration of used rhamnolipid in this study was
120 mg/I [25].

Chemical analysis

TNT and PETN were analyzed using an HPLC
system, a Model 486 UV detector and a Nova pak
Cis guard column. The analytical column was an
ODS; optimal column (25cm X% 4.6 mm id, Sum)
from capital HPLC. The sample was injected into the
HPLC system with the following condition:
Acetonitrile- water mixture (75:25 v/v) as the mobile
phase at a flow rate of 1.0 ml/min. Injection volume
for all samples was 20 ul and the wavelength for the
UV detector was 210 nm and 230 nm for PETN and
TNT detections, respectively. All trace analysis
quality or gradient grade solvents were purchased
from Merck Company.

Soil sampling, preparation and extraction

After screening, the soil was manually
contaminated with explosives. TNT concentrations
in the soil were 1000 mg/kg and PETN concentration
was 200 mg/kg. The soil had a pH of 6.4. Sampling
of the soil was taken periodically during the
experiment. Grab sampling was taken from top 3 cm
of soil and dried before analyses. Sample preparation
was performed according to EPA method 8330.
Total extractable explosives were determined by
drying 10 g of the homogenized soil pan in ambient
air and transferring it to an Erlenmeyer. Acetonitrile
(20 ml) was added and vial was placed in a shaker
for 18 hr. Then 5 ml of supernatant was filtered
through PTFE filter and ultimately explosives were
quantified by the HPLC system [26].

Preparation of anaerobic soil pans

Three soil pans were used in this experiment. A
pan set consisted of a plastic pan (30cm x 20 cm X
15cm in height) that was placed in a slightly larger
pan. The bottom of smaller pans was perforated with
2-mm- diameter holes spaced 8 cm apart to allow for
the drainage of fluids. Fluid drainage was recycled
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to each pan again. Each small pan contained 4 kg of
contaminated soil. In order for soil amendment to
occur, screened saw dust was used (soil/saw dust
ratio was 1:1). Water was added not only for
supplementing the moisture but also for creating and
keeping the anaerobic condition, once a week (to
maintain a free water surface 2 cm above the surface
of the soil).

Three treatments that were investigated in this
study include:

1- A pan consisted of contaminated soil +
activated sludge as an enrichment for the soil
(soil/sludge ratio was 1:0.25) which was only added
at the startup of the pan operation.

2- A pan consisted of contaminated soil +
activated sludge as an enrichment for the soil
(soil/sludge ratio was 1:0.25) + monorhamnolipid
biosurfactant in which the two latter (sludge and
biosurfactant) were only added at the beginning of
pan operations.

3- A pan served as the control in which no
substrate was added and explosives were used as the
main substrates.

Total DNA extraction

In this study, the boiling method for extraction of
DNA was used, because a number of studies show
that by performance of this method, good quality of
DNA could be obtained. Isolated colonies were
grown on nutrient agar plated, mixed with sterile 100
ul Milli — Q water and boiled for 15 min. Then, the
solution was centrifuged at 13000 rpm for 10 min
and its supernatant was used as the DNA template
for PCR analyses [12].

Amplification of DNA

After extraction of total DNA from the soil,
bacterial 16srDNA was amplified with universal
eubacterial primers that consist of F27 (5'-
AGAGTTTGATCMTGGCTCAG-3") and R1492
(5'- TACGGYTACCTTGTTACGACT-3"), which
are targeted to universally conserved regions and
permit the amplification of an approximately 1,500-
bp fragment [27]. PCR reactions were carried out in
25 ul of microtubes consisting of 1l of each primer,
2.5 pl 10 x buffer, 1ul MgCly, 0.5 pl dNTPs, 17.5 pl
distilled sterile H>O, 0.5 ul Taq DNA polymerase
and 1 pl of extracted DNA. Thermocycling
conditions were as follows: samples were heated at
95°C for 5 min (1 cycle), 94°C for 30 sec, 58°C for
30 sec, 72°C for 1 min (30 cycles) and 72°C for 5
min. PCR products were visualized on a 1% agarose
gel and quantified with an appropriate molecular
weight marker.

Bioaugmentation experiments

In this stage of experiment, natural floras
(dominant  indigenous  degrading  bacterial
population), which have already been isolated and
identified by the PCR method were used. These
microorganisms were multiplied under sterile
conditions by nutrient broth and incubated (37°C for
24 hr). Then, optical density was measured by
spectrophotometer and inoculated to the anaerobic
pans. In order to maintain anaerobic conditions,
water was added to each pan once a week.

RESULTS AND DISCUSSION

Effect of Intrinsic Bioaugmentation on TNT and
PETN transformation rates

First, microorganism adaptation was performed
about three months (TNT and PETN concentrations
were 200 and 50 mg/kg respectively). After the
degradation rate became constant, the operation of
the pans was performed by increasing the TNT and
PETN concentrations to 1000 and 200 mg/kg of soil.
Figure 1 and 2 shows the effect of bioaugmentation
of indigenous bacteria on TNT and PETN
degradation rates.
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Fig. 1. Effect of intrinstic bioaugmentation on TNT
degradation rate

As shown in Figure 1, with the passage of time,
TNT degradation rate was decreased and became
almost constant. The maximum degradation
efficiency was about 40% and 83% in pans 1 and 2,
respectively. On the other hand, TNT concentration
decreased to 543 and 162 mg/kg in pans 1 and 2.
Also, PETN concentration decreased to 142 and 63
mg/kg in pans 1 and 2, respectively (Fig.2).
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Fig. 2. Effect of intrinstic bioaugmentation on PETN
degradation rate

However, as Figure 2 shows, according to the
chemical structure, PETN has shown greater
biological resistance and its decomposition rate was
lower than TNT decomposition rate. After two
months of pan operations, degradation rates were
relatively constant. Then, bioaugmentation effect
was investigated by the inoculation of dominant
degrading bacteria that have already been identified
by the PCR method. After bioaugmentation, TNT
concentration decreased to 40 and 9 mg/kg with the
removal percentage equivalent to 96% and 99.1% in
pans 1 and 2, respectively (Fig.1l). Also,
bioaugmentation had a positive effect on PETN
degradation rate, as PETN concentration decreased
to 90 and 18 mg per kg, the equivalent of 55 and 91
percent in pans 1 and 2, respectively (Fig.2) . In
general, the results show that PETN degradation rate
is less than TNT degradation. However, inoculation
had a positive effect on two explosive degradation,
especially in the second pan. It can be interpreted
that more degradation rate in pan 2 is related to the
presence of monorhamnolipid biosurfactant, since it
would be able to increase bioavailability of
microorganisms to pollutants and also could be able
to change cell membrane permeability of bacteria.
This results is confirmed by Muter et al. [23] who
reported that bioaugmentation has a significant
effect on soil samples with high initial
concentrations of TNT (500 mg/kg), in particular for
soil samples amended with 50% and 100% nutrient
solutions. Also, Elis et al. [28] demonstrated the
value of bioaugmentation when evidence indicates
the absence of organisms which are capable of
complete conversion of cis-DCE to ethene. Also,
Zhang and Miller [29] reported that 300 mg/l
rhamnolipid increased the mineralization of
octadecane about 4 times more than initial value.
The results obtained by Manickam et al. [30]
confirmed that the halogenated compounds
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biodegradation efficiencies were increased by 30-
50% in 2 days compared to degradation in the
absence of biosurfactant. In the control pan (pan 3),
the TNT and PETN concentrations remained around
1000 and 200 mg/kg throughout the study indicating
the removal of TNT in the soil was biological and
was not a chemical or physical process.

Nitrite release from TNT and PETN
transformations

Nitrite measurement was performed to detect the
release of nitro-group from TNT and PETN during
demineralization. The results of nitrite assays are
presented in Figure 3. As can be seen, before the
microbial inoculation, native soil bacteria were able
touse TNT and PETN as the only sources of nitrogen
that have been responsible for the disappearance of
explosives in the soil.

10
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Ny concentration (mg/1)

90 100 110 120 130 140 150 160 170 180 190 200
Time (day)

Fig. 3. Nitrite concentrations released during TNT and
PETN demineralization

The first step in anaerobic metabolism of nitro-
aromatics is reduction. Then, deamination occurs,
which removes all nitro groups linked to the ring.
Finally, toluene and ammonia form as end products.
Of course, toluene could be degraded by denitrifiers
or other microorganisms [15]. After inoculation of
dominant bacterial populatioin, nitrite
concentrations increased and then decreased to 0.89
and 0.22 mg/l in pans 1 and 2, respectively. Nitro-
explosives are typically biodegraded by one or more
known mechanisms. One or more nitro groups can
be reduced to hydroxylamino groups and then N-N
bond may be cleaved, releasing a nitro group to
nitrite ion as a final product [1]. Nitrite ion is an
unstable form of nitrogen and may quickly be
converted into ammonium ion and ammonia. This
result also confirmed the role of biosurfactant in the
improvement of the degradation process due to the
higher nitrite concentration in pan 2 than in pan 1.
Also, the inoculated bacterial population had a major
responsibility  for  mineralization of these



M.M. Amin et al.: Improvement of biodegradability of explosives using anaerobic- intrinsic bioaugmentation approach

compounds. This result is in accordance with those
obtained by Boopathy and Kulpa [19] that
demonstrated certain Pseudomonas sp. can use TNT
as a nitrogen source through the removal of nitrogen
nitrite from TNT and the further reduction of the
released nitrite to ammonium which is incorporated
into carbon skeleton. Wittch et al. [see 4] 333noted
that unstable reduced derivatives of TNT produced
by microorganisms have been found to release nitrite
by rearomatization and/or condensation.

Identification of Isolates

PCR analysis has become one of the most popular
technologies for the biodiversity assessments. In this
study, PCR technology was used to identify the
bacterial community structure in the system after
150 days of adaptation and operation. Visualized gel
picture of a 16 S rDNA picture for TNT and PETN
degrading isolates have been shown in Figure 4.

Fig. 4. Visualized gel picture of a 16 S rDNA picture
for TNT and PETN degrading isolates

As seen in Figure 4, all targeted DNA had
amplification of an approximately 1,500-bp
fragment. Seven bacterial strains were isolated from
anaerobic pans. In pan 1, two bacterial isolates were

capable of growing and were identified as
Planomicrobacterium  flavidum  strain  and
Pseudomonas auroginosa sp.JB2. Differential

experiments show that anaerobic pan 2 had the
highest number of bacterial strains. In pan 2, five
bacterial isolates were identified as Entrobactor
asburiae, Azospirillium, Rhizobium,
Methylobacterium and Pseudomonas denitrificant
strains. Bacteria isolated in this study show that
indigenous bacteria are capable of using TNT and
PETN as sole sources of nitrogen and energy.
Previous studies show that degrading strains are
often species of Pseudomonas and rhodococcus that
are able to degrade herbicides, phenols,
polyaromatic hydrocarbons etc [31]. These results
are in agreement with those of Hoffsommer et al
(1978) in Naval Surface Weapons Center who
reported that TNT in the laboratory under control

condition could be biologically transformed into
amin isommers with the pure bacterial strains such
as Ps. denitrificans [32] and those of Zhang et al [33]
who isolated Azospirillium zeae and Rhizobium to
treat TNT in red water. He found that Azospirillium
might play a key role in reducing the concentration
of ammonium. The latter had the ability of nitrogen
fixation in  the bioreactor [33]. The
biotransformation processes ultimately depend on
enzyme action. Identification of the enzymes
capable of transforming explosives is necessary for
bioremediation. Glenn et al. [34] reported that Ps.
auroginosa JB2 could degrade 2,4- Dinitrotoluene
and aromatics via deoxygenase enzyme and Aken et
al. [35] found that Methylobacterium strain have the
capacity to metabolize TNT, RDX and HMX
explosives. Previously, Bink et al. [36] have reported
that Entrobactor Cloacae PB2 isolated from
explosive contaminated soil containing only PETN
as a nitrogen source. In this study, this is the first
report of Entrobactor asburiae and
Planomicrobacterium flavidum strains with the
ability to degrade TNT and PETN as sole nitrogen
and energy sources and therefore it is logical that
these isolates may have the potential for TNT and
PETN degradation by enzymes potential production
(such as nitroreductase, deoxygenase,..). The other
isolates have been described to be able to degrade
explosives. The results suggest that the indigenous
bacteria can effectively degrade explosives in
anaerobic conditions.

CONCLUSION

The results of the study demonstrate that TNT
and PETN are biodegradable under anaerobic
conditions by indigenous bacteria in the presence of
sewage sludge as enrichment source, but
monorhamnolipid biosurfactant can rapidly increase
TNT and PETN degradation rates so that TNT and
PETN degradation rates increased to 83% and 68.5%
in comparison with 40% and 29% in the absence of
biosurfactant. Inoculation of indigenous bacteria
have a significantly positive effect on the efficiency
of the remediation process, to the extent that TNT
removal efficiencies increased to 96% and 99.1%
(TNT concentration was less than 30 mg/kg) and
PETN removal efficiencies increased to 55% and
91% in pans 1 and 2, respectively. TNT removed
significantly higher than PETN in anaerobic
conditions. Seven indigenous strains were more
potent for explosives degradation which was
identified as Planomicrobacterium flavidum,
Pseudomonas auroginosa, Entrobactor asburiae,
Azospirillium, Rhizobium, Methylobacterium and
Pseudomonas denitrificant strains.
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Monorhamnolipid biosurfactant might be effective
in the improvement of degradation due to the impact
on the cell membrane of bacteria. However,
knowledge of the metabolic pathways and enzymes
is needed so that the microorganisms can degrade
explosive compounds more efficiently and
effectively.
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I[TOAOBPEHA BUOAETPAOALIA HA EKCIUVIO3MBU YPE3 AHAEPOBHO
BMOYCKOPSABAHE

M.M. Amun?, X. Kanaxman?, ®@. Teiimypu*, M. Cagamu®, M.A. Kapamu®, 1. Paxummanemr?

Yscnedosamencku yenmuvp no oxonna cpeda, Uzcnedosamencku uHcmumym 3a npeonaseane om He3apasuu 6oiecmu;
Henapmamenm no exonrocuuno 30pase, Meouyuncku ynusepcumem ¢ Hcgaxan, Hpan
2[lenapmamenm no zememuxa, Yuunuwe no meduyuna, Meduyuncku ynueepcumem ¢ Hcpaxan, Upan
8 Ucepaxancku ynusepcumem no meduyuncku nayku, Mcgaxan, Upan. @axyimem no 30paseonazsane, Ynusepcumem
no meouyuncku Hayku "30", 30, Hpan.

* Vuusepcumem no meouyuncku nayku Ilaxuo Bexewu, Texepan, Upaw
S Vuueepcumem no meduyuncku nayxu Jlopecman, Xopamaboo, Upaw

TlocTermna Ha 28 rouu, 2016 r.; Ipuera na 12 ampui, 2017 r.
(Pesrome)

W3BwpiieHa e yerneliHa aHaepoOoHa 6uopemeauarius Ha 2,4,6-tpunutporonyeH (TNT) u Ha IeHTaepUTPUTOI TETPAHUTPAT
(PETN), 3apa3enu ¢ HaTuBHH OakTepud. J[Be mouBeHU MMpoOU ca 00OTaTeHU C aKTHBHA yTaiKa, KaTo €JHaTa OT TAX Ce
cMecBa ¢ OuochpdakranTa MOHO-pamHOJMIMA. W mBata cyOcTpara ca moaxomsmiu 3a in Situ Guopemenuarius Ha
excruto3uBd. Hauanuure xonnentparmu Ha TNT u PETN 6s1xal000 u 200 mg/kg. Pe3ynraTure oT ToBa M3cieaBaHe
MOKa3BaT M3IOJI3BAHETO Ha OHochpdakTaHTa BOJM O MOBHUIIABaHe OMOAErpajalusiTa Ha Pe3UCTEHTEH SKCIIO3UB, KaTo
PETN. MHokynmpaHeTo ¢ HATUBHU OakTepnu mMa 3Ha4yuTeleH edekt 3a Omonmerpamamusara Ha TNT u PETN, kosto
noctura 99,1 u 91 % B mpuckctBue Ha OmochpdakranT. CeneM MHKPOOHHM IMamMa ca WACHTU(QHIUPAHH KaTo
Planomicrobacterium flavidum, Pseudomonas auroginosa, Entrobactor asburiae, Azospirillium, Rhizobium,
Methylobacterium u Pseudomonas denitrificanS. MoOHOpaMHOIMIIHIBT € ¢EKTUBEH 3a MOAOOpsABaHE JeTpajanusiTa Ha
eKCIIJIO3UBHUTE MOPagy Bb3ICHCTBHETO My Bb3 KICThUHHTE MeMOpaHu. Pe3ynraTuTe OT TOBa M3CIEABAaHE MOKA3axa, 4e
npHchLIaTa OHOpeMeIualisi UMa MOTEHIIMAN 32 HaMaJIgsBaHe Ha BPEMETO M Pa3XoAuTe HpH iNn Situ oOe3BpexaaHeTo Ha
€KCIUIO3UBH.
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Inverse gas chromatography at infinite dilution was used for the first time to determine the adsorption properties and
acid-base contributions to the surface energy of thiazoldin-4-ones bearing heteroaryl substituents. 3-(6-Methyl-2-
pyridyl)-2-(2-thienyl)-1,3-thiazolidin-4-one (MPTT) and 3-(6-Methyl-2-pyridyl)-2-(3-methyl-2-thienyl)-1,3-thiazolidin-
4-one (MPMTT) were freshly synthesized via one-pot three component condensation reaction. The retentions of
nonpolar solvents such as n-hexane, n-heptane, n-octane, n-nonane, n-decane and other acidic, basic and amphoteric
probes such as tetrahydrofurane, dichloromethane, chloroform, acetone and ethyl acetate used without further
purification on MPTT and MPMTT were measured in the temperature ranges from 303 to 333 K by inverse gas
chromatography (IGC). The dispersive component of the surface energy ,7/SD of studied adsorbent surface was
estimated using retention times of different nonpolar organics in the infinite dilution region. Dispersive components of
the surface energies, ]/SD according to Fowkes and Dorris-Gray approaches and the acid, K , and base, KD constants

for the 3-(6-Methyl-2-pyridyl)-2-(2-thienyl)-1,3-thiazolidin-4-one and 3-(6-Methyl-2-pyridyl)-2-(3-methyl-2-thienyl)-
1,3-thiazolidin-4-one were calculated.

Keywords: Inverse gas chromatography; Thiazolidinone derivatives; Surface and adsorption properties; Surface free

energies; Lewis acid-base constants.

INTRODUCTION

Thiazolidinone  derivatives have growing
interest because of their broad spectrum of
activities such as antimicrobial [1], anti-HIV [2],
cancer treatment agent [3], essence in cosmetics
[4], electron releasing layer in solar cell [5], non
linear optical property [6] and so on. Recently
reported Quantitative Structure-Activity
Relationship (QSAR) [7] and docking studies [8,9]
were aimed to understand the pharmacological
observations of various thiazolidinones. Docking
analysis is good tool to elucidate the potential
bindings sites of compounds to the active center of
targeted enzyme. Even syntheses and biological
activities of thiazolidinones are intensely studied,
physical properties of them are known little.
Surface characterization and acid-base
characteristics of thiazolidinione derivatives will
contribute to understanding the binding mechanism.

For this reason, in the present study, the surface
free energy and acid-base characteristics of
compoundS, MPTT and MPMTT were investigated
through measurements of net retention volumes of
several probe molecules and by use of adsorption
on principle in inverse gas chromatography, 1GC.
The IGC being simple, rapid, low cost, with good
accuracy, and available equipment provides

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

valuable thermodynamic information for the
physico-chemical and surface characterization of
organic materials such as Schiff bases [10,11],
liquid crystal [12].

In this work, the possibility of surface
characterization by IGC is illustrated with a study
of the sorption properties of MPTT and MPMTT.
The stationary phase in IGC was prepared
thiazolidinione derivatives covered on chromosorb.

EXPERIMENTAL
Probes and Instrumentation

The used solvents were high purity grade
nonpolar solvents such as n-hexane (Hx), n-heptane
(Hp), n-octane (O), n-nonane (N), n-Decane (D)
and polar solvents such as dichloromethane (DCM,
acidic), chloroform (TCM, acidic), acetone (Ac,
amphoteric), ethyl acetate (EA, amphoteric) and
tetrahydrofurane (THF, basic). The all studied
solvents and support materials being Chromosorb-
W(AW-DMCS-treated, 80/100 mesh)  were
supplied from Merck AG. Inc. Silane treated glass
wool used to plug the ends of the column was
obtained from Alltech Associates, Inc.,

The sorption properties of the MPTT and
MPMTT were determined using a Hewlett-Packard
6890 Series Il gas chromatograph, with a thermal
conductivity detector (TCD). High purity helium
was used as the carrier gas (flow rate in the range
25-28 cm® min?). A stainless steel columns (0.5 m
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Fig. 1. Chemical Structure of 3-(6-Methyl-2-pyridyl)-2-(2-thienyl)-1,3-thiazolidin-4-one (MPTT) (1) and 3-(6-
Methyl-2-pyridyl)-2-(3-methyl-2-thienyl)-1,3-thiazolidin-4-one (MPMTT) (2)

long, 3.2 mm o.d.) were packed with MPTT and
MPMTT covered on chromosorb. After packing,
the columns were conditioned overnight at 373 K.
Retentions of non polar and polar solvents on
MPTT and MPMTT were measured in the
temperature range 303-333 K.

Synthesis of 3-(6-Methyl-2-pyridyl)-2-(2-
thienyl)-1,3-thiazolidin-4-one (MPTT) and 3-(6-
Methyl-2-pyridyl)-2-(3-methyl-2-thienyl)-1,3-
thiazolidin-4-one (MPMTT)

3-(6-Methyl-2-pyridyl)-2-(2-thienyl)-1,3-thia-
zolidin-4-one (MPTT) and 3-(6-Methyl-2-pyridyl)-
2-(3-methyl-2-thienyl)-1,3-thiazolidin-4-one
(MPMTT) were prepared according to already
known procedure with slight modifications and
spectroscopic data are in full agreement with
literature [13]. (Figure 1)

INVERSE GAS CHROMATOGRAPHY

The sample under investigation is the
stationary phase in inverse gas chromatography
while a known substance in the mobile phase
acts as a probe molecule. IGC is given
information  about  various  adsorption
properties, including surface energy, free
energy of adsorption and acid-base
characteristics. Surface energy is used to
describe the energetic situation of a solid
surface, being therefore directly related to the
adhesion characteristics of a particular
material.

In this study, Dorris-Gray and Fowkes
methods were applied to determine dispersion

component of the surface free energy, y& of
MPTT and MPMTT.

According to Dorris and  Gray,
corresponding to the adsorption energy of a
methylene group, AG,cy,; is given by
following equation [14]:
VN,n

AG pc,; =—RT In( ) 1)
N,n+1

where V, . and V., are the retention

volumes of two n-alkanes having n and n+1
carbon atoms in their chain and the adsorbate
net retention volumes,V,, were calculated from

the expression:

VN =Q*‘J*(tR _tA)*T/(Tf) (2)
where t; is the adsorbate retention time, t, is
the retention time of air, Q is volumetric flow
rate measured at column outlet and at ambient
temperature T, (K), T is the column

temperature (K) and J is James-Martin gas
compressibility correction factor [15]. The
interactions experienced between an adsorbate
and an adsorbent can consist of two
components-specific and dispersion forces
[16]. Dispersion forces, also known as London
forces, are present between all molecules,
regardless of their identity. Specific forces
generally rely on some compatibility between
the structures of the interacting molecules,
either physically or electronically.
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The adsorption energy for the n-alkanes
increases with the number of carbon atoms in
the chain.This parameter is independent of the
chosen state of the adsorbed molecule. Thus at
constant temperature, for a series of alkane
probes, a plot RT InV versus the number of
carbon atoms should give a straight line from
which AG i, can be found.

The methylene adsorption energy can also
be defined as [14]

AG pcr,; = 2N a81ch 14/ 75[)7|_[CH2] (3)

where N, is Avagadro’s number, ., ; is the
surface area covered by one methylene group
(0.06 nm?) and y,[CH,] is the surface free
energy of a surface consisting of methylene
groups, i.e. polyethylene, given by
7. [CH,]=35.6+0.058(293-T) 4)
Thus using  Egs.(1)-(4) and the
experimentally determined values of V,  and
V\ i1 the dispersion component of the surface

free energy, y& may be calculated according to

Dorris-Gray approach.

The retention time of a series of
homologous n-alkanes is used to determine the
dispersive surface energy of the MPTT and
MPMTT from following equation: [17]

AGS =RT In(v,) =2N,(79)**a(")** + K" (5)
where AG; is the dispersive free energy of
adsorption, ¢ is the dispersive componenets
of the surface tension of the adsorbent such as

MPTT and MPMTT, »” is the dispersive

componenets of the surface tension of the
adsorbate such as non-polar and polar solvents.

AG; is the dispersive free energy of adsorption
is calculated from following equation:

VN n
=) (6)

N, ref

whereV, , and V  are the retention volume
for the polar probe and the retention volume for
the n-alkanes’ reference line, respectively.

AH is the adsorption enthalpy by Lewis acid-
base interactions, AS; is the adsorption
entropy Lewis acid-base interactions and for
each polar probe, AH, and AS; can be
determined from belove equation;

AG; =AH; —-TAS; (7)

The surface Lewis acidity and basicity
constants, K, and K, , may be calculated
from the equation, [18-20]

~AH; =K,DN + K, AN" (8)
The constants K, and K, describe the
acidity and basicity of MPTT and MPMTT
surfaces, respectively.
K, and K, are obtained from a plot of
—AH; /AN" versus DN/AN" with K, as
the slope and K, as the intercept. Parameters
K, and K reflect the ability of the examined

surface to act as an electron acceptor and
electron donor, respectively [21,22].

Values of a(y”)*® and boiling point,
T,(°C) of apolar solvents are found in the
literature [21,22]. The values of a(y)*° used
in this study are presented in Table 1. Values of
a, ("), boiling point, T, (°C) , the
modified
AN and donor number, DN of the polar

probes used in this study are presented in Table
2 [23,24].

—AG; =RT In(

Gutmann’s acceptor  number,

Table 1. Values of a(y/LD )O'5 for the selected n-alkane solvents

Probe  a(x107°m?®) y’(MI/m*) a(y)**(m*(mJ/m*)*) T,(°C)
n-Hexane 51.0 18.4 2.19x1018 68.7
n-Heptane 57.0 20.3 2.57x10'8 98.4
n-Octane 62.8 21.3 2.90x1018 125.7
n-Nonane 69.0 22.7 3.28x1018 150.8
n-Decane 75.0 23.4 3.63x1018 174.1
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Table 2. Values of a(;/,d )°°, DN and AN for the selected polar solvents

Probe a(x10°m?) »'(MI/m?) a(y/)**(Mm*(mI /m?)**) AN"(kJ/mol) DN(kJ/mol) T, (°C)

THF 45.0 22.5 2.13x1018 2.1 84.0 66.0
Ac 42.5 16.5 1.73x101 10.5 71.4 56.0
DCM 31.5 27.6 1.65x1018 16.4 0.0 40.0
TCM 44.0 25.9 2.24x1018 22.7 0.0 61.2
EA 48.0 19.6 2.13x1018 6.3 71.8 77.1
RESULTS AND DISCUSSION According to Dorris-Gray approaches, Eq.(1),
AG is independent of the chosen reference

The net retention volumes, V,, of the nonpolar

and polar solvents on MPTT and MPMTT
compounds were obtained from IGC measurements
between 303 and 333 K at infinite dilution region
using Eqg.(2) and retention diagrams of nonpolar
and polar solvents were given in Fig.1a and Fig.1b,
respectively for MPTT as an example.

= Hx o Hp 0 o N =D

4

3 .

InW
]
*

'3 T T T T
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
UT (K™Y
Fig. 1(a). The retention diagram of non-polar
solvents adsorbed onto MPTT

+ TCM o THF A EA a DCM x AC
1
*
05 - . o
o A
0 A * o A
E © A
-05 1 R A
A x
1 - A X
A x
-1.5 T T T T
0.0029 0.003 0.0031 0.0032 0.0033 0.0034

T (K)*
Fig. 1(b). The retention diagram of polar solvents
adsorbed onto MPTT

A[CH,]
state of adsorbed molecule. The RT InV,, versus

carbon number of non-polar solvents were plotted
in Fig.(2) for MPTT and Fig.(3) for MPMTT.

+303K <313K A323K A333K
8
6
4 A
g2
=
o 0 4
2
4
-6 T T T T T
5 6 7 8 9 10 11

carbon number
Fig. 2. The plot of RT InV, versus carbon
number of non-polar solvents for MPTT

12 ¢303K ©313K A323K A333K

'6 T T
5 7 9 11

carbon number

Fig. 3. The plot of versus carbon number of non-
polar solvents for MPMTT
The slope of the fitted line is equal to

. The variation of y¢ and y, [CH,] with

AGA[CHZ]
temperature were calculated from Eq.(3) and (4),
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respectively. The results of AG,q,, ;. 7. [CH,]

and y¢ of MPTT and MPMTT were given in Table
3 and Table 4, respectively .

Table 3 The adsorption energy of a methylene

group, AG AlCH,] " the surface free energy of a surface

consisting of methylene groups, ¥, [CH,] and

. . D
dispersion component of surface free energy, y¢ values

calculated by Doris-Gray approach for MPTT
determined at studied temperatures
T(K) 7.[CH,] AGA[CHZ] 75D
(mJ/m?) (108 mJ/mol) (mJ/m?)
303 35.02 2.68 39.45
313 34.44 2.68 39.96
323 33.86 2.49 35.17
333 33.28 2.41 33.33

Table 4 The adsorption energy of a methylene
group, 7, [CH,] the surface free energy of a surface

consisting of methylene groups, AG and

A[CHZ]
dispersion component of surface free energy, }/SD values

calculated by Doris-Gray approach for MPMTT
determined at studied temperatures

T(K) 7L [CH 2] AGA[CHz] 7/5
(mJ/m?) (108 mJ/mol) (mJ/m?)
303 35.02 2.22 27.02
313 34.44 2.21 27.32
323 33.86 2.19 27.12
333 33.28 2.18 27.54

Table 3 and 4 report that the variation of y¢ as
a function of temperature was limited and the
y¢ values of MPTT and MPMTT do not change

significantly between 303 and 333 K. In
comparison, methyl group was decreased the
surface energy of thiazolidinone derivative. The
methyl group reduced the dispersive surface energy
due to the interaction with lower energetic sites in
the surface.

The Fowkes equation (Eg. 5, referred to as
Schultz and Lavielle approach by some authors)
[17] was wused to determine the dispersive

component of the surface free energy, ySD over a
range of studied temperatures and calculated values
of RTInV, were plotted against a(y”)*° . An

example of the pattern of results obtained was
given in Fig. 4 (MPTT) and Fig.5 (MPMTT) for the
isotherm at 303 K.
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Fig. 4. A plot of RT InV,, vs. a(y_)*® for non-
polar and polar probes on MPTT at 303 K
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Fig. 5. Aplotof RT InV,, vs. a(y)"° for non-
polar and polar probes on MPMTT at 303 K

The linearity was obtained by the non-polar
solvents at the studied temperature ranges. The

slope (2NJ;/SD ) of the linear fit, obtained for each
n-alkane plot, gives the dispersive component of
the surface free energy, ySD at that temperature.

The values of ;/SD at studied temperature ranges

were given in Table 5 for MPTT and Table 6 for
MPMTT.
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Table 5 ]/SD values calculated by Fowkes approach
and slope at studied temperatures for MPTT

D
T(K) Slope (x10%) 7s
(mJ/m?)
303 7.5334 30.15
313 7.5195 39.00
323 6.9938 33.74
333 6.7422 31.36

Table 6. ysD values  calculated by Fowkes
approach and slope at studied temperatures for MPMTT

D
T(K) Slope (x10%) Vs
(mJ/m?)
303 6.2370 26.83
313 6.2186 26.68
323 6.1402 26.01
333 6.1348 25.96

The values of y¢ of MPTT and MPMTT

calculated according to Dorris-Gray and Fowkes
approaches are very close each other at the studied
temperature ranges. There is no data in the
literature to compare these values. Methyl group is

decreased the y2 of MPMTT according to MPTT
values.

The specific component of the surface free
energy, AG, , is calculated using the difference

between the calculated value of RT InV,, and that
which was derived using the equation of the linear

fit of the n-alkane reference line (Eq.6).
The wvariation of free energy of specific

interactions, AG, between MPTT and MPMTT
and polar solvents for studied temperatures is given
Table 7 and Table 8, respectively.

Table 7. The variation of free energy of specific
interactions, —AGi (kJ/mol) between MPTT and polar
solvents for studied temperatures

T(K) THF Ac DCM TCM EA
303 49 5.1 6.1 4.7 4.5
313 52 5.3 6.5 5.0 4.8
323 52 5.1 6.2 5.1 4.5
333 5.1 4.9 6.1 5.2 4.4

Table 8. The variation of free energy of specific
interactions, —AGi (kJ/mol) between MPMTT and
polar solvents for studied temperatures

T(K) THF Ac DCM TCM EA
303 9.1 9.5 10.0 95 7.9
313 95 9.2 9.7 9.3 7.9

323 9.2 8.9 9.4 9.2 7.6
333 89 8.6 9.3 8.9 7.1

The —AG; values of MPMTT were higher
than MPTT values. Temperature increasing did not
affect significantly the —AGf\ values of MPTT and

MPMTT. AH; and AS; can be determined from
aplot of —AG; /T against 1/T . (Eq.7)

The values of K, and K, were calculated
using Eq.(8). The plotting —AH} / AN™ versus
DN/AN" with K, as the slope and K as the
intercept. (Fig.6 for MPTT and Fig.7 for MPMTT).

1.9
ATHF
MPTT
1.4
EA
> A
< |
7 0.9 Ac
T
Q
0.4 4/PCM
-AH,S/AN* = 0.0363(DN/AN*) + 0.351
o1 Ltcm
-0.1 19.9 39.9 59.9
DN/AN*
Fig. 6. The plot of —AH,/AN" versus
DN/ AN for MPTT
8.9
THF
. 59 -
prd
<
P«
T
o
' 29
oy Teu -DH,S/AN* = 0.172(DN/AN*) + 0.742
-0.1 19.9 39.9 59

DN/AN”
Fig. 7. The plot of —AH,/AN" versus
DN / AN for MPMTT
The values of K, and K, are found to be
0.04 and 0.4 for MPTT and the values of K, and
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K, are found to be 0.2 and 0.7 for MPMTT. If the

ratio of K, to K, is greater than 1, solid surface

is basic nature and below 1, it implies that the solid
surface is acidic nature [25]. According to the

K% ratios of MPTT and MPMTT, MPTT
A

surface  has more basic nature than MPMTT
surface. It can be said that methyl group is
decreased the basic nature of thiazolidinone
derivatives.

CONCLUSION

Adsorption properties, surface and Lewis acid-
base characteristics of MPTT and MPMTT have
been examined by means of inverse gas
chromatography at infinite dilution, in the
temperature range from 303 to 333 K. The

}/S"D values of MPTT change ranges from 39.5 to

33.3 mJ/m? and (Dorris-Gray approach) from 39.2
to 31.4 mJ/m? (Fowkes approach) with decreasing

temperature while the y¢ values of MPMTT

change ranges from 27.0 to 27.5 mJ/m? and (Dorris-
Gray approach) from 26.8 to 26.0 mJ/m? (Fowkes
approach) with decreasing temperature. The values

of K, and K, parameters indicated that MPTT

and MPMTT surfaces are basic nature. IGC is a
convenient method for the characterization of the
surface and adsorption properties and the acid-base
characteristics of thiazolidinone derivatives.
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ITOBBPXHOCTHO OXAPAKTEPU3UPAHE HA TUA3OJIMAMHOHOBU ITPOU3BOJHU C
OBPATHA I'A30OBA XPOMATOI'PA®UA

. dunan?, . Cakap [[aczlaHz*, . KapaMaHz, I11. Ka6an?

YTexnuuecku ynusepcumem I'ebse, Hayuen gpaxynmem, Jenapmamenm no xumus, 41400 I'ebze Kooxcaenu, Typyus
2Texnuuecku yuueepcumem ,, Hunous “, @axyamem sa uskycmeo u nayxka, Jenapmamenm no xumus, 34220 Hcmanbyx,

Typyus

IMoctremmna Ha 25 ¢despyapw, 2016 r.; npuera Ha 9 centemspH, 2016 T.

(Pesrome)

3a mpBB BT € W3MOJ3BaHA OOpaTHATa ra3oBa XpoMmarorpadus Ipu Oe3KpallHO pa3pekIaHe 3a ONpPENeNITHETO Ha
asicOPOIMOHHUTE CBOMCTBA M  KUCEJIMHHHTE OTHACSIHUSI 32 MOBBPXHOCTHATA CHEPIrHs Ha THA30JIUAWH-4-OHU C
XeTepoapuiioBu 3amectutenu. 3-(6-vemun-2-nupuoun)-2-(2-muenun)-1,3-muazomuoun-4-on (MPTT) u 3-(6-memun-2-
nupuoun-2-(3-wemun-2-muenun)-1,3-muazonuoun-4-on (MPMTT) ca mpsicCHO CHHTE3HpaHU Ype3 €IHO CTEIEeHHA TPH-
KOMIIOHEHTHA KOHJICH3alHOHHA peakius. M3MepBaHo € 3aabpKaHeTO Ha He-MONIPHHU Pa3TBOPUTENH KaTo N-XeKcaH, N-
XeNTaH, N-OKTaH, N-HOHaH, N-JeKaH M JPYrd KUCEJIMHHM, 0a3u4yHuM W amdoTepHH NpodH, KaTo TeTpaxuapodypa,
JUXJIOPMETaH, XJI0pohOpM, alleTOH U eTuianeTar 6e3 npeunctseane Ha MPTT nva MPMTT B TeMnieparypHusi HHTEpBaJl
ot 303 mo 333 K upe3 obparna razosa xpomarorpadus (IGC). JlucnepcuoHHaTa KOMIIOHEHTA HA MOBBPXHOCTHATA

CHCPIuUsd 7SD Ha H3CJICABAHUTC a,IlCOp6LII/IOHHI/I NOBBPXHOCTU € OLCHCHA H3II0I3BalKU BpEMCHATAa HaA 3aJAbpiKaHC Ha

Pas3IMYHU HETOJIPHU OPTaHWYHU ChEIMHEHUS B 00JIaCTTa Ha Oe3KpaiiHO paspexnane. JMCIIEpCHOHHUTE KOMITIOHEHTH
HA TIOBBPXHOCTHHTE eHepruu yo no Fowkes u Dorris-Gray ca Gmusku u ca mpecmerTHaT kucennuaumte Ki and
6asuunure koHcTanTH Kp 3a chemunenusta 3-(6-wmemun-2-nupuoun)-2-(2-muenun)-1,3-muasonuoun-4-on un 3-(6-
memun-2-nupuoun-2-(3-memun-2-muenun)-1,3-muazonruoun-4-om.
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