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Anniversary

ONE HUNDRED YEARS OF THE FOUNDER OF CHEMICAL
ENGINEERING IN BULGARIA — Prof. Dimiter G. Elenkov, DSc

November 4 this year marks the 100th anniversary of the birth
of Prof. D.Sc. Eng. Dimiter G. Elenkov, Corresponding Member of
the Bulgarian Academy of Sciences (BAS). He was the founder of
chemical engineering in Bulgaria.

Prof. D. Elenkov created the discipline "Basic Processes and
Apparatuses in the Chemical Industry" (now called " Chemical
Engineering") at the Institute of Chemical Technology (later High
Institute of Chemical Technology and now University of Chemical
Technology and Metallurgy

Under his guidance and at his initiative, a Central Laboratory for
Theoretical Foundations of Chemical Engineering (CLATOCHT)
was established at BAS. Again at his initiative, this Central Laboratory grew into the Institute
of Chemical Engineering in 1986, as it has been until now.

Prof. D. Elenkov's scientific activity was oriented towards the practical realization of the

chemical and mass exchange processestaking place in the chemical technology. Together with
the traditional heat and mass transfer processes in multiphase systems under his leadership, in
CLATOCHT, the modern branches of chemical engineering science were developed, namely:
chemical reactor engineering, chemical systems engineering and biochemical reactors. The
latter is currently one of the leading research fields at the Institute of Chemical Engineering and
in the country. All of them, equipped with modern mathematical apparatus and modern research
methodologies, have contributed not only to the scientific growth of young scientists, but also
to solving practical problems in chemical industry and in environment protection from pollution
caused by chemical production in Bulgaria.
Examples are the installation for capturing sulfur dioxide, combined with the capture of lead
and zinc at the State Mining Company at Eliseyna and the Lead-Zinc Plant- Kardzhali; the
intensification of aniline production in Neochim - Dimitrovgrad; the capture of hydrogen
sulphide in industrial gases and the optimization of the regeneration of carbon sulphide at
Svilosa -Svishtov; the catalytic oxidation of sulfur dioxide and the production of sulfuric acid
in a heterogeneous reactor (KCM-Plovdiv) and others.

Under his guidance, 17 doctoral theses were defended, and the scientists with habilitation
who have grown with his support are sixteen.

He was elected Corresponding Member of BAS in 1977. He was Professor Emeritus and
Doctor of Leningrad Institute of Technology (1982), now in St. Petersbourg, Rusia.

Prof. Dimiter Elenkov is the winner of twelve different awards of Bulgarian state bodies and
institutions.

The contribution of Prof. Dimiter Elenkov to the training and development of thousands of
highly qualified chemists and chemical engineers is remarkable. It can be affirmed that there
are no Bulgarian scientists and specialists working in the field of chemical engineering who
were not strongly impacted by his example in teaching and scientific guidance.

The Bulgarian chemical engineering community remembers him with gratitude and respect.

Prof. Venko Beschkov, 2019
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Aspartic acid as an efficient and green catalyst for the one-pot synthesis of 2-amino-
4H-chromene derivatives under thermal, solvent free conditions
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A high-yielding synthesis of 2-amino-4H-chromenes is described involving the reaction of 1-naphthol or 2-naphthal,
with aryl aldehydes and malononitrile in the presence of a catalytic amount of aspartic acid under thermal, solvent-free
conditions. The salient features of this protocol are: aerobic conditions, non-hazardous, green catalyst, short reaction

times and mild reaction conditions.
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INTRODUCTION

The discovery of novel synthetic methodologies
to facilitate the preparation of compound libraries is
a focal point of research activity in the field of
modern medicinal and combinatorial chemistry [1].
One approach to address this challenge involves the
development of multicomponent reactions (MCRS),
in which three or more reactants are combined
together in a single reaction flask to generate a
product with the most of the atoms contained in the
starting materials [2]. The rapid assembly of
molecular diversity utilizing MCRs has received a
great deal of attention, especially for the design and
construction of elaborate heterocyclic frameworks
possessing enhanced “drug-like” properties [3-5].

The chromene derivatives are widely present in
natural alkaloids, flavonoids, tocopherols, and
anthocyanins  [6].  Moreover,  functionalized
chromenes have played an ever-increasing role in
the synthetic approaches to promising compounds
in the field of medicinal chemistry [7]. Among the
different types of chromene systems, 2-amino-4H-
chromenes are of particular utility as they belong to
preferential medicinal scaffolds serving for
generation of small-molecule ligands with highly
pronounced anticoagulant, diuretic, spasmolitic and
antianaphylactic activities [8-10]. 2-Amino-4H-
chromenes are generally produced by refluxing
active methylene compounds (e.g., malononitrile
and cyanoacetic acid esters), with an aldehyde and
an activated phenol in organic solvents such as
ethanol and acetonitrile, and in the presence of
catalyst for several hours [11-13]. Various modified
catalysts were wused such as cetyltrimethyl
ammonium chloride [14], cetyltrimethyl
ammonium bromide under ultrasound irradiation
[15], KSF clay [16], KF/Al,Os [17], TiCls [18],
triethylamine  [19], basic y-alumina [10],

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

MgO [9], heteropolyacids [20], basic ionic liquids
[21], iodine/K,COs3 [22]. The methods reported
previously for the synthesis of chromene
derivatives suffer from severe disadvantages such
as long reaction times, hazardous organic solvents,
complex work-up and purification, strongly acidic
conditions, high temperatures and inadequate
yields. Based on the above information and due to
our interest in developing synthetic strategies for
the construction of heterocyclic compounds, we
have now used aspartic acid-catalyzed condensation
as a new rapid method affording excellent yields
for the synthesis of 2-amino-4H-chromenes under
thermal solvent-free conditions.

EXPERIMENTAL
Instruments

Melting points were determined with an
Electrothermal 9100 apparatus. Elemental analyses
were performed using a Heraeus CHN-O-Rapid
analyzer. Mass spectra were recorded on a
FINNIGAN-MAT 8430 mass spectrometer
operating at an ionization potential of 70 eV. IR
spectra were recorded on a FT-IR-JASCO-460 plus
spectrometer.

The NMR spectra were obtained on a Bruker
Avance DRX-400 FT spectrometer (*H NMR at
400 Hz, ¥C NMR at 100 Hz) using DMSO-ds as
solvent with TMS as internal standard.

General experimental procedure

Aspartic acid (5 mol%) was added to a mixture
of 1-naphthol or 2-naphthol (1 mmol), aryl
aldehyde (1 mmol), and malononitrile (1 mmol),
the reaction mixture was heated to 100°C and
maintained for the appropriate time (Table 2). The
progress of the reaction was followed by TLC
(hexane:ethylacetate).
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Scheme 1. Synthesis of 2-amino-4H-chromenes in the presence of aspartic acid under thermal, solvent-free conditions.

Table 1. Evaluation of the activity of different catalysts for synthesis of 2-amino-4H-chromene derivatives

Entry Catalyst Conditions Yield?/%
1 Tetrabutyl ammonium chloride H2O/reflux 95
2 Tetrabutyl ammonium fluoride H2O/reflux 88
3 Fe(HSO4)s CH3CN/reflux 86
4 H14[NaP5W300110] HzO/I’EﬂUX 93
5 Methanesulfonic acid CH3CN/reflux 90
6 Aspartic acid Solvent-free/ 100°C 85-97 [This work]

2Yields of the isolated products

Table 2. Optimization of the reaction conditions for synthesis of 5a

Entry Catalyst (amount, mol%) T(°C) Time (h) Yield (%)

1 Aspartic acid (0) 50 24 -

2 Aspartic acid (0) 100 24 Trace
3 Aspartic acid (2.5) 30 12 10
4 Aspartic acid (2.5) 65 5 45
5 Aspartic acid (2.5) 80 3 65
6 Aspartic acid (2.5) 100 1 75
7 Aspartic acid (2.5) 125 1 75
8 Aspartic acid (5) 100 Y% (30 min) 92
9 Aspartic acid (10) 100 Y% (30 min) 92
10 Aspartic acid (15) 100 Y% (30 min) 85

After the completion of the reaction, the mixture
was washed with HO (3x10 mL) and filtered to
remove the catalyst. The crude product was
recrystallized from hot ethanol to obtain the pure
compound.

RESULTS AND DISCUSSION

In continuation of our studies on MCRs [23-27]

we report here the reaction between 2-naphthol 1 or
1-naphthol 2, aryl aldehydes 3, and malononitrile 4
in the presence of a catalytic amount of aspartic
acid under thermal, solvent-free conditions.
(Scheme 1). Aspartic acid was used for preparation
of 2-amino-4H-chromenes. In order to establish the
better catalytic activity of aspartic acid, we have
compared the reaction using other catalysts. The
results are listed in Table 1.

Initially, we began with the condensation of 2-
naphthol (1 mmol), benzaldehyde (1 mmol) and
476

malononitrile (1 mmol) in solvent-free conditions at
50°C for 24 h in the absence of catalyst, which led
to very poor vyield of 3-amino-1-phenyl-1H-
benzo[flchromene-2-carbonitrile. To enhance the
yield of the desired product the temperature of the
reaction was increased to 100°C but no appreciable
increment in the product yield was observed. Then,
it was thought worthwhile to carry out the reaction
in the presence of organocatalyst aspartic acid. We
also evaluated the amount of catalyst required for
this transformation and it was found that using 2.5
mol%, 5 mol%, 10 and 15 mol% catalyst, the
maximum vyield (92%) was obtained when the
reaction mixture was loaded with 5 mol% of the
catalyst (Table 2). Further increasing of the amount
of catalyst loading affects the yield and slightly
slows down the reaction. The detailed results
obtained are given in Table 2.
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Table 3. Reaction between 1-naphthol or 2-naphthol, aryl aldehydes and malononitrile in the presence of a catalytic
amount of aspartic acid under thermal, solvent-free conditions.

Product  Naphthol Ar Time (min) Yield (%) m.p. (° C)
6a 1-naphthol CeHs 20 93 212-214
6b 1-naphthol 4-CI-C¢H, 8 97 230-232
6c 1-naphthol  3,4-(CH;0),C¢H; 25 89 211-213
6d 1-naphthol 2-CI-CH, 10 95 237-239
6e  1-naphthol 4-NO,-C.H, 8 96 190-192
5a 2-naphthol CeHs 30 92 279-281
5b 2-naphthol 4-CI-C¢H, 10 95 208-210
5¢ 2-naphthol 2-CI-C¢H, 10 94 262-264
5d 2-naphthol 2,4-(Cl),C4H, 8 95 241-243
5e 2-naphthol 4-Br-CgH, 8 97 243-245
5f 2-naphthol 4-CH,-C4H, 15 90 181-183
59 2-naphthol 34-(CH;0),CH; 30 85 143-145
5h  2-naphthol 4-CH,0-CH 15 g7 181-183
5i 2-naphthol 4-NO,-CgH, 10 95 186-188
5j 2-naphthol 3-CH,0-C(H, 20 93 259-261
5k 2-naphthol 3-HO-C4H, 25 91 282-284
5 2-naphthol 2-HO-4-NO,-CgH, 15 88 225-227

2Yields refer to the pure isolated products

To study the scope of the reaction, a series of
aromatic aldehydes, malononitrile and 1-naphthol
or 2-naphthol catalyzed by aspartic acid under
thermal, solvent-free conditions were examined.
The results are shown in Table 3. In all cases, the
aromatic aldehyde substituted with either electron-
donating  or  electron-withdrawing  groups
underwent the reaction smoothly and gave products
in excellent yields. Compound 5l is new and its
composition and structure were deduced by
elemental and spectral analysis. The mass spectrum
of compound 51 showed a molecular ion peak at m/z
359. The 'H-NMR spectrum of compound 5l
exhibited a methine proton signal at 5.36 ppm. The
OH proton was observed at 11.01 ppm and a singlet
signal at 6 9.23 ppm for the NH> hydrogen atoms,
which disappears after addition of some D,0. Also

observed were multiplets between 7.26 and 8.16
ppm which are related to aromatic protons. The
13C-NMR spectrum of compound 5l showed 20
signals in agreement with the proposed structure,
the IR spectrum also supported the suggested
structure.

In summary, we have shown that aspartic acid
has advantages in the preparation of 2-amino-4H-
chromenes such as short reaction times, simple
work-up, aerobic conditions, non-hazardous, green
catalyst and affords excellent yield. The present
method does not involve any hazardous organic
solvent. Therefore, this procedure could be
classified as green chemistry.

3-Amino-1-(2-hydroxy-4-nitrophenyl)-1H-
benzo[f]chromene-2-carbonitrile  (51).  Yellow
solid; FTIR (vmax, cm™): 3422, 3346, 2197 1657 and
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1590; 'H NMR (DMSO-ds), 3: 11.01 (s, 1H, OH),
9.23 (s, 2H, NHy), 7.26-8.16 (m, 9H, Ar-H), 5.36 (s,

CH) ppm; 3C NMR (DMSO-de), 5: 58.4, 97.6,
5, 113.0, 119.4, 121.8, 122.1, 122.3, 122.6,

1241, 126.6, 130.1, 131.3, 131.7, 133.9, 143.9,

149

.3, 158.9 ppm; MS (m/z, %): 359 (7); Analyses:

Calcd. for CooH13N304: C, 66.85; H, 3.65; N, 11.69.
Found: C, 66.98; H, 3.80; N, 11.85%.

1.

w N

o

10.

11.

12.
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Reduction of aromatic nitro compounds using copper as catalyst is reported in this paper. This novel method is
simple, ecofriendly and does not make use of any acidic/basic medium for the reduction. Water is added along with

dioxalane solvent making it more suitable and versatile.

Keywords: Aromatic nitro compounds, copper, dioxolane, nitrophthalic acid.

INTRODUCTION

Reduction of aromatic nitro compounds into
their respective amines is of great interest as they
are being used as important scaffolds for the
synthesis of biologically potent molecules [1]. They
have also found applications in the preparation of
agricultural  chemicals and dyes. Various
procedures have been reported in the literature;
selective reduction is an extremely demanding task
as the reduction sometimes stops at the formation
of intermediate azoarenes, hydrazines and
hydroxylamines [2]. Of late, few methods are
reported involving metal nanoparticles of Ag in
NaBHjs [3], using coinage metal nanoparticles - Au,
Ag. Cu/agueous NaBH; [4], copper/cobalt
phthalocyanines were used as catalysts for the
reduction [5], gold nanoparticles supported on TiO>
or Fe,Os/H; [6], carbon nanofiber held on platinum
and palladium nanoparticles [7], bimetallic Pt—Ni
nanoparticles [8]. polymer-supported
nanostructured platinum carbonyl clusters [9],
copper nanoparticles along with ammonium
formate in ethylene glycol [10], Ir, Pt, and Pd
supported on carbon as catalysts [11], Pt/CaCOs or
Pt/C—H3PO4 [12]. There have been reports for the
use of copper for conjugate reduction [13], cationic
copper/pybox catalyst for the reduction of
secondary amides [14] using tetramethyldisiloxane
(TMDS) in the presence of copper complexes [15],
copper carbine complex for the conjugate reduction
of a,B-unsaturated carbonyl compounds [16], nickel
chloride supported on natural phosphate [17],
copper nanoparticles under ultrasound and
microwave irradiation [18].

The earlier reports of the aromatic nitro
compounds using zinc and tin indicate that the
reaction is dependent on pH of the reaction
medium. Our research group has reported the use of
iron [19] and zinc [20] in previous reports. Herein,
we report a novel method for the reduction of

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

aromatic nitro compounds using copper powder in
1,3-dioxolane in presence of water. The reaction is
accomplished in neutral medium and proceeds with
excellent chemoselectivity and yield. This reaction
avoids the use of acids/acidic medium for the
reduction of nitro compounds.

MATERIALS AND METHODS

All the reaction precursors, aromatic nitro
compounds, copper turnings and solvents were
obtained from SRL, India and were used without
any further purification. The completion of reaction
and formation of the products were monitored by
thin layer chromatography (TLC) carried out on
aluminium sheets coated in Merck Kieselgel silica
gel 60, procured from Merck India. The boiling
points and melting points of the formed products
were determined by the boiling and melting point
apparatus (Campbell Electronics, Mumbai, India).
All the products formed are known and reported
and their authenticity was confirmed and compared
to authentic compounds obtained from Sigma-
Aldrich, Mumbai. Purification was done by column
chromatography carried out using silica gel (60—
120 mesh) as the stationary phase.

And the temperatures which are mentioned in
the procedure refer to the temperature of the oil
bath used for heating.

NO, NH,
X Cu X
|/ % 1,3-dioxolane/water |/ %
R R

Scheme 1. General procedure for reduction of
aromatic nitro compounds to aromatic amines.

Aromatic nitro compound (1.0 g, 0.08 moles)
was refluxed with copper (5.0 g, 0.08 moles) in
dioxalane (7 mL) in the presence of catalytic
amount of water (0.5 mL) for 15- 40h with different

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 479
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nitro compounds. The completion of the reaction
was monitored using TLC. After the reaction was
completed, the reaction mixture was filtered off to
remove the residue (formed from catalyst). The
filtrate was extracted with ether and acidified with
5% HCI and the aqueous layer was separated and
neutralized with 5% NaOH. The reduced compound
was then re-extracted with ether and was
concentrated under reduced pressure using a rotary
evaporator. The crude product was purified by
column chromatography. The pure product
obtained was identified by TLC and was compared
with the reported products.

RESULTS AND DISCUSSION

Reduction was carried out by reacting a mixture
of aromatic nitro compound (1 mole) and copper
(0.05-0.08 moles) in presence of 1,3-dioxolane-
water, as a solvent under reflux temperature for 15
to 40 h. Copper (1) oxide which was formed as a
valuable byproduct was separated by filtration. 1,3-
dioxolane/water mixture was easily recovered by
vacuum distillation and reused. In general, our
desired product aromatic amines were obtained in
75-90% yield. We further observed that the reaction
did not proceed in the absence of water. We also
observed that, when 1,3-dioxolane was replaced by
other  water-miscible solvents like DMSO,
acetonitrile, methanol, etc., the reaction was not
activated. This method has several advantages like:

H
Y
Ph—NH T 0|\> Ph
0

7,

the reduction avoids corrosive media, it makes use
of an environmentally friendly solvent, and the
most important benefit is, it selectively reduces
nitro group in the presence of other reducible
groups and it avoids the use of hydrogen under
pressure and expensive catalysts. Recycling of
solvents and easy work up makes it an ideal method
for the reduction of aromatic nitro compounds.
During the reduction, functional groups like
methoxy, cyano, ester, chloro, amide, alkene and
keto groups are tolerated.

Proposed mechanism for the reduction of nitro
compounds to amines is given below in Scheme 2.
First step involves the oxidative addition of metal
to nitro compound leading to the formation of
intermediate (a), which undergoes
retrocycloaddition to form a nitroso derivative and
one molecule of CuO. Further, another Cu atom
adds to the nitroso derivative which eliminates a
molecule of CuO to form the unstable nitrene
intermediate. In presence of dioxolane, nitrene pulls
out a proton as depicted in the scheme. The driving
force for the reaction could be the coordination of
1,3-dioxolane with copper in oxidative addition
intermediate (a). The formation of intermediate
nitroso compound was detected by GC. GC also
showed the formation of a minor amount of azoxy
compounds probably by the reaction of nitrene with
the nitroso derivative.

(o)

/
Ph—N
\

@

+

@,

)

_ H,0 _
Ph—NH — > Ph—NH, + OH

H

o

OH

_

H(())><O
L/

H

Scheme 2. Probable mechanism.

480



Vinaya, Sumana Y. Kotian, K. M. Lokanatha Rai: Reduction of nitro compounds using copper as catalyst in dioxolane...

Table 1. Reduction of aromatic nitro compounds to corresponding amines

Entry | Nitro compound Time Product Yield B.p. B.p. M.p. M.p.
(h) % (lit.)°C | (obs)°C | (lit.)°C | (obs.)°C
1 NO, 38 NH, 70 184.1 184 - -
2 NO, 20 NH, 80 200 199.5 - -
CH; CH,
3 NO, 23 NH, 75 - - 187 187
COOH COOH
4 NO, 15 NH, 85 282 282 - -
O,N HZN/©
5 HO__O 40 HO__O 78 - - 180 178
O,N ol H,N on
6 ©/Cl 14 ©/Cl 73 96 95.5 - -
NO, NH,
7 Cl 15 cl 75 232 232.2 - -
NO, NH,
8 NO, 18 NH, 72 201 201.5 - -
i CH3 @/CHS
9 NO, 20 & 74 203 202.5 - -
i “CH; CH,
10 21 71 209 208.9 - -
Cl Cl
NO, NH,

481



Vinaya, Sumana Y. Kotian, K. M. Lokanatha Rai: Reduction of nitro compounds using copper as catalyst in dioxolane...

CONCLUSION

In conclusion, we have reported a novel method
for the reduction of aromatic nitro compounds. The
reported method has several advantages like: the
reduction avoids corrosive media, it makes use of
an environmentally friendly solvent, and the most
important benefit is that, it selectively reduces nitro
group in the presence of other reducible groups.
The method avoids the use of hydrogen under
pressure and expensive catalysts. Recycling of
solvents and easy work up makes it an ideal method
for the reduction of aromatic nitro compounds.

Acknowledgement: The authors would like to
express their gratitude to the University of Mysore
for providing the laboratory facility to carry out
this work.
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Proximate (lipid, moisture, ash) levels and fatty acid compositions of common cuttlefish (Sepia officinalis) from
different geographical areas along the Eastern Mediterranean coasts of Turkey (Fethiye, Antalya, Gazipasa, Anamur, and
Iskenderun) were evaluated. The average total saturated fatty acids (SFA) ranged from 30.5% to 33.2%. The major SFA
components were C16:0 (ranging from 18.2 to 20.74%) and C18:0 (ranging from 7.46 to 8.70%) for all sampling points.
The average levels of mono unsaturated fatty acids (MUFA) of specimens from Iskenderun, Fethiye, Antalya, Gazipasa,
and Anamur were calculated to be 12.17%, 12.05%, 10.75%, 10.32%, and 10.05%, respectively. Among major fatty acids
of the MUFA, the highest and lowest levels of C18:1n9 were calculated to be 4.26% in Fethiye and Anamur, respectively.
Polyunsaturated fatty acids (PUFA) level from all of the mantle part of common cuttlefish was calculated to be higher
than 55%. The highest amounts of arachidonic acid (ARA, C20:4n6), eicosapentaenoic acid (EPA, C20:5n3), and
docosahexaenoic acid (DHA, C22:6n3) were observed in Anamur, Fethiye, Gazipasa with the values of 6.76%, 16.57%,
and 29.69%, respectively. It was concluded that the proximate (lipid, moisture, ash) levels and fatty acid components of
the cuttlefish had been affected from different geographical areas and have high quality unsaturated fatty acids (e.g.,

PUFA, DHA, EPA) which are described as essential fatty acids required for a healthy life.

Keywords: Sepia officinalis, Mediterranean, fatty acid, DHA, EPA

INTRODUCTION

European common cuttlefish is the best known
cephalopod native in all European and
Mediterranean waters [1]. Cephalopods are not only
very valuable food items for human beings but also
very important nutritional source for the predators in
the sea. Common cuttlefish is the mainly fished
cephalopod in the Mediterranean [2,3].

Compared to other sea creatures, common
cuttlefish has a relatively short life span around two
years. They have the ability to grow fast because of
their carnivore diet and metabolic activity [4].
Mature common cuttlefish die after spawning,
generally in spring (Boletzky 1983; Dunn 1999 cited
in [14]).

Of marine invertebrates, common cuttlefish is
considered to be one of the commercially important
fish with high prices in Turkish coastal waters, as
well as all around the world. According to reports of
Fisheries statistics [5], approximately 1.163, 1.396,
and 1.244 tons of cuttlefish were captured in Turkey
in 2011, 2012, and 2013, respectively.

Nowadays, because common cuttlefish contain
the omega 3 fatty acids such as C20:5n3 (EPA) and

* To whom all correspondence should be sent:
E-mail: ayse.ozyilmaz@iste.edu.tr,
ozyilam@yahoo.com

C22:6n3 (DHA), they are appreciated for their many
beneficial health effects.

Fish lipids are constituents of different lipid
classes such as phospholipids, partial glycerides,
free fatty acids, and esters. They are found in fish
and in other sea products including shrimp, octopus,
squids, and cuttlefish. Previous research has pointed
out that cuttlefish is low in fat. Major part of the
lipids is a valuable source of essential fatty acids.
Although there are a few research studies on
cuttlefish  [6-10], there exists very limited
information about the biochemical characteristics of
cuttlefish from different geographical areas along
coasts of the Mediterranean. The objective of the
present study is to investigate the possible effects of
different geographical areas along the coasts of
eastern Mediterranean on lipid contents, moisture
amounts, ash levels, and fatty acid compositions of
common cuttlefish (Sepia officinalis).

EXPERIMENTAL
Sample collection

Five different coasts which are also important
bays (Fethiye, Antalya, Gazipasa, Anamur, and
Iskenderun) along Eastern Mediterranean in Turkey
(Figure 1) were selected to obtain cuttlefish for the
present study.
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Figure 1. Sampling area (Fethiye, Antalya, Gazipasa, Anamur, and Iskenderun) along the Eastern Mediterranean.

Of atotal of 50 samples used in the present study,
only five randomly selected samples from each coast
were measured morphometrically, the
measurements of which are shown in Table 1. The
common cuttlefish are highly captured and the most
frequently consumed fish in the selected areas.The
fish were bought from fish markets in April 2014 on
the same day when they were caught, placed on ice,
and immediately transferred to the laboratory. The
mantle parts (the main edible portion) were removed
for the analyses right after body measurements. The
mantle length (ML) was measured with a digital
Caliper (0.01mm, Mitutoyo/Japan). The body
weights were determined with a precision close to
0.01.

Moisture and ash contents

Moisture and ash contents of the cuttlefish were
determined according to the recommended method
(Commission of European Communities) ISOR
1442 (CEC, 1979) [20] and AOAC 35.1.14 (2003)
[21] method no 938.08, respectively.

Lipid extraction, fatty acid methyl esters (FAME)
preparation and column conditions

Lipid extraction was carried out according to the
modified Bligh and Dyer method [11]. A detailed
information about lipid extraction is given in
Ozyilmaz and Oksiiz (2015) [19]. The conversion
and separation of FAMEs was performed as
described in Ozyilmaz (2016) [12]. Fatty acid
profiles of cuttlefish from Fethiye, Antalya,
Gazipasa, Anamur, and Iskenderun were determined
by GC-MS (gas chromatography-mass
spectrometry) using a Hewlett Packard GC (model
6890) and coupled with Hewlett Packard (model
5972A, HP 6890 system) MS detector. Separations
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of fatty acids were achieved with an HP-
INNOWAX. Polyethylene glycol capillary column
model number: HP 19091N-136, nominal length:
60.0 m, nominal diameter: 250 pm, nominal film
thickness: 0.25 pm) was used in this experiment.
Split flow was maintained at 9.9 ml/min; total flow:
13.9 ml/min helium. The separation was performed
using helium as carrier gas. The injector was
maintained at 270°C with an injection volume of 1
uL in splitless mode with a total injection volume of
1 pl. The injector was washed three times with iso-
octane post-injection, the injector program was also
set to triple-wash before next injection. The initial
column temperature was set at 120°C and held for 3
min, and then increased to 180°C with a 10°C per
min ramp rate and held at this temperature for ten
min. Then the temperature was increased again to
250°C with a 10°C per min ramp rate and held at this
temperature for 17 min. The separation of the total
fatty acids took a total of 43 min.

Statistical analysis

Data were subjected to analysis of variance
(ANOVA) and mean comparison was carried out
using Duncan’s test. Significance was established at
P<0.05.

RESULTS AND DISCUSSION

The results of the morphological measurements
and lipid analyses are presented in Table 1. The
average mantle weight of cuttlefish from Fethiye,
Antalya, Gazipasa, Anamur, and Iskenderun which
are along the coasts of Eastern Mediterranean varied
from 258.80 to 72.40 g. The average mantle length
of cuttlefish from Fethiye, Antalya, Gazipasa,
Anamur, and Iskenderun was 14.10, 12.02, 8.10,
11.38, and 12.00 cm, respectively.
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Table 1. Morphological measurements and proximate contents of the cuttlefish

Locations Mantle Length (cm) Body Weight (g) Lipid (%) Ash(%) Moisture(%)
Fethiye 14.10£1.56 258.80+£71.02 1.38+0.012 1.60+0.06 2 75.42+0.728
Antalya 12.02+3.12 204.60+78.85 1.82+0.07° 1.50£0.04%  76.18+1.66"¢
Gazipaga 8.10£1.60 72.404+49.80 1.80+0.14° 1.56+0.07 2 75.23£1.53b¢
Anamur 11.38+2.21 169.00+49.95 1.70+0.05° 1.76+0.08 2 77.28+1.02°¢
Iskenderun 12.00+0.80 178.00+27.43 0.89+0.09 1.64+0.06 2 75.8240.34 2P

Data represent means+ standard deviation (n=5 for mantle length and body weight; n=3 for lipid, moisture, and ash)

Means followed by different letters within the same row are significantly different (P<0.05).

Previous research set a standard on the age of
cuttlefish. For example, 8.7 cm and 10.0 cm male
and female cuttlefish from Antalya can be
considered as adult cuttlefish [13, 14]. The standard
sexual maturity lengths were calculated to be 12.04
cm for females and 10.30 cm for males in
Iskenderun. Based on these standards set in previous
studies, all cuttlefish collected from all sampling
points in this study can be considered as adults.

The average moisture and ash contents of all
sampling points (cuttlefish from Fethiye, Antalya,
Gazipasa, Anamur, and Iskenderun) were measured
to be between 75.42+0.72% and 77.28+1.02% and
between 1.50+0.04% and 1.76+0.08%, respectively
(Table 1). The differences in the moisture contents
of the cuttlefish were found to be statistically
significant (P<0.05), except for ash contents
(P>0.05). Similar findings regarding moisture and
ash contents were reported by Ayas et al. (2012) [15]
for male and female cuttlefish from Mersin in winter
and spring.

Even though there seem to be slight differences
among lipid levels, these differences were found to
be statistically significant for cuttlefish collected
from all five sampling points in terms of lipid levels
regarding sampling points differences (P<0.05) in
the present study. The mean total lipid contents of
the cuttlefish’s mantle from five different sampling
points ranged from 1.82% to 0.89%. According to
Ackman (1989) [16], fish having lipid lower than 2%
can be classified as lean fish. Accordingly, all
cuttlefish caught from 5 different sampling points in
the current study can be considered as lean fish. On
the other hand, Tir et al. (2015) [10] reported higher
lipid levels for the same species from a different part
of the Mediterranean (Rades, located in northern
Tunisia). Fatty acid profiles (% of total fatty acids)
of cuttlefish from the five sampling points are
presented in Table 2. The fatty acids of cuttlefish
from each sampling point were in the range of 30.48-
33.21% for saturated fatty acids (SFA), 10.05-
12.17% for monounsaturated fatty acids (MUFA),
and 55.23-58.14% for polyunsaturated fatty acids
(PUFA). The percentages of PUFA in cuttlefish
from all sampling points were calculated to be higher

than the sum of the average levels of SFA and
MUFA.

In all cuttlefish’s fatty acid total amount, the
highest proportions of two fatty acids were palmitic
acid (C16:0, 18.20-20.74%), stearic acid (C18:0,
7.46-8.70%) in SFA, oleic acid, and 20:1n9 in
MUFA. Additionally, the highest amounts of three
fatty acids in cuttlefish were ARA, EPA, and DHA
in PUFA. Regarding the highest levels of fatty acids
in SFA, MUFA, and PUFA, the results in this study
are in agreement with previously reported studies on
cuttlefish fatty acids of cephalopods [6-10].

The cuttlefish from all sampling points were
found to be rich in PUFA, which is in accordance
with the previously reported values of PUFA [6-10].
Although the sums of PUFA contents of cuttlefish
from five different sampling points differed from
each other, especially the percentages of arachidonic
acid (ARA, C20:4n6), eicosapentaenoic acid (EPA,
C20:5n3), and docosahexaenoic acid (DHA,
C22:6n3) were found to be very close to each other.
The DHA levels of cuttlefish from Gazipasa and the
EPA levels of cuttlefish from Gazipasa and Anamur
statistically differed from all other sampling points
(P<0.05). The levels of ARA in cuttlefish from all
sampling points significantly differed from each
other (P<0.05).

Ozogul et al. (2008) [8] studied cuttlefish from
eastern Mediterranean in an area close to the
sampling area of the present study in Iskenderun.
Accordingly, seasonal changes of fatty acid
compositions of cuttlefish along with other
cephalopods data regarding levels of DHA were
reported to be higher than those of DHA in the
current study. Additionally, fatty acid level (in
spring 29.5%, DHA\) of cuttlefish reported by Ozyurt
et al. (2006) [7] was higher than that of cuttlefish
reported in the present study, except for cuttlefish
from Gazipasa which was very close to the findings
presented here. DHA levels of cuttlefish from all
sampling points were calculated to be higher than
27%. Ozogul et al. (2009) [17] investigated fatty
acid profiles of 34 marine water fish species from
northeast Mediterranean.
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Table 2. Fatty acids profiles (% of total fatty acids) of cuttlefish from five locations (Fethiye, Antalya, Gazipasa,
Anamur, and Iskenderun)

Locations

Fatty Acids Fethiye Antalya Gazipaga Anamur Iskenderun
C14:0 1.72+0.012 1.68+0.052 1.43+0.03° 1.1540.00¢ 1.17+0.02¢
C15:0 0.89+0.022 1.08+0.01° 0.66+0.01¢ 0.53+0.01¢ 0.70+0.00°
C16:0 19.92+0.672 20.62+0.51° 20.74+0.18¢ 19.41+0.12¢ 18.20+0.05¢
C17:0 1.57+0.012 1.7140.04° 1.37+0.01¢ 1.16+0.022 1.71+0.06°
C18:0 7.46+0.192 7.75+0.11° 8.5940.07° 7.9240.02° 8.70+0.09°
C20:0 0.42+0.10? 0.36+0.01% 0.2240.11° 0.33+0.02%® 0.49+0.082
Total SFA 31.98 33.21 33.00 30.48 30.97
C15:1 ND 0.22+0.012 0.08+0.11° 0.2140.042 0.20+0.052
C16:1n9 0.75+0.01% 0.77+0.02° 0.27+0.27° 0.56+0.00? 0.69+0.06¢
C16:1n7 0.24+0.01% 0.21£0.01% 0.06+0.08° 0.17+0.022 0.28+0.01¢
C17:1 0.42+0.202 0.42+0.232 0.25+0.042 0.45+0.08? 0.65+0.14?
C18:1n9 4.26+0.122 3.66+0.14cP 3.49+0.03¢ 3.05+0.08¢ 3.75+0.06°
C18:1n7 2.12£0.24%® 1.92+0.14% 1.62+0.01¢ 1.81£0.05% 2.34+0.00?
C20:1n9 3.52+0.092 2.97+0.00° 4.2140.04¢ 3.17+0.02¢ 3.48+0.032
C22:1n9 0.69+0.042 0.48+0.08° ND 0.34+0.11° 0.78+0.10?
C24:1n9 0.06+0.08? 0.08+0.12% 0.36+0.06° 0.3240.13P ND
Total MUFA 12.05 10.75 10.32 10.05 12.17
C16:2n4 0.24+0.01b2 0.26+0.06b? 0.14+0.00° 0.19+0.01b° 0.28+0.002
C16:3n4 0.28+0.13% 0.31£0.01° 0.15+0.012 0.14+0.012 0.24+0.032
C16:4n1 1.21+0.182 1.79+0.02° 1.33+0.08% 2.14+0.032 1.60£0.16%
C18:2n6 0.67+0.21% 0.66+0.16% 0.35+0.01°¢ 0.52+0.11°¢ 0.84:+0.24°
C18:3n6 0.46+0.292 0.38+0.132 0.25+0.012 0.22+0.012 0.52+0.192
C20:3n6 0.534+0.082 0.52+0.052 0.50+0.012 0.55+0.062 0.58+0.052
C20:4n6 3.9440.19? 3.67+0.06° 5.66:+0.08° 6.76+0.05¢ 4.78+0.06°
C22:2n6 ND 0.14+0.212 0.1240.16? 0.32+0.012 ND
C22:4n6 0.32+0.012 0.40+0.072 0.61+0.04° 0.55+0.03° 0.40+0.032
C22:5n6 0.78+0.032 0.87+0.01° 1.06+0.12° 1.60+0.02¢ 0.81£0.01°
C18:3n3 0.21+0.012 0.22+0.012 0.19£0.012 0.17+0.08? 0.20+0.022
C18:4n3 0.19+0.272 0.08+0.112 ND 0.2040.012 ND
C20:3n3 0.56+0.012 0.64+0.032 0.54+0.052 0.52+0.06° 0.57+0.00?
C20:5n3 16.57+0.68? 16.13+£0.412 13.4240.25% 14.25+0.21° 15.61+0.102
C22:5n3 1.38+0.032 1.46+0.06? 1.63+0.04° 1.85+0.05°¢ 1.23+0.01¢
C22:6n3 27.90+0.172 27.70+0.472 29.69+0.84° 28.20+0.182 27.62+0.402
Total PUFA 55.23 55.25 55.59 58.14 55.28
Total n6 6.70 6.65 8.53 10.50 7.94
Total n3 46.80 46.23 45.45 45.17 45.22
n6/n3 0.14 0.14 0.19 0.23 0.18
DHA/EPA 1,69 1,72 2,21 1,98 1,77
PUFA/SFA 1.73 1.66 1.68 1.91 1.78

Data represent means + standard deviation (n=2). ND not detected.
Means followed by different letters within the same row are significantly different (P<0.05).

They found out that DHA levels of the fish were Comparing this previous information with the ones
in the range of 3.31 to 31.03%. Only 2 fish species of the present study, one can say that cuttlefish from
exceeded 27% and few ones were close to that level. Fethiye, Antalya, Gazipasa, Anamur, and
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Iskenderun have higher DHA levels than many
marine fish species. Based on the results of the
present study and previous studies on fatty acid
profiles of cuttlefish, lower lipid levels and higher
DHA levels are distinctive characteristics for
common cuttlefish.The average levels of EPA in
cuttlefish from Fethiye (16.57%), Antalya (16.13%),
and Iskenderun (15.61%) were close to each other
(P>0.05) and higher than those of EPA in cuttlefish
from Gazipasa (13.42%) and Anamur (14.25%).
EPA was the second-highest fatty acid in PUFA for
the cuttlefish from all sampling points in this study.
Similar results regarding EPA levels were observed
in previously reported studies [7-10].

Additionally, the total MUFA levels of cuttlefish
from all sampling points were calculated to be the
lowest ones compared to the SFA and PUFA levels.
In MUFA, oleic acid is the most widely distributed
fatty acid and generally the highest fatty acid and
supposed to be the deterministic fatty acid level of
MUFA, especially, in muscle and liver oils of bony
and cartilaginous fish [12,17-19].

The levels of 20:1n9 in MUFA were found to be
slightly higher than those of oleic acid in lipids of all
cuttlefish from two sampling points (Gazipasa and
Anamur). The levels of oleic acid found in lipids of
all cuttlefish from three sampling points (Fethiye,
Antalya, and Iskenderun) are still the highest fatty
acid levels found in MUFA. However, the levels of
oleic acid in cuttlefish are exceptionally low
compared to bony fish oil. Similar results were
observed in some cephalopods especially in
cuttlefish [7,8]. Having low oleic acid compared to
that of fish lipid could be a distinctive characteristic
for cuttlefish. Additionally, the levels of stearic acid
in cuttlefish from all sampling points were found to
be higher than those of oleic acid. However, the
levels of oleic acid are generally higher in bony fish
oil. Similar results were observed in some
cephalopods, especially in cuttlefish [7,8]. Having
higher stearic acid compared to oleic acid level could
be another distinctive characteristic for cuttlefish.

Moreover, the major fatty acids in SFA of
cuttlefish from all sampling points were C16:0
(palmitic acid), C18:0 (stearic acid), C17:0
(heptadecanoic acid), and C14:0 (myristic acid).
These results are in agreement with the results of
previous studies on fatty acid composition of
common cuttlefish [7,9]. Total average SFA and
PUFA levels of all cuttlefish from all sampling
points were also found to be higher than 30% and
55%, respectively. The ratio of PUFA/SFA was
calculated to be 1.66-1.91, which is higher than the
recommended minimum PUFA/SFA ratio by
HMSO (1994) but in agreement with the previously
reported study of Ozogul et al. (2008) [8].

In conclusion, lipid, moisture, ash levels, and
fatty acid compositions of the cuttlefish from all
sampling points diverged. Almost all sampling
points in the current study affected the tested
biochemical characteristics. These are probably the
results of the biological and geographical conditions,
e.g., environmental conditions, food availability and
life stages. Stearic acid level in cuttlefish is
considerably higher than that of oleic acid compared
to bony fish. In general, the cuttlefish from eastern
Mediterranean have low fat and rich unsaturated
fatty acids, especially EPA and DHA. Different
geographical areas seem to have an effect on
proximate and fatty acids contents. Even if some
individual fatty acids of cuttlefish were different or
very close to each other, they are all good for health.
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Activated charcoal was prepared from pine tree cones and was treated with 5M HNO3z and HCI solutions. The acid-
treated charcoals (ATC) were used for the adsorption of cobalt ions from aqueous solution and then utilized for the
decolorization of bromocresol green (BG) dye in aqueous medium. The adsorption study revealed that ATC adsorbed
9.063 mg/g of cobalt within 2 h. The ATC and cobalt-adsorbed ATC (Co-ATC) were characterized by scanning
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX). The SEM images showed that Co
nanoparticles are adsorbed and dispersed on the surface of ATC. The presence of Co nanoparticles was also confirmed
by EDX. The decolorization study was carried out using UV/Vis spectrophotometry and the results revealed that ATC
decolorized 16.85% of the dye while Co-ATC decolorized about 40.5% of the dye within 12 h.

Key words: Adsorption, Activated carbon, Decolorization, Cobalt, Bromocresol green

INTRODUCTION

The presence of heavy metals in surface waters
and wastewaters is a major source of aquatic
pollution and is becoming a severe environmental
and public health problem due to various industrial
waste water discharges. Heavy metals have attained
relatively more significance due to their
persistence, bio-magnification and toxicity. Heavy
metal-contaminated effluents come from various
industries like mining, radiator manufacturing,
alloy industries, metal electroplating, and storage
batteries manufacturing industry [1, 2]. Various
physical and chemical methods were proposed for
the removal of these contaminants, such as
membrane filtration, chemical precipitation, ion
exchange and adsorption [3]. Among these
methods, adsorption is the most suitable method
because of profitability, low-cost adsorbents, ease
of operation and efficiency [4]. Several adsorbents
have been synthesized in the past in order to find
out a sustainable and cost-effective way of removal
of metals from the environment [5]. Activated
carbons are the most potential adsorbents for heavy
metal adsorption due to their high surface area, high
adsorption capacity, micro porous character,
chemical nature of their surface and can be
prepared from various feedstocks’ [6, 7].

Similarly, dyes are widely applied for various
purposes in different industries because of their
durability and effectiveness [8]. Dyes and pigments
are discharged into waste water effluents from
various industries like paper, food, leather, textile

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

and dye manufacturing industries. Due to their
large size and complex structure, these coloring
effluents are toxic and resistant to destruction [9].
The dye-containing waste waters are toxic to
aquatic organisms, human beings and cause
biological magnification, eutrophication, toxicity,
non-aesthetic pollution and perturbation in aquatic
life [10]. The treatment of wastewater containing
dyes is a challenging task as most of the dyes are
non-degradable and persist for a very long time
[11]. If these pollutants are not removed from the
effluents then the color and toxicity of dyestuffs
may cause objectionable impact on the ecosystem
[12].

Various physical, chemical, and biological
methods such as  adsorption, ozonation,
precipitation, reverse osmosis, flocculation,
precipitation and ultra filtration are used for the
purification and removal of color from waste water
[13]. Presently advanced oxidation processes
(AOPs) such as H)0,/UV, O3/UV and
heterogeneous photocatalysis are widely used for
waste water purification. Among these processes,
heterogeneous photocatalysis is an effective method
for the degradation of organic pollutants (such as
dyes present in wastewater), which is based on UV-
light irradiation [14]. For example Tolia et al.
studied the photocatalytic degradation of malachite
green dyes using doped and undoped ZnS
nanoparticles [15].

In the present study, first Co was adsorbed onto
ATC from aqueous solution and then it was utilized
for the decolorization of bromocresol green (BG)
dye in aqueous medium. BG is an anionic
triphenylmethane dye, highly water-soluble and
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hardly biodegradable [16]. Various approaches
have been introduced for the removal of BG dye
from waste water, for example Fassi et al. removed
BG dye by various photochemical processes such
as direct UV photolysis, acetone/UV and advanced
oxidation processes (H20./UV and S;0s%/UV) [17].
Similarly, Chaleshtori et al. photocatalytically
degraded BG dye by using porous titanium-—
niobium oxide as a photocatalyst under UV light
irradiation [18]. In this study the effect of several
parameters such as irradiation time, catalyst dosage
and recycled catalyst on dye removal was studied.
The main aim of the present study is to remove
both heavy metal and dye from water using a low-
cost adsorbent. Firstly, the AC was used for the
adsorption of Co from agueous medium and then
Co-ATC was utilized for the decolorization of BG
dye in aqueous medium.

MATERIALS AND METHODS
Materials

Pine cones were collected around the University
of Malakand. CoCl,.6H,0O was supplied by Merck,
Darmstadt, Germany and used as such without any
further purification. HNOs was purchased from
Sigma Aldrich. HCI (37%) was supplied by Riedel-
de Haen. BG dye was purchased from Peking
Chemical Works, Peking, China.

Charcoal synthesis and its activation

The pine cones were grinded into small pieces
and then heated in a pressure cooker for 1 h. The
obtained charcoal was grinded and sieved through a
screener having 100 um mesh size. 5 g of charcoal,
100 mL of HNO; (5M) and 100 mL of HCI (5M)
were put in a reaction vessel and refluxed at 70 °C
for 2 h. The sample was filtered and the obtained
acid treated charcoal (ATC) was washed several
times with deionized water in order to remove acids
from charcoal.

Adsorption of Co onto acid-treated activated
charcoal

15 mL of cobalt chloride solutions of different
concentrations (100, 200, 300 and 400 ppm) were
taken separately in vials and then 0.2 g of ATC
were added in each vial and shaken on a
mechanical shaker for 2 h. The adsorption was
performed at neutral pH, room temperature with a
shaking speed of 60 Hz. The Co-ATC was
separated by centrifugation and maximum
adsorption capacity was determined by atomic
adsorption spectrometry.

Removal of bromocresol green dye

10 mL of BG (250 ppm) and 0.02 g of Co-ATC
were put in a 50 mL beaker and kept under UV-
light irradiation (254 nm, 15 W) under constant
stirring. After a specific irradiation time, the
catalyst was separated from the irradiated dye
through centrifugation at a speed of 1200 rpm for
10 min. The catalyst was recycled by washing
several times with distilled water through
sonication and then dried in an oven at 80 °C. The
recycled catalyst was reused for the decolorization
of BG in order to compare its efficiency with that
of the original catalyst. The dye removal study of
dye was performed by UV-Vis spectrophotometry.
The percent removal of BG dye in aqueous medium
was calculated by the following equations [13]:

Degradation rate (%) = (C‘é—gc) x 100
AZ;A) x 100

Degradation rate (%) = (

where C, and C stand for initial dye concentration
and dye concentration after UV irradiation,
respectively. A, and A show initial absorbance and
dye absorbance after UV irradiation, respectively.

Instrumentation

The morphological study of ATC and Co-ATC
was carried out on JEOL, JSM-5910 SEM. The
EDX spectrometric analysis of Co-ATC was
performed on Model INCA  200/Oxford
Instruments, UK, company Oxford, in order to
determine the elemental composition of the sample.
The photodegradation study of BG was performed
on a UV-Vis spectrophotometer (UV-1800,
Shimadzu, Japan).

RESULTS AND DISCUSSION
Adsorption study

The adsorption technique is commonly used for
the removal of pollutants like dyes, heavy metals,
etc.,, but after adsorption the adsorbents are
commonly discarded. In our study, we used ATC
for the removal of Co from aqueous solution and
then utilized the Co-adsorbed ATC for dye
decoloration. Table 1 show that the adsorption of
Co increases as its concentration increases. The
results revealed that ATC adsorption capacity
increases as Co concentration increases up to a
certain limit (300 ppm) and then levels off. It was
also found that the adsorption capacity is almost
constant after 300 ppm, which might be due to the
saturation of active sites present on the surface of
ATC.
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Table 1. Adsorption of Co by ATC

Solution Concentration Adsorption of Cobalt
(ppm) (mg/g)
100 5.709
200 6.602
300 9.063
400 9.165

Morphological study

Figure 1 shows the surface morphology of ATC
and Co-ATC. Figure la reveals that the surface of
charcoal is not damaged by treating with strong
nitric acid. Figure 1b clearly shows that Co is
adsorbed on the surface of charcoal. The size of Co
was below 600 nm. The micrographs also
illustrated that Co particles were dispersed on the
surface of activated charcoal.

EDX Study

Figure 2 shows the EDX spectrum of Co-ATC.
The EDX study reveals that carbon is present in
large quantity as compared to other elements. The
spectrum also shows the presence of an oxygen
peak, which indicates that carboxylic functional
groups were introduced during the functionalization
of charcoal by treating with concentrated HNO3 and

XZy508

HCI. Figure 2 also shows that Co is adsorbed in
high quantity on the surface of Co-ATC. The
adsorption of Co was also confirmed by atomic
absorption spectrometry and the results are shown
in table 1.

BG dye decolorization study

The ATC and Co-ATC were used for the
decolorization of BG under UV-light irradiation.
Figure 3a shows the UV/Vis spectra of BG before
and after UV irradiation in aqueous medium in the
presence of ATC. The removal of BG was
measured by the relative intensity of the UV/Vis
spectra, which gave maximum absorbance peak at
438 nm. Figure 3a also shows that the
decolorization of BG increased slowly as
irradiation time increased. The decrease in peak
intensity illustrated that BG decolorization occurred
in the presence of ATC.

The UV/Vis spectra of BG before and after UV
irradiation in aqueous solution in the presence of
Co-ATC are shown in figure 3b. The spectra
revealed that the photodegradation of BG gradually
increased as the irradiation time increased. The
results also illustrated that the dye was significantly
removed in the presence of Co-ATC as compared
to ATC.

Fig. 1. SEM images of (a) ATC and (b) Co-ATC
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Fig. 2. EDX spectrum of Co-ATC
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Figure 3c shows the difference in % removal of
BG dye in the presence of ATC and Co-ATC. The
results showed that only 16.85 % of the dye was
removed in the presence of ATC, while Co-ATC
removed 40.5 % of the dye within 12 h. The
increase in the catalytic efficiency of Co-ATC was
due to the presence of Co on the surface of
charcoal. Chaleshtori photocatalytically degraded

Absorbance (A)

BG dye under UV light in aqueous medium using
non-porous and porous titanium-niobium oxides
derived from KTiNbOs but their photocatalysts are
not economical [19]. Figure 4 shows the Kinetic
study of the photodegradation reaction of BG dye
in the presence of ATC and Co-ATC. The
correlation coefficients (R?) values are also shown
in the graph (Figure 4).
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Fig. 3. UV-Vis absorbance spectra of BG decolorization by (a) ATC, (b) Co-ATC under UV-light irradiation vs. time,
and (c) % removal of BG with ATC and Co-ATC.
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Fig. 4. Kinetic study of BG dye decolorization reaction in the presence of ATC and Co-ATC
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Catalyst dosage study

The effect of catalyst amount on the
decolorization of BG dye was also studied by
applying different amounts of catalyst. Different
amounts of ATC and Co-ATC such as 0.010, 0.015,
0.020, 0.025 and 0.030 g were added to each 10 mL
of dye and their effects were studied under the same
experimental conditions at a constant time of 4 h.
Figure 5 shows the UV/Vis spectra of BG in
aqueous solution before and after UV-light
irradiation using different amounts of ATC. The
results clearly demonstrated that the removal of dye
increased as the amount of ATC increased. Figure 6
shows the UV/VIS spectra of BG before and after
UV-light irradiation using different amounts of Co-
ATC photocatalyst. The spectra show that the rate
of decolorization increased as the amount of Co-
ATC increased.

35

Og
3 0.010g

Absorbance (A)

R Wavr.le-‘;lh(m) » R
Fig. 5. UV-Vis absorbance spectra of BG

photodegraded by ATC under UV irradiation vs. catalyst
dosage.

Figure 7 shows the difference in % removal of
BG dye using different quantities of ATC and Co-
ATC under UV-light irradiation. The results
illustrated that at every dosage Co-ATC
decolorized more dye as compared to ATC. The
results show that 0.010 g of ATC decolorized about
6.46 % of dye while 0.030 g of charcoal
decolorized 20.62 % of dye. Similarly, 0.01g of Co-
ATC decolorized 7.6 % while 0.030 g decolorized
41.86 % of dye within 4 h as is clear from table 2.
The same results are also reported by Fassi et al.

[20] using TiO./UV for photodegradation of BG
dye, who found that dye degradation/removal rate
increased with an increase in the amount of
catalyst.

35

0g
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3 0.015¢

Absorbance (A)

350 400 450 500 550
Wavelength (nm)
Fig. 6. UV-Vis absorbance spectra of BG

decolorized by Co-ATC under UV irradiation vs. catalyst
dosage
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Fig. 7. Difference in % removal of BG in aqueous
medium by different dosages of ATC and Co-ATC

Table 2. % Removal of BG vs. catalyst dosage

Catalyst dosage (g) % Removal by ATC % Removal by CO-ATC
0.010 6.46 7.6
0.015 7.6 13.57
0.020 9.67 20.62
0.025 16.85 325
0.030 20.62 41.86
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CONCLUSION

Cobalt ions were adsorbed on AC and utilized
for the decolorization of BG dye in aqueous
medium. The SEM images showed that the acid
treatment did not affect the surface morphology of
charcoal. The SEM study illustrated that Co
ionsgets agglomerated on the surface of ATC. The
dye decolorization study revealed that Co-ATC
decolorized a larger quantity of BG than the ATC.
The high removal efficiency of Co-ATC is
attributed to the catalytic effect of Co present on the
surface of ATC. Both ATC and Co-ATC can be
easily removed after reaction but Co-ATC can be
more efficiently separated due to the additional
mass of adsorbed cobalt. The Co-ATC decolorized
about 40 % of dye while ATC decolorized about 16
% of dye within 12 h. The % removal of dye
increases by increasing catalyst dosage and 0.030 g
of Co-ATC decolorized 41.86 % of dye within 4 h.
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The kinetics of oxidation of [Fe(phen)s]>* by persulphate was carried out in water pools of
CTAB/chloroform/hexane reverse micelles. The reaction obeys first-order kinetics with respect to each of the reactants.
In the reverse micellar medium, the reaction was found to be around fifty times faster compared to aqueous medium
under identical experimental conditions. The pronounced acceleration is accounted for by the lower micropolarity of the
reverse micelles, which facilitates the ion-pair formation between oppositely charged ions. The effect of variation of W
{W = [H20]/ [CTAB]} at constant [CTAB] and variation of [CTAB] at fixed W was studied. At a fixed concentration of
CTAB, the second-order rate constant of the reaction increases with increasing value of W and is independent of the

concentration of CTAB at constant W.

Keywords: Kinetics, Oxidation, Ferroin, Persulphate, Reverse micelles, Water pools.

INTRODUCTION

The reverse micelles formed spontaneously in
organic solvents are thermodynamically stable and
have been characterized by various techniques. The
solubilized water present in the polar cavity of
reverse micelles is called “water pool”. This water
pool has unique properties like lower dielectric
constant, i.e. micropolarity, higher viscosity, lower
thermodynamic activity of water, higher ionic
strength (in the case of reverse micelles made of
ionic surfactants) and altered nucleophilicity
compared to water in the conventional aqueous
media [1-5]. These anomalous properties of the
water pool are dependent on the W parameter, W =
([H20)/[surfactant]) and as the value of W
increases, the properties approach that of ordinary
water. Since the water pool has different properties
compared to ordinary water, the rates of reactions
and mechanisms can be expected to be different [6-
10]. Another advantage of reverse micelles is that
they are good solvents for both hydrophobic and
hydrophilic reactants and therefore, appear to be
useful media for studying reactions involving
different types of reactants [11,12].

Earlier we have reported reactions taking place
in the presence of reverse micelles and have given a
guantitative assessment for the change in special
properties with change in W and the observed
kinetic results were quantitatively explained using
Berezin pseudo phase model [13-15]. It has been
reported that the lower dielectric constant of the
water pool enhances the ion-pair formation and

* To whom all correspondence should be sent:
E-mail: kvnlpcl5@gmail.com

reactions involving formation of ion pairs between
reactants may provide a basis for understanding the
nature of bound water in the reverse micelles
[16,17]. W.ith this objective, oxidation of
[Fe(phen)s]?* by persulphate was chosen, which is
very well known in aqueous and in various solvent
mixtures [18,19].

EXPERIMENTAL

All solutions were prepared in double distilled
water. Chemicals used were of analytical grade.
Tris (1,10-phenanthroline) iron(ll) complex (0.02
mol dm™3) was prepared by mixing stoichiometric
amounts (1:3) of ferrous ammonium sulphate
(Merck, India) and 1,10-phenanthroline (Merck,
India) in water. A stock solution of sodium
persulphate (0.2 mol dm~3) was freshly prepared by
using sodium persulphate (Merck, India)

Chloroform and hexane were double distilled
before use. CTAB (cetyltrimethylammonium
bromide) purchased from Sigma was used without
further purification. Reverse micellar solutions of
CTAB (0.1 mol dm=, 0.2 mol dm and 0.3 mol dm
%) were prepared by dissolving requisite amounts of
CTAB in chloroform-hexane (3:2 v/v) mixtures.

Preparation of reverse micellar medium and
initiation of the reaction

[Fe(phen)s]?* (0.02 ml, 0.02 mol dm?3) was
injected into 10 ml of 0.1 mol dm™ CTAB solution
using a micropipette. Persulphate solution (0.02 ml,
0.2 mol dm3®) was then added to initiate the
reaction.

The reaction mixture was shaken vigorously to
obtain a transparent and homogeneous solution that
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can be regarded as a reverse micellar system. The
molar ratio of [water] to [CTAB], i.e. W, was varied
in the range from 2.22 to 16.6.

Kinetic measurement

The Kkinetic study of the oxidation of
[Fe(phen)s]?* by persulphate was carried out using a
Shimadzu UV-1800 double beam
spectrophotometer by measuring the decrease in
absorbance of [Fe(phen)s;]?* at a wavelength of 510
nm. The reaction was carried out under pseudo
first-order conditions, [S:0s*] >> [[Fe(phen)s]?'].
The concentration of [Fe(phen)s]** was 4x10° mol
dm?3. Persulphate was varied from 4.0x10* to
36.0x10* mol dm?. In all cases good linear plots
were obtained for log (absorbance) versus time
indicating first-order kinetics with respect to
[Fe(phen)s]?*. The kinetic data are the averages
from duplicate runs with reproducibility better than
+3%.

Calculation of effective concentration

When reactants are in the water pool they are
confined to a small volume leading to a
concentration effect. In the case of unimolecular
reactions taking place in the water pools of the
reverse micelles, the measured first-order rate
constants can be compared directly with the rate
constant of a reaction in aqueous medium.
However, in the case of bimolecular reactions
taking place in the water pools of the reverse
micelles, the calculation of second-order rate
constant involves the consideration of the effective
concentration of the reactants. The effective
concentration of a reactant in the water pool is
calculated by dividing the overall concentration by
the volume fraction of solubilized water. Volume
fraction, f, is the volume of aqueous phase in the
water pool divided by the total volume of the
solution [20]. The volume fractions lie in the range
from 4.00 to 36.0x1072 for 0.1 mol dm= CTAB. For
example, if the concentration of CTAB is 0.1 mol
dm=3and W = 3.33, then f = (0.06/10.0). If [S;0s%]
overall = 4-0X1074, then [82082—]effective = [82082—] overall
/f} = {4.0x1074/0.006} = 0.066 mol dm. From now
onwards, the subscript ‘o’ is used to represent
overall concentration and subscript ‘e’ to represent
effective concentrations.

RESULTS AND DISCUSSION

The kinetics of the reaction was investigated in
CTAB reverse micelles under pseudo first-order
conditions, varying the overall concentration of
persulphate in the range from 4.0x10* to 36.0x10*
mol dm=and keeping the {Fe(phen)s}?** complex at
4.0x10° mol dm, thus isolating the complex. The

reaction obeys first-order kinetics with respect to
{Fe(phen)s}** as shown by the linear plots of log
(Ac) versus time (Fig. 1). A plot of pseudo first-
order rate constant, k' versus [S,0s*], was found to
be linear passing through the origin indicating first-
order kinetics with respect to S,0s* (Fig. 2). Based
on the observed results in the CTAB reverse
micellar medium, the following mechanism
(Scheme 1) is proposed in CTAB reverse micelles:

[Fe(phen)s?*, $,05%]

[Fe(phen)g]?* + $,0¢”

[Fe(phen)s?, $,022] —S1OW . [Fe(phen);** +2 50,2

Scheme 1.

The reaction was markedly catalyzed in the
presence of CTAB reverse micelles and the second-
order rate constant was found to be greater than that
in aqueous medium by around fifty times under
identical experimental conditions (Table 1).

Table 1. Comparison of rate constants in the aqueous
medium and in the presence of reverse micelles (0.1 mol
dm® CTAB) at the same ionic strength (n).
[Fe(phen)s]o?* = 4x10°mol dm3; [S20¢? To = 4x10* mol
dm3; T=304K

kZaq.med>< 1 03 kZ(rev mic) X 1 03

(moldm?)  (moltdm®sec?) (moltdm?sec?)
3.33 7.06 52.4
12.5 0.621 28.0

The acceleration in reverse micelles is due to the
fact that the water pool of a reverse micelle is
distinctly less polar [21,22] than the aqueous
medium and favours ion-pair formation of the
complex with persulphate and facilitates the
reaction between opposite charges.

Effect of variation of W on rate

The second-order rate constant increases with
increasing W at constant CTAB concentration and
is independent of CTAB concentration at constant
W (Table 2). At constant CTAB concentration, an
increase in W results in an increase in dielectric
constant and a decrease in ionic strength of the
medium. These two have opposing effects on the
reaction. If there is only the effect of the dielectric
constant, then the rate should decrease with W. If
the ionic strength effect alone exists, there should
be an increase in rate with increase in W since low
ionic strength favours cation-anion reaction.
Therefore, the rate constant is a resultant effect of
these two factors. The increase in second-order rate
constant k., with W implies that the effect of
decrease in ionic strength on the rate is more
pronounced than the increase in dielectric constant
of the medium. Therefore, the increase in the rate of
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reaction with W is due to decrease in ionic strength.
Hence, the effect of W was assessed in terms of
ionic strength relating the rate constant ko.

=....[Fe(phen)s]** = 2x10- 5 mol dm3
22 ®_. [Fe(phen)s]** = 4x10- mol dm 3
4 . [Fe(phen)s]**=8x10% mol dm?
+....[Fe(phen);]** = 12x10-5 mol dm 3
[CTAB], = 0.1 mol dm'
[5208%]o = 4x10 mol dm°3
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i W=4.44
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Fig. 1. Plots of log (A vs time at different
concentrations of [Fe(phen)s]?*; [CTAB] = 0.1 mol dm"
3 [S,08%]=4.0x10"*mol dm= W= 4.44; T =304 + 0.1
K. [Fe(phen)s]?* = 2.0x10° mol dm3; [Fe(phen)s]?* =
4.0x10° mol dm3; [Fe(phen)s]?* = 8.0x10° mol dm3;
[Fe(phen)s]?*=12.0x10">mol dm3
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Fig. 2. Plots of 1/k» vs 1/[S,08%]; [Fe(phen)s]** =
4.0x10°mol dm3; [CTAB] = 0.1 mol dm™; T =304 +0.1
K; W=4.44, W=13.3.

The ionic strength, p, at each W was equated to
the effective concentration of bromide ion [Br]ein
the water pool.

2A7Z, 1
logk, =logky +M+ Bl e o 1)
1+./u
4 ,
logk, =logky — \/ﬁ + B[Br7]e e v (2)
1+./n

where A is equal to 0.503, Za & Zg are +2 and -
2, the charges of the respective ions. B' is
interaction parameter. In the present case, the
specific interactions are between the positively
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charged micellar surface, CTA* and S,05> &
[Fe(phen)s]** and Br-, represented by the specific
interaction terms Bcra', scose- and Bireehenys* er-,
respectively.

The effect of ionic strength on the rate of
reaction can be examined using Guggenheim
equation [23]. In the case of ionic surfactants, the
value of W controls the concentration of polar
heads of surfactants (CTA") and its counter ions
(Br) in the agueous water pool [24].

[CTAB]=0.1 mol dm3

14

2+logky

13 4

12 A

1.1 4

0 5 10 15 20 25 30
[Br-e

Fig. 3. Plots of log ko vs [Br]e at different values of
W; [Fe(phen)s]?* = 4.0x10°mol dm3; [S;082% ] = 4.0x10
4 mol dm; [CTAB] = 0.1 mol dm?, T=304 + 0.1 K.

At high ionic strength the variation of the
second term in Eqn. (2) with p {=[Br]c} can be
neglected in comparison with the third term. If this
is true, plots of log ko vs. p {=[Br]c} should be
linear. Interestingly, the plot of log k, versus p
{=[Br]e } was found to be linear for all
concentrations of CTAB (Fig. 3) and the interaction
parameter B' was obtained from the slope of the
plot. The value of B' was found to be -0.0252, -
0.0256, and -0.0254 for 0.1, 0.2 and 0.3 mol dm®
CTAB, respectively.

Effect of variation of [CTAB] on rate

The effect of variation of the concentration of
CTAB on the rate of reaction was studied and Table
2 shows that the variation of the concentration of
CTAB (0.1-0.3 mol dm~®) at all W values does not
have any significant effect on the rate. Since the
increase in CTAB concentration at constant W
increases the interfacial area, this shows that the
reaction is taking place mainly in the water pool
and not on the micellar surface, so there is no
significant change in rate with the change in CTAB
concentration. If reaction occured at the interface of
the reverse micelle, the rate constant would change
with variation of CTAB concentration.
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Table 2. Effect of W and [CTAB] on rate constant (kz). [Fe(phen)s]o** = 4x105 mol dm3; [S,042 o = 4x10* mol dm3;

T=304K
%103
(m%lTﬁrE-f*) W ni=[Brl. kix10%s™) (mo:(idlrr%s 1

0.1 2.22 25.0 1.49 14.9
3.33 16.6 1.45 21.6

4.44 12.5 1.40 28.0

6.66 8.33 1.20 36.3

8.88 6.25 1.05 42.0

13.3 4.16 0.756 47.2

16.6 3.33 0.682 52.4

0.2 2.22 25.0 0.735 14.7
3.33 16.6 0.725 21.9

4.44 12.5 0.706 28.2

6.66 8.33 0.616 38.5

8.88 6.25 0.529 42.3

13.3 4.16 0.436 47.9

16.6 3.33 0.343 51.9

0.3 2.22 25.0 0.481 14.5
3.33 16.6 0.482 21.9

4.44 125 0.461 27.7

6.66 8.33 0.403 36.6

8.88 6.25 0.351 42.1

13.3 4.16 0.258 46.9

16.6 3.33 0.227 51.5

CONCLUSIONS 2854 (1989).
) - . 3 B.K. Mishra, B.S. Valandikar , J.J. Knujappu, C.

1. The reaction between [Fe(phen)s]*" and S20s Manomar, J. Colloid Interface Sci., 127, 373
obeys first-order kinetics with respect to each of the (1989).
reactants in the CTAB reverse micellar medium. 4 . Burgess, J. Colloid Surf. 48, 185 (1990).

2. The reaction was found to be accelerated fifty 5 N.J. Bridge, P.D.I. Fletcher, J. Chem. Soc. Faraday
times in the presence of CTAB reverse micelles. Trans., 79, 2161 (1983).

The significant increase of rate in the CTAB 6. J. Sunamoto, T. Hamada, Bull. Chem. Soc. Jpn., 51,
reverse micellar medium is due to the low dielectric 3130 (1978).

constant of the bound water, which favours ion-pair /- N-J- Bridge, P.D.I. Fletcher, J. Chem. Soc. Faraday
formation of the complex with persulphate ion and Trans., 79(9) 2161 (1983). .

- . . 8. K.M. Harasit, T. Majumdar, M. Ambikesh, Int. J.
facilitates the reactlor) between opposite charges. Chem. Kinet., 43(10), 579 (2011),

3. The increase in second-order rate constant 9. M.D. Johnson, B.B. Lorenz, P.C. Wilkins, B.G.
(ko) of the reaction with W was assessed in terms of Lemons, B. Baruah, N. Lamborn, M. Stahla, P.B.
ionic strength using Guggenheim equation. Chatterjee, D.T. Richens, D.C. Crans, Inorg. Chem.,

4. The second-order rate constant (k.) of the 51(5), 2757 (2012).
reaction is almost the same at all concentrations of 10. K.J.S. Jamil, J. Dispersion Sci. Technol, 27(6), 795
CTAB, indicating that the reaction completely takes (2006). _
place in the water pool. 11. R. Schomacker, K. Stickdorn, W. Knoche, J. Chem.
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Mass spectroscopic and biological activity investigations of bis(triorganotin(1V))
carboxylates with acetylene dicarboxylic acid
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Three bis(trioganotin(1V)) dicarboxylates of the general formulae R3SnOOCLCOOSNR; (Where L = C=C; R = Me
(1), Bu (2), Ph (3)) were subjected to mass spectroscopic and biological activity studies. The investigated complexes
demonstrated the common mass fragmentation modes due to their structural similarities. Each product was primarily
degraded into a trialkyl/triaryltin(1VV) cation. The free ligand precursor was biologically inactive against all the tested
microbes while the product complexes 1-3 were proved to be potent inhibitors of bacteria and fungi. The complexes
were also screened for their minimum inhibitory concentration (MIC) evaluation. In vitro hemolytic activity studies
were also performed on human red blood cells. The organotin(1VV) complexes displayed lower cytotoxic effects (12.98-
18.85%) as compared to the free ligand (19.68%). The triphenyltin(1V) product 3 showed interaction with salmon sperm
DNA and was found to be the most active antimicrobial agent having the lowest hemolytic effects. Its
antibacterial/antifungal potential was even higher than that of the standard antimicrobial drugs streptomycin and

fluconazole in some cases.

Key words: EIMS, salmon sperm, antibacterial, antifungal, hemolytic

INTRODUCTION

Infectious diseases are the major causes of
disability, morbidity and mortality in the world.
The death rate of humans due to the infectious
diseases is in millions especially in developing
countries [1]. The control of bacterial infections has
been remarkably effective since the discovery of
antimicrobial drugs. However, some of the
pathogens are rapidly becoming resistant to many
of the first discovered and available drugs. The
increasing prevalence of multidrug resistance in
pathogenic microorganisms, as well as undesirable
side effects of certain antibiotics has triggered
immense interest in the search for new
antimicrobial drugs [2]. In recent years there are
numerous studies on organotin(lV) complexes to
evaluate their biological potential against fungal
and bacterial strains [3]. They are toxic against a
variety of microorganisms and are used as active
components in various biocidal formulations,
finding applications in such diverse areas as
fungicides,  miticides,  mollucides,  marine
antifouling paints, surface disinfectants, and wood
preservatives [4,5]. A large number of organotin
compounds are used as pharmaceuticals and
pesticides, the activities mainly depends upon the
number and nature of organic groups [6,7] as well
as the structure of the molecule and coordination
number of tin moiety [8,9]. Furthermore the activity
will decreases from tetra alkyl substituted tin(I1V)

* To whom all correspondence should be sent:
E-mail: shabbirhussain@Igu.edu.pk
shabchem786@gmail.com

compounds to mono alkyl substituted tin(IV)
compounds [10]. The biological activity is usually
associated with the nature of organic ligand, since
the organic ligand assists in the transportation of
the complexes across the cell membrane [11].
Several organotin compounds exhibit promising in
vitro antitumor activities against human tumor cell
lines [12]. Currently attempts have been made to
search for organometallic compounds as a new
alternative drug in combating human cancers. Some
organotin derivatives are reported to be even more
active than the standard anticancer drug cis-platin
[13]. It has well been established that organotin(1V)
compounds are very important in cancer
chemotherapy because of their apoptosis inducing
character and received considerable attention as
antiproliferative and anticancer drugs [11]. There
are also reports on the wuse of organotin
carboxylates as potential antineoplastic and
antituberculosis agents [14].

The current study focuses on the mass
spectroscopic investigations of bis(trioganotin(1V))
complexes with acetylene dicarboxylic acid. The
products were also tested for their DNA binding,
antibacterial and antifungal activities. These were
also investigated to find their toxic hemolytic
effects.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Materials and Methods

Triorganotin chloride precursors (MesSnCl,
BusSnCl & PhsSnCIl) and sodium hydroxide
(NaOH) were purchased from Aldrich (Germany).
Acetylene dicarboxylic acid (HLH) and solvents
(methanol, petroleum ether & DMSO) were of
Merck (Germany) origin. The methanol was dried
before use by a standard procedure [15]. Melting
points were noted by taking the compound in a
capillary tube and using the electrochemical
melting point apparatus model MP-D Mitamura
Rikero Kogyo (Japan) and are uncorrected.
Elemental analyses were performed on the CHN-
932 elemental analyzer Leco Corporation USA.
Infrared spectra were recorded in the range of
4000-400 cm? on a Perkin-Elmer-1000 FTIR
spectrophotometer. The *H and **C NMR spectral
measurements were performed on a Bruker ARC
300 MHz-FT-NMR spectrometer. The electron
ionization mass spectra (EIMS) were recorded
using a Thermo Fisher Exactive Orbitrap
instrument.

The complexes were investigated for their
interaction with salmon sperm DNA [16,17]. The
pure pathogenic (bacterial and fungal) cultures

were obtained from the Biochemistry Department
of the University of Agriculture, Faisalabad. The
origin and identification of these microorganisms is
given below: E. coli (ATCC 25922), B. subtilis (JS-
2004); S. aureus (APl Staph TAC-6736152); P.
multocida (Local isolate); A. alternate (ATCC-
19575); G. lucidum (Local isolate); P. notatum
(FCBP-PTFO0111); T. harzianum (E-58).

The ligand and the products were compared for
their antimicrobial activities against various
bacterial (Escherichia coli, Bacillus subtilis,
Staphilocuccus aureus and Pasturella multocida)
and fungal (Alternaria alternata, Ganoderma
lucidum,  Penicillium  notatum, Trichoderma
harzianum and Aspergillus niger) strains by the
disc diffusion method [18]. The complexes were
also evaluated for their minimum inhibitory
concentrations (MIC) [19]. Fluconazole and
streptomycin were used as standard drugs for
antibacterial and antifungal screening tests,
respectively. The in vitro hemolytic bioassays [20]
of the products were investigated with respect to
Triton X-100 as a positive control and PBS as a
negative control. The complexes 1-3 were
synthesized by using a two-step reported procedure
(Scheme 1) [21].

Na' -0 O
methanol \ //
HOOC——C==C——COOH + 2NaOH T //C —C + 2H0
T
(0] O Na*
Na™ -0 /O
\C C/ N R;SnCl -2NaCl

// \ Dry Methanol

o) O Na*

Scheme 1. Synthesis of complexes 1-3 where R = Me (1), n-Bu (2), Ph (3)

RESULTS AND DISCUSSION

The products have shown sharp melting points
and are soluble in common organic solvents, i.e.,
DMSO, MeOH and CHCIs. The synthesized
products were characterized by microanalysis, IR
and NMR (*H &*C) and EIMS.

IR and NMR Spectroscopy

The data obtained by IR, *H NMR and *C NMR
spectroscopic analyses were found identical to
those reported elsewhere [21] for the same
complexes.
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Mass Spectrometry

The electron ionization mass spectra (EI-MS)
were recorded for the investigated complexes. The
fragment ions are shown in Table 1. The
degradation pattern of the products is shown in
Scheme 2. The mass spectroscopic patterns verified
the structural similarities between the three
products 1-3. The El-mass spectrum of a
representative complex 3 is shown in Figure 1.
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Table 1. Mass spectral data” of the complexes

120 (35), [C4H202]* 82 (10).

Compound 0
No. MS, m/z (%)
[C10H1804Sn2]+ 442 (n.o.)#, [C10H18033n2]+ 423 (5), I:C9H15OSI’12]+ 379 (25), [CeHgOSﬂ2]+ 337 (100),
1 [CsHsSnz]* 305 (16), [C7HsO4SN]* 277 (10), [CeHs04SN]* 262 (1), [C404Sn]* 232 (2), [CH:OSN]*

229 (4), [CsHe0,Sn]* 218 (12), [CsHeSN]* 165 (68), [C2HeSN]* 150 (21), [CHsSN]* 135 (61), [Sn]*

[C40H3004Sn2]* 814 (n.o.)#, [C22H1504SH]+ 463 (1), [C16H1004Sn]+ 386 (3), [Clngssn]+ 351 (4),
2 [CloH504SI'1]+ 309 (100), [CleloSn]+ 273 (2), [C404SI’I]+ 231 (7), [CsHsSI’l]+ 197 (16), [Clelo]+ 154
(86), [Sn]* 120 (5), [CeHs]" 77 (12), [C4Ha]" 51(7).

3

[C23H54048nz]+ 694 (n.o.)#, [(:16H27O4SI']]+ 403 (2), [C12H1304Sn]+ 346 (18), [C;[zH27SI'1]+ 291 (100),
[CsH1sSN]* 234 (44), [C404Sn]* 232 (43), [CaHeSN]* 177 (19), [SN]* 120 (7), [C4Hs]* 57 (81)

#Molecular ion peak (M*); n.o. = not observed.

100+

154.1

30+

. H

51.0

Al Hm|.
e

s (e
m/z 50 100 150 200

309.0

3511 3861

: P I : ; uill.l "
250 300 350 400

Figure 1. El-mass spectrum of complex 3

Mass-spectral data showed the rich distribution
of ions but the fragments containing the tin are
particularly important in structural characterization
of organotin(lVV) complexes. Such fragments are
easily identified from the characteristic isotopic
peak patterns for tin. The mass spectra displayed a
series of peaks very close to each other due to

isotopic effects of Sn, i.e., tin has 10 naturally
occurring isotopes. The most intense peak in each
group of ions corresponds to the most abundant
isotope of tin (Sn-120). The spectra showed no
molecular ion (M*) peak; the absence of molecular
ion peak in the mass spectra is a common
observation in most organometallic complexes
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[22].0wing to their large sizes, the coordination
products underwent an extensive fragmentation so a
complex mass spectral pattern was observed. The
metal complexes have shown many common
features (Scheme 2) in their fragmentation patterns,
due to the close structural similarities between the
products. Each of these bimetallic complexes was
split into a triorganotin cation (RsSn*) and
[RsSNOOCLCOQ]* (where R = Me, Bu, Ph; L =
CC); these fragment ions lost the methyl, butyl or
phenyl radicals and degraded into [Sn]® and
[SNOOCLCOO*] ions in the former and the latter
case, respectively.

DNA Interaction Studies

DNA is generally considered as the target agent
for most of the anticancer compounds. So the
investigated complexes 1-3 were also studied for
their binding with DNA using absorption
spectroscopy in the wavelength range of 250-400
cm,

R,SN0OC—L —COOSNR,

+ +
[Rysnooc—L—coo | [snR,]
R
R [snR,]”
+
[R;snooc—L—coo | \R
2R [snR]*
R
+ N
[snooc—L—coo | (sn]*
Where
—l— - —Cc=c—

Scheme 2. Common EIMS pattern of 1 (R = Me), 2
(R=Ph)and 3 (R =Bu)

The absorbance and shifts were noted in the
presence and absence of SS-DNA. Each
measurement was performed at the same
concentration of the complex (2 mM) while varying
the concentration of DNA (Figure 2) [14].

It was found that the alkyltin(1V) derivatives 1
and 2 did not show any affinity for DNA,; only the
triphenyltin(IV) derivative 3 expressed its binding
with DNA. These results are in complete agreement
with the earlier findings [23, 24] that only the
phenyltin(IV) complexes exhibit interaction with
DNA. Actually, the phenyl group in an
orgnotin(IV) species facilitates its interaction with
the double stranded DNA [14].
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Figure 2. Absorption spectra of the complex 3 (2
mM) in the absence (a) and presence of 10 uM (b), 19
uM (c), 27 uM (d), 35 uM (e), 42 uM (f), 48 uM (g), 54
uM (h), 59 uM (i), 64 pM (j) and 69 uM (k) DNA. The
direction of the arrow demonstrates increasing
concentrations of DNA. Inset graph is the plot of Ad/(A-
Ao) vs. 1/[DNA] to find the Gibbs free energy and the
binding constant of the DNA-complex adduct.

The pure complex (2 mM) displayed very strong
absorption at 302 nm which may be attributed to
the m-n* transitions of the phenyl ring. After the
addition of DNA and then increasing its
concentration during each successive measurement,
the absorption was lowered (hypsochromism) with
a minor red shift (Fig. 1). The extent of
hypsochromism demonstrates the strength of
intercalative binding between complex and DNA
[14, 23]. After intercalation, the m* orbital of the
intercalated ligand could couple with the n orbital
of the base pairs of DNA, which results in a
decrease of the m-m* transition energy. The
bathochromism (red shift) may be observed when
the DNA duplex is stabilized [25].

After 24 h, the experiment was repeated to
produce again the visible spectra which displayed
the identical results thus verifying the stability of
the drug-DNA adduct.

The intrinsic binding constant ‘K’ was
calculated for the investigated DNA active product
3 by using Benesi-Hildebrand equation 1 [26]:

A _ &g s x 1 (Eqn. 1)

= +
A-A,  e,q-8 K[DNA]

€he ~&g

where A = absorbance of the drug and its adduct
with DNA; A, = absorbance of the drug; enc =
absorption coefficient of the drug—DNA adduct; e
= absorption coefficient of the drug.

The association constant was obtained from the
intercept-to-slope ratios of Ao/(A-Ag) vs. 1/[DNA]
plot. The binding constant (K) was found to be 4.6
x 103 M,
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The Gibbs free energy (AG) was calculated by
using equation 2:

AG = —-RT InK (Egn. 2)

where T is the temperature (298 K) and R is general
gas constant (8.314 J Kmol™). The Gibbs free
energy was found to be —20.9 kJ mol?. The
negative value of AG suggests that the interaction
of the compounds with DNA is a spontaneous
process.

Biological Activity Studies

The free ligand and the investigated
bis(trioganotin(lV)) dicarboxylates were evaluated
for their antimicrobial activities by the disc
diffusion method [18]. The samples were tested
against various strains of fungi (Alternaria
alternata, Ganoderma lucidum, Penicillium
notatum and Trichoderma harzianum) and bacteria
(Escherichia coli, Bacillus subtilis, Staphlocuccus
aureu sand Pasturella multocida). Fluconazole and
streptomycin were used as standard drugs for
antifungal and antibacterial screening tests. One mg
of a test sample was dissolved in 1 ml of the solvent
(water for the ligand/reference drug and DMSO for
the complex) and 100 pL of this solution was
applied to soak 9 mm filter paper discs. The zones
of inhibition of the discs were measured in mm.
The compounds were also tested to find their
minimum inhibitory concentration (MIC) using a
standard procedure [19]. The wells exhibiting MICs
were visually noted. The data are summarized in
Tables 2-5.

The organotin(lV) products were found to be
biologically active against the tested microbes. The
coordination of the ligand with trialkyltin(I\V) or
triphenyltin(IV) moieties has appreciably induced
antimicrobial activities in the product complexes 1-
3. Thus, the homobimetallic complexes of tin
displayed considerably higher inhibitory effects as
compared to the free ligand HLH. The
antifungal/antibacterial ~ activities of  some
complexes were even higher than those of the
standard drugs (Tables 2 and 3). The minimum
inhibitory concentration values of the complexes
are given in Tables 4 and 5. The biological
activities varied according to the nature of the
substituent at tin [27]. The inhibitory action of
organotin(lV) compounds is mainly due to their
ability to interact with DNA and proteins. They can
also damage mitochondria, thus causing the death
of microorganisms [28].

Hemolytic Activities of Complexes

The disodium salt of the free ligand (Na.L) and
the complexes 1-3 were evaluated for their toxic
hemolytic effects by a reported procedure [20].
Human red blood cells were obtained from
volunteers and the average lysis was reported with
respect to Triton X-100 and PBS as a positive
(100% lysis) and PBS as negative (0% lysis)
controls, respectively. The results obtained are
summarized in Table 6.

Table 2. Antibacterial activity data® of the ligand (HLH) and the complexes 1-3

Bacterial inhibition zone (mm)
Compound No.
E. coli B. subtilis S. aureus P. multocida
HLH -- -- -

1 30%+£0.14 26%+0.37 30°+0.28 22°+0.21

2 30%+0.19 22¢+0.32 328+0.14 30%0+0.46

3 28°+0.28 18°+0.51 31°+0.42 342+0.38
Streptomycin 30%+0.17 312+0.28 31°+0.31 292+0.28

& Concentration = 1 mg/ml in DMSO; Data are expressed as the mean + standard deviation of samples analyzed
individually in triplicate at p<0.1. Values having same letters in superscripts of the same column do not differ
significantly; 0 = No activity, 5-10 = Activity present, 11-25 = Moderate activity, 26-40 = Strong activity; Streptomycin

is standard antibacterial drug.
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Table 3. Antifungal activity data? of the ligand (HLH) and the complexes 1-3

Compound No. A. alternata G. lucidum P. notatum T. harzianum
HLH - - 20°+0.19
1 41%+0.21 28°+0.13 26°+0.11 24°+0.14
2 30¢+0.22 25¢+0.12 30°+0.23 26°+0.19
3 42%+0.18 325°+0.25 34°°+0.12 332+0.21
Fluconazole 38%+0.29 413+£0.21 45%£0.31 -

& Concentration = 1 mg/ml in DMSO. Data are expressed as the mean + standard deviation of samples analyzed
individually in triplicate at p<0.l. Values having same letters in superscripts of the same column do not differ
significantly; 0 = No activity, 5-10 = Activity present, 11-25 = Moderate activity, 26-40 = Strong activity; Fluconazole

is standard antifungal drug.

Table 4. MIC (bacterial) of the ligand (HLH) and the complexes 1-3 (mg/well)

Compound No. E. coli B. subtilis S. aureus P. multocida
HLH 3.12 25 25 25
1 3.90x101 7.81x101 3.90x101 3.12
2 3.90x10*1 6.25 3.12 6.25
3 7.81x101 7.81x101 3.12 6.25
Streptomycin 9.7x107 1.95x101 6.25 3.12

Table 5. MIC (fungal) data of the ligand (HLH) a

nd the complexes 1-3 (mg/well)

Compound No. A. alternata G. lucidum P. notatum T. harzianum
HLH - - - 6.25
1 3.90x101 1.95x10? 1.95x10? 1.95x10!
2 3.90x101 1.95x101 >2.44%102 >2.44x1072
3 1.95x101 9.76x107 1.95x10? >2.44x1072
Fluconazole 1.56 1.56 >2.44x1072 25

Table 6. Hemolytic activities of the disodium salt of the ligand (Na,L) and the complexes 1-3

Compound No. NasL 1

3 Triton-X 100 PBS

19.68+0.05 | 17.31+0.06

% of Hemolysis

18.85+0.03

12.98+0.06

99.53+0.00 0.00+0.00

All the coordinated products possessed lower
hemolytic activity as compared to NaL, thus
coordination with the metal ion has reduced the
cytotoxic hemolytic effects of the resultant species.
The lowest activity (12.98%) was reported for the
complex 3 and the highest value (18.85%) was
recorded for the complex 2. All other compounds
presented their hemolytic activities within this
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range of minimum and maximum values. The
synthesized complexes possessed hemolytic
activities much lower as compared to Triton X-100
and much closer to PBS.
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CONCLUSIONS

Bis(trioganotin(lV)) derivatives of acetylene
dicarboxylic acid demonstrate the common mass
fragmentation mode due to their structural
similarities. The free ligand precursor was
biologically inactive against all the tested microbes
but a proficient antimicrobial potential was
developed after its coordination with tin. The
complexes were also screened for their minimum
inhibitory concentration (MIC) evaluations. The in
vitro hemolytic activity studies were also
performed on human red blood cells. All the tin(IV)
coordinated products displayed lower cytotoxic
effects (12.98-18.85%) as compared to the free
ligand (19.68%). The triphenyltin(I\VV) derivative 3
was unique in the sense that (i) it was the most
active biological agent (ii) it showed interaction
with salmon sperm DNA (iii) it possesses less toxic
hemolytic effects compared to all three complexes.
Its antibacterial/antifungal potential was even
higher than those of the standard antimicrobial
drugs streptomycin and fluconazole.
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Antimicrobial composites and coatings with specific properties based on polyurethane and nano sized arsenic
trioxide (As;Oz) obtained by transformation of secondary resources were created and studied. Thermo-physical
characteristics, basic tribological (scratch resistance, wear, dynamic friction) and surface properties of the obtained
composites and materials were studied. The addition of silicon-organic oligomers into polyurethane matrix modifies
thermal, tribological and operational properties of corresponding materials in the desired direction. Strong
intermolecular interactions and compatibility between materials components were verified by performed tests and
reflected in the morphology of the hybrids as well. The elaborated antimicrobial hybrid coatings are characterized with
good fixation on various samples and wares, good strength, elasticity; they do not change the colour during photo- and

isothermal aging and have a number of applications.

Keywords: arsenic trioxide, secondary resources, antimicrobial, coating, properties

INTRODUCTION

Increased concern to the antimicrobial safety in
the wvarious spheres is an issue of global
importance. In response to the deterioration of
ecological conditions, the increasing bacterial and
fungal population on various surfaces stimulates a
series of biocorrosive processes that cause
significant economic losses to industry and pose
serious threats to cultural heritage (historic
buildings and monuments, archaeological patterns,
museum exhibits, etc.) as well [1].

Bacterial corrosion is a result of synergistic
interactions between the various materials surfaces,
abiotic corrosion products, microbial cells and their
metabolites [2]. Pathogenic microorganisms are
placed on the surfaces of various natural and
synthetic materials (leather, wood, plastics),
polymers, and stimulate irreversible deterioration
of their physical and mechanical properties,
biodegradation and finally, damaging. That affects
many fields of technique and industry and causes
losses annually amounting to milliards of dollars
[3, 4].

The development of new type inorganic-organic
multifunctional hybrid materials has the real
prospect to solve this problem [5]. Antimicrobial
covering/protecting of various natural and synthetic
materials and wares will also achieve the protection
of humans in case of their direct contact with the

* To whom all correspondence should be sent:
E-mail: nodar@Iekishvili.info

surfaces of aforementioned materials and will solve
a number of environmental problems.

During the last two decades the design of
polyfunctional inorganic-organic  antimicrobial
hybrid materials has attracted considerable research
interest. The wide range of possible hybrids may
include innovative combinations, starting from
organic and organometallic molecules to inorganic
compounds, biogenic transition metals complex
compounds or clusters, dispersed in a polymer
matrix [6].

Hence, the exploration of new antimicrobial
compounds and materials has a great actuality and
needs further development for effective prevention
and/or inhibition of the growth of detrimental
microorganisms and control of biocorrosion
processes [6].

Arsenic and its compounds have long been
identified for their bactericidal effects and thus they
are mainly used in the production of pesticides,
anthelmiths, wood preservatives, etc. In addition,
arsenic compounds have a long history of use in
medicine. Since arsenic trioxide (As:Os) was first
approved by the FDA as the front line therapy for
acute promyelocytic leukemia 25 years ago, its
anti-cancer properties for various malignancies
have been under intense investigation [7, 8].

It is very important to search a cheap base for
creating the materials mentioned above on a wide
scale, especially from natural and industrial
secondary resources. Caucasus region (Georgia) is

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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rich in natural resources. Among them arsenic
takes a special place [9, 10].

Arsenic deposits are basically situated in the
north region of Georgia in the form of occurrences.
It is very important that these ores do not contain
impurity elements, and the best chance is given to
produce highly pure metal arsenic and As;Os.

Nanotechnology is currently growing as a
multidisciplinary field of science and has proved its
potential by fetching benefits in modern functional
coatings development. The coatings containing
nano-particles offer much better material and
processing properties than conventional coatings
(e.g. increased indentation resistance, high
elasticity, fast drying, and no expansion after
contact with water, high water vapour
permeability).

Thus, a number of environmental benefits are to
be expected from nanotechnology-based coatings
including: a) thinner coating layers; b)
minimization or substitution of solvents and toxic
compounds used in coating materials; c¢) less
consumption of energy and cleaning agents; d)
extended life span of the coated objects, etc.

EXPERIMENTAL

Polyurethane was obtained by interaction of
4,4-dimethylmethanediisocianate with oligobuthy-
leneglycoladipinate in an equimolar ratio. Silicon
organic oligomers - o,0-dihydroxydimethyl-
(methylvinyl)oligoorganosiloxane (n=2.7 Pas;
Mepui=2.95:10%),  bis(hydroxyalkyl)oligodimethyl-
siloxane (My=5.600) and oligo[dimethylsiloxane-
co-(3-aminopropyl)methyl]siloxane were obtained
from Aldrich Chemicals.

Antimicrobial coating - sample preparation: to
the cyclohexanone solution (155°C) of the PU
matrix a definite amount (3, 7, 10 wt.%) of the
selected silicon-organic modifiers and bioactive
component were gradually added and were stirred
for 30-40 min (25°C) until formation of light
coloured homogenous mass. Obtained materials
were deposited as thin layers on the surface of the
various substrates (wood, Teflon) and were left in
the air during 48-72 h (25°C) to produce
homogenous and smooth protective layers.

Differential scanning calorimetric
measurements were performed with DSC 200
(Netzsch, Germany). All tests (10 mg of each
sample) were conducted under dry nitrogen;
temperature range from -100°C to +300°C; heating
rate 5°C/min.

Thermogravimetric analysis was carried out
using Perkin Elmer TGA-7; 10-20 mg of each dry
sample was tested [11]. Temperature range 30-
700°C; heating rate 10°C/min.

Hydrophobicity was studied by a gravimetric
method [12].

Tribological characterization: Scratch and
sliding wear tests were performed on a Micro-
Scratch Tester (MST) applying linearly increasing
force in the range of 0.03-30.0 N or else a constant
force (25°C) [13]. The sliding wear (SWD) results
were obtained by multiple scratching with a
diamond tip along the same groove. Both in single
scratching or in SWD, one obtains the penetration
depth R, and the residual (healing) depth Rp
determined two minutes later. Both R, and Rj
values were taken at the midpoint. The viscoelastic
recovery ¢ was defined by equation (1) which
applies to the single scratch resistance tests, as well

as to the sliding wear:
= Rp —Rh X 1009 1
¢ R 0 ( j

Dynamic friction was measured using Nanovea
pin-on-disk tribometer. 440 steel balls made by
Salem Specialty Balls with 3.2 mm diameter were
used. Temperature 20+2°C, speed 100 rpm, sliding
distance 40 m, radius 2.0 mm, load 2.0 N, 2000
revolutions, test duration 20 min.

The scanning electron microscope (Eclipse ME
600, Nikon) was used to observe the changes in the
wear tracks after testing and to study the possible
modes of failure or deformation.

RESULTS AND DISCUSSION

For creation of antimicrobial hybrid coatings
nano-sized As;Os; (3 and 5 wt.%) obtained by
transformation of arsenic secondary resources were
used as the bioactive component (BC) [14-17]. By
using non-realized secondary resources it is
possible to elaborate relatively cheap bioactive
components and inorganic-organic hybrid anti-
microbial coatings based on them for protection of
the rich cultural heritage in this region.

As polymeric matrix polyurethane (PU) was
selected considering its mechanical and tribological
properties [18,19]. For modification of some
characteristics (elasticity, formation of
homogeneous films on various substrates,
hydrolytic and thermal stability) of the basic
polyurethane matrix polyoligoorganosiloxanes with
functional groups (hydroxy-, amino-) at the silicon
atom were used:

{HO{[Si(CH3)20]98A5[Si(CHs)(CHZCHz)O]l,s}xH;

x=3+5}
a,0-Dihydroxydimethyl (methylvinyl)oligoorgano-
siloxane (HMMVOS)
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CHy [ CHg CH; 1 CHg
H5C- Sl {' H %SI CHsy

CH3 CH3 m n CH

Oligo[dimethylsi onane-co-(S-
aminopropyl)methyl]siloxane (ODMAPMS)

HO CH3 C|:H3 (|:H3 OH
Mt Jf | o}lsli%
CH3 CHs; “"CHs

Bis(hydroxyalkyl)oligodimethylsiloxane (BHODMS)

Table 1. Polyurethane composites for antimicrobial coatings

Polymer matrices and hybrid composites

PU

PU/3 wt.% HMMVOS

PU/3 wt.% As203

PU/5 wt.% Asz03

PU/3 wt.% HMMVOS/3wt.% As,03
PU/3 wt.% BHODMS

PU/7 wt.% ODMAPMS

N o g kM w e

Differential scanning calorimetric  (DSC)
method was used to locate the crystalline phases,
glass and phase transition temperature regions of
the modified matrices and the hybrid polymer
composites obtained on their basis.

DSC studies showed that all tested materials are
amorphous (no exothermic peak characteristic for
crystallization is displayed on the DSC diagrams)
and no melting transitions are visible. Endothermic
peaks on the obtained DSC diagrams correspond to
glass transition regions (Tg). It was shown that
tested hybrids have glass transition in the range
from +38.8°C to +59.7°C. This is important for the
use of the obtained coatings for protection of
museum exhibits since optical clarity at room
temperature or in a wider temperature range is
assured. Doping of nano sized arsenic trioxide as
bioactive component into the basic polymer has no
significant influence on the value of Ty Glass
transition temperature regions are more sensitive
towards siloxane modifiers. In particular, by
incorporation of oligoorganosiloxanes into the
researched composites provokes a decrease of Ty
from 58.7-56°C to 38.8-44.3°C.

DSC study also showed phase transition in the
glassy state, so called B-transitions (Tg) [20]. It was
established that addition of bioactive component
into modified polymer composites reduces the
absolute value of Tg from -56°C to —(48-51)°C.
Thus, adding 3 wt.% of As;Os to PU results in
lowering of the p-transition temperature Tg
centered around the regions from —43.6°C to —37°C
correspondingly (Table 1, comp. 1, 2, 5, 13, 14).
Thus, addition of BCs enhances the stability of the
low-temperature amorphous phase.
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8. PU/10 wt.% ODMAPMS

9. PU/7 wt.% BHODMS

10. PU/10 wt.% BHODMS

11. PU/7 wt.% ODMAPMS/3 wt.% As203
12. PU/10 wt.% ODMAPMS/3 wt.% As203
13. PU/7 wt.% BHODMS/3 wt.% As;03
14. PU/10 wt.% BHODMS/3 wt.% As;03

Decomposition behaviour and thermal stability
parameters of pure and modified hybrid composites
were determined by thermogravimetric analysis as
follows: initial degradation temperature (Tindec),
decomposition temperature (Teec) with
corresponding weight loss (wt.%) and temperature
of the maximum rate of degradation (Tma),
temperature after which no changes are observed.

Intensive destruction process of the pure PU
matrix takes place in the temperature range of 290-
460°C with a large weight loss of 81.3% of the
original weight. In the 460-570°C range weight
drop of the remaining weight is seen (Table 2).

Table 2. TGA data of the PU hybrids

Hybrid = Tstdecy,  Tindec,  Weight Tmax ,
°C °C loss, % °C
1 280 290-460 81.3 570
2 285 320-480 36.0 590
4 200  420-532  62.7 685
5 330  410-538  31.4 670
6 300 355-548  27.1 630
7 315  360-390 78.8 580
8 320 360-400 80.0 590
9 320 360-420 77.1 590
10 290 330-480 78.3 580
12 340 360-490 74.3 590
14 340 380-530 75.1 600

PU-composites modified by polyoligoorgano-
siloxanes are quite stable up to 290-340°C and
weight loss does not exceed 5-6 wt.% (Table 2).



Intensive destruction process of modified samples
takes place in the range of about 320-548°C. As is
seen in Table 2, both Tstdec and Tmax Of the modified
polymer hybrids increased with respect to pure PU.
Further addition of BC shifts Tingc. to the higher
temperatures with reduced weight loss. The full
thermal degradation of modified hybrid composites
is observed in the range of 580-685°C.

Tribological characterization of materials deals
with friction, wear, scratch resistance and design of
interactive surfaces in relative motion [21]. The
basic  tribological and surface properties
(morphology, outward appearance, optical
stabillity) of the obtained non-modified and
modified PU composites and materials were
studied.

Penetration depth (Rp) diagrams of the examined
composites at constant load as a function of the
number of scratch tests were obtained. Analysis of
results showed an improvement of resistance
towards instantaneous deformation of the
corresponding composites obtained via
modification of basic polyurethane by siloxane
modifiers (Fig. 1; composites 1, 7-10, Table 1).
Penetration depths of composites 7-10 are in the
range of 200-245 um while for pure PU Rp2298
um. Increasing of wt.% of the used modifier lowers
R, with respect to the pure PU. Namely, the
maximum reductions in R, were shown for
composites obtained by modification with 10 wt.%
of siloxane modifiers - R, ranging around 200-206
um (Fig. 1; comp. 8, 10, Table 1). Herewith the
best result showed the modified composite by 10
wt.% BHODMS (Fig. 1; comp. 10, Table 1).
Further incorporation of BC slightly lowers R, with
respect to the pure PU and hybrids (Fig. 1; comp.
11-14, Table 1).

Modifications with silicon-organic oligomers
caused a decrease in residual depth (Ryn) after
healing (determined after 2 min) by about 80-90
um (Fig. 2; comp. 7-10, Table 1). The maximum
reduction of Ry was shown by the composite
modified with 10 wt.% BHODMS (Fig. 2; comp.
10, Table 1). For corresponding hybrids a further
slight decrease in R, was observed as well (Fig. 2;
comp. 11-14, Table 1).

The values of viscoelastic recovery (¢) of
modified composites calculated from egn. (1) are in
the range of 60-70%. A slightly higher viscoelastic
recovery was registered for PU materials modified
with 10 wt.% BHODMS (Fig. 3, comp. 10, 13,
Table 1). Thus, improvements in penetration and
residual depths, as well of viscoelastic recovery of
the examined hybrids with respect to basic PU are
manifested.
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Figure 1. Penetration depths of pure and modified
PU composites and antimicrobial coatings (Table 1).

0

——1
g€ 50 |
E . == -
‘_; L 8
2 100 |
e —0
a
8 150 10
©
3
b
© 200 |
o
250 -
0 2 4 6 8 10
Scratch Number
0
20 —_——11
——12

40 -

M —13
60 14
80 -

100 -

120 -

Residual Depth Rd / (mm)

140 -
0 2 4 6 8 10

Scratch Number

Figure 2. Residual depths of pure and modified PU
composites and antimicrobial coatings (Table 1).

By dynamic friction tests it was shown that
modification with ODMAPMS and BHODMS
lowers the coefficient of dynamic friction (f) of the
corresponding composites in respect to pure PU
(Fig. 4; comp. 7-10, Table 1). Herewith the
increase in modifier’s quantity causes an
improvement of wear resistance. Accordingly,
lower values of the average dynamic friction were
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shown by the composite modified with 10 wt.%
silicon-organic oligomers with respect to pure PU
(Fig. 4; comp. 8, 10, Table 1). Subsequent
incorporation of BC shows a further decrease of the
values of average friction as a function of
composition (Fig. 4; comp. 11-14, Table 1). The
hybrid coating obtained by modification with 10
wt.% BHODMS and BC is characterized with the
best wear resistance among the tested composites
(Fig. 4; comp. 14, Table 1).

The analysis of the dependence of the dynamic
friction on the sliding distance mostly shows a
steady behaviour of the values of dynamic friction
during the tests (Fig. 5).
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Figure 3. Viscoelastic recovery of pure and modified
PU composites and antimicrobial coatings (Table 1)
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Figure 4. Comparison of the values of the average
coefficient of dynamic friction for polymer matrices

and antimicrobial coatings based on them (Table 1).

The decrease in the coefficient of dynamic
friction for PU matrices modified by oligo
organosiloxanes is caused by the plasticizer effect
of the flexible chains of siloxane modifiers. By
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doping of bioactive components into basic PU the
coefficient of dynamic friction of the tested
coatings slightly increases (Fig. 5; comp. 3, 4,
Table 1). Further addition of bioactive component
with higher quantities increases the hardness of the
formed coatings (Fig. 5; comp. 4, Table 1).
Herewith, doping the optimal amount of bioactive
component into PU modified with HMMVOS
gives satisfying results of wear resistance (Fig. 5;
comp. 5, Table 1). Thus, modified polyurethane
matrices and corresponding antimicrobial coatings
are characterized with lower friction than pure PU.
It was established that the wear resistance of the
tested composites mainly depends on their
composition, on the nature and quantity of
modifiers and on the experimental conditions.
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Figure 5. Dependence of the dynamic friction on the
sliding distance for pure and modified PU matrices and
corresponding antimicrobial coatings (Table 1).

The obtained results were also confirmed by
studying the surface morphology (SEM) of the
polymeric matrices and antimicrobial coatings (Fig.



6). Plastic deformation behavior of modified PU
films is characterized with less crack nucleation in
comparison with non-modified one. Namely,
plastic deformation of corresponding films under
2N constant load showed that a split behavior of
PU matrix modified by 3 wt.% o,o-dihydroxy-
methylvinyloligoorganosiloxane is characterized

2

Figure 6. Surface morphology of the PU matrices and antimicrobial coatings (Table 1)

PU. It should be noted that composites obtained by
modification of PU  with 10 wt.%
bis(hydroxyalkyl)polydimethylsiloxane and BC,
have smoother surfaces, without brittleness and
porous regions and demonstrated the least crack
nucleation among the tested polymeric matrices
(Fig. 6; comp. 1, 2, 10, 12, Table 1).

10 12

Table 3. Hydrophobicity of the PU matrices and corresponding antimicrobial hybrids

Ne Whzo, Wt.% No Whzo, Wt.% Ne Whzo, Wt.%
1 0.046 6 0.027 11 0.027

2 0.025 7 0.028 12 0.026

3 0.016 8 0.027 13 0.024

4 0.012 9 0.026 14 0.025

5 0.010 10 0.024

This effect is caused by the plasticizing
behaviour of siloxane modifiers.

Hydrophobic properties of coatings play a
significant role in the process of adhesion of micro-
organisms on various surfaces. Water absorption
ability (Wh2o, Wt.%) of the obtained antimicrobial
coatings was determined by a gravimetric method
[11]. As performed tests showed, silicon-organic
and bioactive inorganic modifiers act as a barrier in
the polyurethane matrix, hindering the effective
path for the water molecules to travel, and
accordingly lead to an increase in water absorption
resistance. Thus, Whzo did not exceed 0.03 wt.%
during 720 h in all cases (Table 3). It was
established that during three months, under
conditions of isothermal aging (40-60°C) and
“light-weather” (complex action of air oxygen,
carbon dioxide, visible light, moisture) the initial
appearance, color, optical transparency and
mechanical properties (surface homogeneity
without splits formation) of the created anti-
biocorrosive coatings were not deteriorated.

Based on the research carried out it was shown
that the mechanical, tribological and operational
properties of antimicrobial composite and materials
were improved by the proper combination of the
structure, bioactivity and ratio of basic components.
The elaborated antimicrobial coatings are
characterized with good fixation on various
samples and wares, sufficient strength, elasticity
and good tribological properties; they do not

scratch easily; do not change the relief of the
surface and the colour during photo- and isothermal
aging (40-60°C); are relatively cheap, available and
safe for human. Bioactive components conferred to
the antimicrobial coatings completely new
properties. Accordingly, not only covering and
antimicrobial protection of various natural and
synthetic materials, wares and museum exhibits can
be achieved, but meanwhile, the coatings provide
removal and annihilation of harmful effects of
microorganisms, fungi and bacteria, which also
presupposes solving of a number of environmental
problems.

CONCLUSIONS

New generation multifunctional  polymer
coatings with specific properties were developed by
using siloxane oligomers as modifiers of a selected
polyurethane matrix. As bioactive component nano-
sized arsenic trioxide was used, which is non-
volatile, non-flammable, biocompatible with the
used polymer matrix and dimensionally stable,
obtained by transformation of cheap secondary
resources of arsenic production. It was established
that the addition of silicon-organic oligomers into
the polyurethane matrix modifies the thermal,
tribological and operational properties of the
corresponding materials in the desired direction.
The coatings are characterized with good fixation
on various surfaces, strength and elasticity, thermal
stability, hydrophobicity and their features and
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colour are not worsened during photo- and
isothermal aging.
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Modelling the interaction and prediction of mictrotubule assembly inhibition of
podophyllotoxin and its derivatives by molecular docking
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The interactions of 15 podophyllotoxin derivatives (synthetic and naturally occurring) within the colchicine binding
site of B-tubulin were modelled by molecular docking. The docking protocol was optimized in terms of scoring
function, radius of binding site and number of flexible amino acids within the binding site. Each docking run was
repeated tree times and the average fitness score was correlated with the pIDso. The Pearson’s correlation coefficient r
was 0.655. The derived model was validated by cross-validation in 5 groups. The differences between plDsgexp and
pIDsopred OF the studied compounds were less than one log unit for 93% of the compounds. The inhibitory activities of
three new natural compounds were predicted. One of them, 4'-demethyl-6-methoxypodophyllotoxin, showed predicted
IDso value of 0.36 uM, placing this compound as one of most active inhibitors. This is in agreement with its known
cytotoxicity which is 2 to 3.5 times higher than the cytotoxicity of etoposide in the different cell lines. The tubulin

inhibition was suggested as a probable mechanism of the cytotoxicity of this compound.

Keywords: podophyllotoxin, molecular docking, modelling, colchicine binding site, microtubule inhibition,

quantitative relationships
INTRODUCTION

Microtubules (MTs) are hollow, cylindrical
organelles that play critical roles in diverse cellular
processes. One of their essential functions is the
participation in cell division as the main structure
units of mitotic spindle, thus being responsible for
the  arranged  segregation  of  replicated
chromosomes into daughter cells [1, 2]. MTs of
cytoskeleton together with actin filaments and
intermediate filaments play a major role in
determining and retaining the dynamic spatial
organization of cytoplasm, as well as in specifying
the characteristic cell shape [3]. Additionally,
microtubules are the main structural components of
eucariotic cilia and flagella [4]. They are involved
in the elongated neuronal processes and in the
intracellular transport [5,6].

As the microtubules are essential for the cell
growth and division, they are target for a wide
variety of substances, which mostly bind the
protein tubulin [7-9]. Tubulin, the building block of
microtubules, is a 100 kDa heterodimer formed by
a- and B-polypeptides, that are equivalent in size
and structure [10, 11]. Each tubulin subunit is a
product of multiple genes, called isotypes [12].
Additional posttranslational modifications can be
accomplished to both subunits, as
polyglutamylation,  polyglycylation,  reversible
tyrosination, phosphorylation and acetylation [12,
13]. Apart from the acetylation of Lys40, the main
site for posttranslational modifications is the

* To whom all correspondence should be sent:
E-mail: matanasova@ddg-pharmfac.net

specific for each isotype C-terminal region, which
is highly acidic and unstructured and is lying as a
flexible arm at the MT lattice surface [11, 13].
Nevertheless, the major tubulin isotypes are highly
conserved and typically containing only 2-8 %
amino acid sequence divergence [14]. There are
many specific binding sites on a tubulin
heterodimer. The B-tubulin is much more known, as
it is the main target of multiple ligands that hinder
microtubule dynamics, several of which are
anticancer drugs [15, 16]. The suppression of
microtubule dynamics is a casual link in mitosis
[17] and is realized by microtubule detachment
(vinblastine, colchicine) or by hyperstabilisation of
mictrotubule organizing centres (paclitaxel) [12].
Usually, the inhibitors bind to one of the three
distinct sites — the colchicine, vinblastine and taxol
sites [18, 19]. Despite the high degree of
conservation between the isoforms, the geometry of
the ligand binding site is specific for each of the 3-
tubulin isotypes, possibly rendering differences in
binding affinities [20]. Interestingly, the majority of
differences between the isoforms are found outside
the ligand binding sites and concentrated in lateral
and longitudinal surfaces, changing the overall
kinetics of microtubule assembly and disassembly
[21, 22].

Podophyllotoxin (Fig. 1) is a naturally occurring
lignan [23] that destabilises the microtubules,
causing arrest in the cell division [24]. The
molecule competes for a colchicine-binding site of
a soluble tubulin dimer.

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The presence of ligand in the tubulin dimer
disturbs the interaction between the helices of a-
and B-tubulin, which are involved in adopting
straight conformation. Failure to lock straight
conformation results in loss of lateral contact thus
preventing microtubule assembly [19, 25].
Podophyllotoxin, like most of the microtubule-
binding agents is needed only in small
concentrations to inhibit the microtubule growth
[26]. There are several characteristics of the
podophyllotoxin interaction with the B-tubulin:
podophyllotoxin binds to B-tubulin faster than the
colchicine, does not activate GTP hydrolysis, and
does not interact with the a-subunit T5 loop [25,
27]. These properties make podophyllotoxin a
potential chemotherapeutic agent and trials for
anticancer activity were done in humans [28, 29].
Although  the adverse effects, as high
gastrointestinal  toxicity, have restricted its
application as antineoplastic agent [30, 31], it is
widely used for the local treatment of genital warts
[32]. The remarkable biological activity makes
podophyllotoxin  an  important  source for
developing of less toxic analogues. Thus the semi-
synthetic anticancer drugs etoposide, teniposide and
etopophos were developed. Despite of the structural
similarity to podophyllotoxin, they act as
topoisomerase Il inhibitors [32-35]. Nowadays they
are used for the treatment of Hodgkin’s disease,
small cell anaplastic lung cancer, testicular cancer
and other malignancies [33, 36, 37]. The success of
podophyllotoxin-based drugs made
podophyllotoxin skeleton an attractive lead in the
synthesis and isolation of novel active analogues
[38].

OH
. -
{:A 0
0 T
: 0
H4CO OCH4
OCH 4

Figure 1. Structure of podophyllotoxin

In the present study, we applied molecular
docking to model the binding of podophyllotoxin
derivatives (synthetic and naturally occurring)
within the colchicine binding site of B-tubulin in

514

order to derive a quantitative relationship between
the docking-based scores of the complexes and the
microtubule inhibition. The derived relationship
was validated by cross-validation in 5 groups. The
lowest-energy pose of the most active microtubule
inhibitor in the study was used to analyse the
interactions between [B-tubulin and inhibitor. The
derived relationship was used to predict the
activities of novel podophyllotoxin derivatives.

MATERIALS AND METHODS
Homology modelling

In the present study, the inhibition of
microtubule assembly by podophylotoxin and its
congeners was conducted on chicken brain tubulin
[39]. As X-ray data for chicken tubulins are absent,
the X-ray structure of cattle brain tubulin-
podophyllotoxin complex (pdb code 1SA1) [19]
was used as a template for homology modelling of
the binding site. The binding site consists of 38
residues identified within a distance of 8A from
podophyllotoxin in the colchicine-binding site (Fig.
2).

There are seven isotypes of chicken B-tubulin, as
isotypes B-1I and B-11l are dominant in brain [40,
41]. They were compared with the X-ray structure
of cattle tubulin by sequence alignment (Figure 2).
The binding site is highly conserved and only
single mutations are available at positions 200, 239,
316, 330 and 351. The chicken isoforms lla (given
as P09203 TBB1 CHICK in Figure 2) and Ilb
(given as P32882 TBB2_CHICK in Figure 2) have
one single mutation VV316l. The substitution of Val
with the bulkier lle narrows the binding site [14].
Single point mutation of the X-ray bovine -tubulin
was performed to generate the V316l isoform,
followed by MM optimization with AMBERO03
force field. No water molecules are present in the
binding site. The V3161 isoform was used as a
target in the subsequent docking simulations.

Data set and microtubule inhibition

The structures of the studied compounds and
their inhibition on the microtubule assembly are
given in Scheme 1. Compounds 1-8, 15 and 1t-3t
have natural origin [39, 42], while compounds 9-14
are synthetic congeners of podophyllotoxin.

The inhibitory activity is measured as IDs and it
ranges from 0.2 uM to 30 uM.
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1SA1:B|PDBID|CHAIN|SEQUENCE
SP|P09203 |TBB1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBB5_CHICK
SP|P09207 | TBB6_CHICK
SP|P09244 | TBB7_CHICK

1SA1:B|PDBID|CHAIN| SEQUENCE
SP|P09203 | TBB1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBBS_CHICK
SP|P09207 | TBB6_CHICK
SP|P09244|TBR7_CHICK

15A1:B|PDBID|CHAIN | SEQUENCE
SP|P09203 | TBB1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TRB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBR5_CHICK
SP|P09207| TBB6_CHICK
SP|P09244 | TRB7_CHICK

1SA1:B|PDBID|CHAIN | SEQUENCE
SP|P09203|TBB1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBB5_CHICK
SP|P09207| TBB6_CHICK
SP|P09244|TEB7_CHICK

1SA1:B|PDBID|CHAIN | SEQUENCE
SP|P09203|TBB1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBR4_CHICK
SP|P09653 | TBR5_CHICK
SP|P09207| TBB6_CHICK
SP|P09244|TBB7_CHICK

1SA1:B|PDBID|CHAIN | SEQUENCE
SP|P09203 | TBB1_CHICK
SP|P32882 | TBBZ_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBB5_CHICK
SP|P09207 | TBB6_CHICK
SP|P09244 | TBB7_CHICK

1SA1:B|PDBID|CHAIN|SEQUENCE
SP|P09203 |TBB1_CHICK
SP|P32882 | TBBZ_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBB5_CHICK
SP|P09207 | TBB6_CHICK
SP|P09244 | TBB7_CHICK

1SA1:B|PDBID|CHAIN | SEQUENCE
SP|P09203|TBE1_CHICK
SP|P32882 | TBB2_CHICK
SP|P09206 | TBB3_CHICK
SP|P09652 | TBB4_CHICK
SP|P09653 | TBB5_CHICK
SP|P09207| TBB6_CHICK
SP|P09244|TBB7_CHICK

mreivhigaggcgngigakfwevisdehgidptgsyhgdsdlglerinvyyneaagnkyv
mreivhigaggcgngigakfwevisdehgidptgsyhgdsdlglerinvyyneaagnkyv
mreivhigagqcgngigakfwevisdehgidptgsyhgdsdlglerinvyyneatgnkyv
mreivhlgaggcgngigakfwevisdehgidptgtyhgdsdlglerinvyyneatggkyv
mreivhigaggcgngigakfwevisdehgidpsgnyvgdsdlglerisvyyneasshkyv
mreivhigaggcgngigtkfwevisdehgidpaggyvgdsalglerinvyynesssgkyv
mreivhlgiggecgngigakfwevisdehgidiagnycgnaslglerinvyfneayshkyv
mreivhigaggcgngigakfwevisdehgidptgtyhgdsdlgldrisvyyneatggkyv

prailvdlepgtmdsvrsgpfggifrpdnfvfggsgagnnwakghytegaelvdsvldvv
prailvdlepgtmdsvrsgpfggifrpdnfvfggsgagnnwakghytegaelvdsvldvv
prailvdlepgtmdsvrsgpfggifrpdnfviggsgagnnwakghytegaelvdsvldvv
pravlvdlepgtmdsvrsgpfrgifrpdnfvfggsgagnnwakghytegaelvdsvldvy
prailvdlepgtmdsvrsgafghlfrpdnfifggsgagnnwakghytegaelvdsvldvv
pravlvdlepgtmdsvrsgpfggqlfrpdnfifgqtgagnnwakghytegaelvdsvldvyv
prsilvdlepgtmdsvrsskigplfrpdnfihgnsgagnnwakghytegaelienvmdvv
prailvdlepgtmdsvrsgpfgqgifrpdnfvfggsgagnnwakghytegaelvdsvldvv

rkesescdclggfglthslgggtgsgmgtlliskireeypdrimnt fsvvpspkvsdtvy
rkesescdclggfglthslgggtgsgmgtlliskireeypdrimntfsvmpspkvsdtvv
rkesescdclggfglthslgggtgsgmgtlliskireeypdrimnt fsvmpspkvsdtvv
rkeaescdclqggfglthslgggtgsgmgtlliskireeypdrimntfsvvpspkvsdtvv
rkecencdclggfglthslgggtgsgmgtlliskvreeypdrimnt fsvvpspkvsdtvv
rkecehcdclggfglthslgggtgsgmgtlliskireeypdrimntfsvmpspkvsdtvv
rnecescdclggfglihslgggtgsgmgtllinkireeypdrimntfsvvpspkvsdtvv
rkeaescdclggfglthslgggtgsgmgtlliskireeypdrimnt fsvvpspkvsdtvy

epynatlsvhglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvITCL
epynatvsvhglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvTTCL
epynatlsvhglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvTTCL
epynatlsvhglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvITCL
epynatlsihglventdEtYcidnealydicfrtlklatptygdlnhlvsatmsgvTTSL
epynatlsvhqglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvITSL
epynailsihglientdEtFcidnealydicfrtlkltnptygdlnhlvsltmsgvTTSL
epynatlsvhqglventdEtYcidnealydicfrtlklttptygdlnhlvsatmsgvITCL

REpgQLNaDLRKLaVNMVpfprlhfFmpgfapltsrgsggyraltvpeltggmfdaknmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltsrgsggyraltvpeltggmfdsknmm
REpgQLNaDLRKLaVNMVpfprlhfFmpgfapltsrgsqgyraltvpeltggmfdsknmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltsrgsggyraltvpdltgamfdaknmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltrrgsggyraltvpeltggmfdaknmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltargsqgyraltvpeltggmfdaknmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltargsggyralsvpeltggmfdarnmm
RFpgQLNaDLRKLaVNMVpfprlhfFmpgfapltsrgsqgyraltvpeltggvidaknmm

aacdprhgryLTVaaVFrgrmsmkevdegMlnvgnknssyfvewIpNNVKTavVCdipprg
aacdprhgryLTVaaIFrgrmsmkevdegMlnvgnknssyfvewIpNNVKTaVCdipprg
aacdprhgryLTVaalFrgrmsmkevdegMlnvgnknssyfvewIpNNVKTaVCdipprg
aacepghgryLTVaaVFrgrmsmkevdegMlnvgnknssyfvewIpNNVKTaVCdipprg
aacdprhgryLTVatVFrgrmsmkevdegMlaigsknssyfvewIpNNVKVavCdipprg
aacdprhgryLTVatVFrgpmsmkevdegMlaignknssyfvewIpNNVKVavCdipprg
aacdprrgryLTVacIFrgrmstrevdeqLlsvgtknssyfvewIpNNVKVavVCdipprg
aacdprhgryLTVaaVFrgrmsmkevdegMlnvgnknssyfvewIpNNVKTavVCdipprg

lkmsaTfIgNstaigelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
lkmsaTfIgNstaigelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
lkmsaTfIgNstaigelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
lkmsaTfIgNstaigelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
lkmssTfIgNstaiqelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
lkmasTfIgNstaigelfkrisegfsamfrrkaflhwftgegmdemefteaesnmndlvs

lkmaaTfIgNntaiqelfirvseqgfsamfrrkaflhwytgegmdemefseaegntndlvs
lkmavTfIgNstaigelfkrisegftamfrrkaflhwytgegmdemefteaesnmndlvs
eyqqygdatadeqgefeeegeedea———- 445
eyggygdatadeggefeeegeedea-—-—- 445
eyqqygdatadeggefeeegeedea-——- 445
eyggygdataeeegefeeeaeecae———- 445
eygqvadataeeegemyeddeeeseqggak 449
eygqgygeatandgeeafeddeeeine——— 446
eyggvadatadveeyeeaeaspeket—-—— 446
eyqqgygdataeeeedfgecaceeca————- 444

120
120
120
120
120
120
120
120

180
180
180
180
180
180
180
180

240
240
240
240
240
240
240
240

300
300
300
300
300
300
300
300

360
360
360
360
360
360
360
360

420
420
420
420
420
420
420
420

Figure 2. Sequence alignment of the X-ray structure of cattle brain tubulin and the seven isotypes of chicken f-
tubulin. The residues of the colchicine-binding site are given by capital letters.
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OH OH
: 0.5 B4 759
o (A
: 0
H5CO OCH4
QCH 5 QCH4
Common structure Picropodophyllotoxin 5'-Demethyl-6-methoxypodophyllotoxin
15 2t
No Compound Ri Rz Rs R4 Rs Rs  IDso(uM)
1 Podophyllotoxin OCH; OH H H O C=0 0.6
2 Epipodophyllotoxin OCH; H OH H O C=0 5
3 Deoxypodophyllotoxin OCH; H H H O C=0 0.5
4 B-Peltatin OCH:; H OH O C=0 0.7
5 4'-Demethylpodophyllotoxin OH OH H O C=0 0.5
6 4'-Demethylepipodophyllotoxin OH H OH H O C=0 2
7 4'-Demethyldeoxypodophyllotoxin  OH  H H H O C=0 0.2
8 a-Peltatin OH H H OH O C=0 0.5
9 Podophyllotoxin-cyclic ether OCH; OH H H O CH; 1
10 Deoxypodophyllotoxin-cyclic  OCH; H H H O CH: 0.8
ether
11 Deoxypodophyllotoxin- OCH; H H H H, CH: 5
cyclopentane
12 Deoxypodophyllotoxin- OCH; H H H C=0 CH; 5
cyclopentanone
13 Podophyllotoxin-cyclic sulfide =~ OCHs OH H H CH; 10
14 Deoxypodophyllotoxin-cyclic  OCH; H H H CH; 10
sulfide
15 Picropodophyllotoxin 30
1t 4'-Demethyl-6- OH OH H OCHs O C=0
methoxypodophyllotoxin
2t 5'-Demethyl-6-
methoxypodophyllotoxin

3t 6-Methoxypodophyllotoxin OCH; OH H OCH; O C=0

Scheme 1. Structures and inhibition of microtubule assembly of podophyllotoxin and its derivatives. Compounds 1
— 15 compose the training set; compounds 1t — 3t are newly isolated compounds [42], not tested.

The effects of different concentrations of
podophyllotoxin and its derivatives on microtubule
assembly were determined spectrophotometrically
at 350 nm on a Gilford spectrophotometer equipped
with an automatic recorder and Haake RK2
thermostatically regulated liquid circulator to
maintain constant temperature [39]. The changes in
turbidity occurred when unassembled tubulin in the
presence of GTP in MES buffer at 37° in vitro
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polymerizes to form microtubules. The absorption
of each drug at 350 nm was initially measured.
There are no changes in turbidity when inhibition
of microtubule assembly occurs.

Docking Protocol

The docking simulations in the present study
were performed by GOLD v.5.2.2 software [43].
The protocol was optimized in terms of scoring
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function, radius of the binding site and flexible
residue side chains within the binding site in order
to correlate best with plDso (-loglDsg). Four scoring
functions, available in GOLD (ChemPLP,
GoldScore, ChemScore and ASP), were compared
at the following settings: flexible ligands, fixed
protein and radius of the binding site 6A. Four
radiuses of the binding site were tested: 5A, 6A, 7A
and 8A at fixed protein and flexible ligands. Up to
10 flexible residues in the binding site were
selected stepwise in order to improve the
correlation score/plDs,. Each run included 10
poses. The poses were ranked by two criteria: 1)
rmsd (root mean square deviation) lower than 1.5A
and 2) highest fitness score. Only the highest-
scored pose with rmsd < 1.5A was considered.
Each docking run was repeated three times and the
average fitness score was used for correlation with
the plDso. The correlation was evaluated by the
Pearson’s correlation coefficient r and evaluated by
leave-group-out cross-validation coefficient o?.

RESULTS AND DISCUSSION
Optimization of the Docking Protocol

The molecular docking procedure was optimized
stepwise in terms of scoring function, radius and
side-chain flexibility of the binding site.

Selection of scoring functions._GOLD v.5.2.2
[43] provides four scoring functions (SFs):
ChemPLP, ChemScore, GoldScore and ASP. They
were applied on the training set at the following
settings: rigid protein, flexible ligand and radius of
the binding site 6A (Table 1). GoldScore had the
highest correlation coefficient r with the plDso
(0.467) and it was selected as a SF used further in
the study.

Radius of the binding site. The radius of the
binding site was changed from 5A to 8A. The
docking simulations were run with GoldScore,
fixed protein and flexible ligands. The best
correlation between docking score and inhibition of
microtubule assembly was at 7A (r = 0.509).

Table 1. Optimization of the docking protocol. Selected settings are given in bold.

Steps r Settings
1. Selection of SF Rigid protein, flexible ligand, radius
ChemScore 0.224 of the binding site 6A
ChemPLP -0.114
GoldScore 0.467
APS 0.210
2. Radius of the binding site Gold Score, rigid protein, flexible
5A 0.392 ligand
6A 0.476
7A 0.509
8A 0.470
3. Flexibility of the binding site Gold Score, flexible ligand, radius of
200Tyr 0.532 the binding site 7A
236Val 0.576
240Leu 0.597
241Arg 0.555
247Asn 0.599
250Leu 0.602
255Val 0.514
313Val 0.521
317Phe 0.512
347Asn 0.570
349Val 0.583
247Asn and 200Tyr 0.643
247Asn and 256Asn 0.643
0.655

250Leu and 237Thr
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Flexibility of the binding site. Each residue
within the radius of 7A was set flexible and the

effect was rendered by the GoldScore/plCso
correlation coefficient. The residues 240Leu,
247Asn  and 250Leu showed the highest

correlations. A second flexible residue was added
to each of them and all combinations were
screened. The best combinations are given in Table
1. The addition of a third flexible residue does not
increase the correlation.

The optimized docking protocol includes the
following settings: GoldScore, flexible ligand,
radius of the binding site 7A and two flexible
residues (250Leu and 237Thr).

pID50

25 30 35 40 45 50 55
GSawr

Figure 3. Linear relationship between plIDsy and
GoldScore.

Linear Relationship between GoldScore and plDsq.

Between pIDsy and the GoldScore values
derived by the optimized docking protocol exists a
moderate linear relationship (Fig. 3) given by the
following equation:

pIDso = 0.0581*GoldScore + 3.5297
n=15,r=0.655

The relationship was validated by leave-group-
out cross-validation and the derived g was 0.371.
The differences between the experimental and
predicted plDso values were below 1 log unit, with
the exception of picropodophyllotoxin (Table 2).

The microtubule inhibition of the three newly
isolated compounds (1t — 3t) was predicted by the
derived relationship (Table 3). The activities of 5'-
demethyl-6-methoxypodophyllotoxin (2t) and 6-
podophyllotoxin (3t) are expected to be moderate
with IDsy values of 3.79 and 4.47, respectively.
However, the inhibitory activity of 4'-demethyl-6-
methoxypodophyllotoxin (1t) is very high with
predicted IDsp value of 0.36 uM placing the
compound among the most active microtubule
inhibitors. This prediction is in a good agreement
with the high cytotoxicity of 1t which is 2 to 3.5
times higher than that of etoposide in different
human leukemic cell lines [44]. The present study
suggests that the probable mechanism of action of
4'-demethyl-6-methoxypodophyllotoxin is
inhibition of microtubule assembly.

Table 2. Experimental and predicted by cross-validation plDsg values.

No Compound pIDsy pIDsy  pIDsgexp- PIDso
exp.  pred. pred.
1 Podophyllotoxin 6.22 5.83 0.39
2 Epipodophyllotoxin 530 5.63 -0.33
3 Deoxypodophyllotoxin 6.30 5.64 0.66
4 B-Peltatin 6.15 5.60 0.55
5 4'-Demethylpodophyllotoxin 6.30 6.46 -0.16
6 4'-Demethylepipodophyllotoxin 570 6.18 -0.48
7 4'-Demethyldeoxypodophyllotoxin 6.70 6.40 0.29
8 a-Peltatin 6.30 6.37 -0.07
9 Podophyllotoxin-cyclic ether 6.00 548 0.52
10 Deoxypodophyllotoxin-cyclic ether 6.10 5.59 0.51
11 Deoxypodophyllotoxin-cyclopentane 530 557 -0.27
12 Deoxypodophyllotoxin-cyclopentanone  5.30 5.19 0.11
13 Podophyllotoxin-cyclic sulfide 500 5.17 -0.17
14 Deoxypodophyllotoxin-cyclic sulfide 5.00 5.48 -0.48
15 Picropodophyllotoxin 452 567 -1.15
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Table 3. Predicted 1Dsp values for the newly isolated podophyllotoxin derivatives.

No Compound IDsopred (LM)

1t 4'-Demethyl-6-methoxypodophyllotoxin 0.36

2t 5'-Demethyl-6-methoxypodophyllotoxin 3.79
3t 6-Methoxypodophyllotoxin 4.47

Figure 4. Interactions between a) the most active compound 7 and tubulin, and b) the test compound 1t and tubulin.
Cation — 7 interaction is shown in blue, hydrophobic interactions — in green, and hydrogen bond — in dashed orange.

Interactions between Inhibitors and Tubulin

The interactions between the inhibitor 7 and
tubulin within the colchicine binding site are given
in Fig. 4a. Cation-n interaction exists between
350Lys and ring A from the ligand. A hydrogen
bond is detected between 350Lys and O-atom in
ring A. Many hydrophobic interactions occur
between 4'-demethyldeoxypodophyllotoxin
(compound 7) and the residues from the binding
site. Very similar are the interactions between the
newly isolated derivative 1t and tubulin (Fig. 4b).

CONCLUSION

In the present study the interaction of
podophyllotoxin derivatives and colchicine binding
site in chicken BII-tubulin isotypes Illa and Ilb was
modelled by molecular docking. The docking
protocol was optimized in terms of scoring
function, binding site radius and flexible residues
within the binding site in order to correlate with the
inhibitory activity of the compounds. The linear
relationship between pIDsy and GoldScore was
validated by cross-validation in 5 groups. It was
used to predict the inhibition of three newly
isolated derivatives of podophylotoxin. One of
them, 4'-demethyl-6-methoxy-podophyllotoxin,
was predicted to be among the most active
inhibitors of tubulin. Tubulin inhibition is a

probable mechanism of the observed cytotoxicity of
this compound.
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The adsorption behavior of polyacrylamide (PAA) with different molecular weights (M, =5 000 - 1 350 000 g
mol) on activated carbon (AC) (0.05 — 2.0 g), from aqueous solutions of 0.5 mol dm® H,SO4, was studied. An effort
was made to find a dependence of the quantity of adsorbed PAA, m[' (mol g* or mg g*), on the polymer equilibrium

concentration in the solution, as well as on the molecular weight of the polymer. The viscosimetric study of PAA
adsorption on activated carbon from 0.5 mol dm= H,SO, at room temperature shows a typical Langmuir behavior

following the relation: m;' =70.6 - M, (mol g*), where my' is the monomolecular capacity.

Keywords: Adsorption, polyacrylamide, activated carbon, Langmuir isotherm, viscosimetry.

INTRODUCTION

Adsorption of polymers onto solid surfaces has
attracted big attention, regarding its practical
importance in many areas of application, such as:
processes of corrosion inhibition [1-3], mechanical
and thermal processing of metals and alloys,
surface finish in metal processing, improvement of
energy efficiency in fluids transportation,
stabilization of colloidal suspensions, preparation
of paints, coatings, printing inks, but also in
biology, medicine and pharmacology [2, 4].

The features of the polymer/substrate boundary
mainly depend on the properties of solid surfaces,
type of the solvents used, but in the large extent, on
the polymer characteristics, especially the possible
changes of the polymer chains conformation in a
process of adsorption [5].

Some of the studies of the adsorption behavior
of polyacrylamide (PAA) on gold and mild steel
from sulfuric and hydrochloric acid, applying cyclic
voltammetry, indicated a strong dependence of the
adsorption process on polymer molecular weight,
electrode potential, as well as temperature [6].

Frumkin’s isotherm has been shown to be the
best fit to the experimentally obtained values. It has
been noticed that, at wvery low polymer
concentration in the solution, polymer adsorption
occurs as a result of direct attachment of polymer
segments to a metal surface, leading to an almost
complete coverage, creating an average thickness of

* To whom all correspondence should be sent:
E-mail: dragica@tmf.ukim.edu.mk;
dragica.camovska@gmail.com

the adsorbed layer of around 0.8 nm, and a flat
orientation of polymer molecules [6].

As far as the electrode potential is concerned, an
endothermic process of adsorption of PAA on gold
substrate occurs at high anodic potentials, including
a simultaneous process of desorption of water
molecules and adsorption of PAA macromolecules
[6].

Analysis of the effect of temperature on the
adsorption mechanism of PAA on silica proposed a
decrease of the polymer adsorption on the solid
surface, as far as the temperature of the system rises
from 15° to 35 °C. Namely, increased temperature
leads to conformational changes of the polymer
coils into linear forms, disrupting their attachment
to solid substrates [7].

Adsorption of polymers has been studied using
pure metallic [8, 9] or metal oxide substrates [10,
11]. However, adsorbents based on activated
carbon, which is an inert solid material with high
porosity and large surface area, attract big attention.

Adsorption of pollutants includes surface
interactions between contaminants and activated
carbon surfaces via van der Waals forces and
induced dipole interactions.

Adsorption capacity of activated carbon depends
on the size of the inner surface, as well as on the
shape and distribution of pore size [12, 13].
Compared to larger carbon particles, um-sized
activated carbon particles enable faster reaction and
a greater capacity of contaminant removal. In
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addition to this, modification of surface chemistry
has been considered as a convenient technique for
improvement of the adsorption capacity of
activated carbon [13-16]. Characteristics such as:
type, quantity, and concentration of oxygen-
containing functional groups, have been considered
as crucial in determination of surface features of
activated carbon [15].

The aim of this study is to find a correlation
between molecular characteristics of
polyacrylamide and its adsorption behavior on solid
adsorbents, mainly, activated carbon substrate. The
adsorption parameters for the best fit of the
experimentally obtained data were determined.

EXPERIMENTAL

The adsorption process of polyacrylamide
(PAA), with different molecular weights, (M ,=

5 000 - 1 350 000 g mol?), onto activated carbon
(AC) (Merck, p.a. art. 2186) used as adsorbent,
from 0.5 mol dm? solutions of H,SO. at a
temperature of 293 K, was studied using
viscosimetry. Different quantities of activated
carbon, from 0.05 to 2 g, were added to 100 cm? of
0.5 mol dm?® aqueous solution of H,SO, with
constant concentration of polymer, 50 - 150 mg
(100 cmd)~* with a given molecular weight.

After intensive stirring for at least 6 h, when
equilibrium was attained, the suspension was
filtered and the equilibrium concentration of PAA
in solution was determined viscosimetrically.

The specific surface area of activated carbon
was determined by the adsorption of methylene
blue from aqueous solution, whose equilibrium
concentration was found spectrophotometrically
(A4=570 nm).

RESULTS AND DISCUSSION

The previous studies of the adsorption of
polyacrylamide (PAA) on gold surfaces, by
simultaneous monitoring of the double-layer
capacity using cyclic voltammetry, showed that the
coverage (6 of the metal surface with polymer
molecules depends on the molar concentration of
PAA, as well as on its molecular weight, and the

size of the statistical polymer coil in the solution

(Rg =7.49-107° -M%M) [17]. The results related to

the adsorption of PAA on activated carbon,
presented in this study, would indicate dependences
of the quantity of adsorbed polymer on its
equilibrium concentration in the solution and its
molecular weight.

The specific area of activated carbon was
determined by adsorption of a relatively big organic
molecule, such as methylene blue (MB), with a
known value of molecule area o [18, 19] that can
only enter in mesopores and larger micropores of
the substrate [19, 20]. It is known that the
dimensions of methylene blue molecule are 1.43
nm x 0.61 nm x 0.4 nm [21], thus, each adsorbed
molecule of methylene blue takes 0.9 nm? of the
adsorbent surface.

Equilibrium concentration of methylene blue on
activated carbon from aqueous suspensions of AC
(20 to 200 mg in 100 cm? solution), containing 103
mol dm= of methylene blue, has been determined
by spectrophotometry at 4=570 nm. These results
are presented in Table 1 and Fig. 1.

Table 1. Experimental data of methylene blue adsorption (319.5 g mol ) on activated carbon from aqueous
solutions at 293 K.

Cn c-10* my"-10° M, -10%
mg (100 cm?)* mol dm™ mol mol g!
0 10.0 0 0
20 7.78 2.215 11.07
40 6.34 3.66 9.149
60 4.43 5.57 9.28
80 3.69 7.314 9.143
100 1.47 8.53 8.53
120 0.86 9.14 7.62
160 0.255 9.79 6.094
200 0.202 9.80 4.90
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mg-10%/mol. g~

0 ] 2 3 4
C-10*/mol dm3
Figure 1. Dependence of the quantity of adsorbed
methylene blue on activated carbon on the equilibrium
concentration of methylene blue in the solution.

Experimental data show a typical Langmuir
behavior of the chemisorption of methylene blue on
activated carbon and formation of a monolayer of

adsorbed molecules. Monomolecular capacity, m7

(mol g1, as well as adsorption coefficient K., were
determined using experimental data (Table 1) and
Langmuir equation:

C/m,=1/K_-m]+C/m] 1)

where, C is the equilibrium concentration of
methylene blue after adsorption (mol dm=3), m, is
adsorbed quantity of methylene blue (mol g), K.
is adsorption coefficient (dm* mol™), and m]' (mol

g!) is monomolecular capacity (9= 1).

Very good linear relationship was determined by
regression analysis of the experimental data
(C/my))IC (R > 0.99), while calculated
monomolecular capacity, m™, and adsorption
coefficient, K, took values of 1.06-10° mol g and
2.54-10* mol™ (AG° = 35.08 kJ mol), respectively.
The specific area of activated carbon, 575 m?g?,
was calculated using the equation:

Ay =mT-Ny-gy-1-107%, m?gt (2

According to the general pores’ classification,
micropores in activated carbon are characterized by
diameters, dp, of maximum 2 nm, diameters of
mesopores are ranged between 2 and 50 nm, while
sizes of macropores are bigger than 50 nm in
diameter [22].

As far as the adsorption of PAA is concerned,
the dimensions of polyacrylamide coil, given in
Table 2, designate that undeformed polymer coil

with number average molecular weight I\Wn =200

000 g mol enters into part of the mesopores, dp >
40 nm, and coils with M,, =600 000 and 1 350

000 g mol™ penetrate just in the macropores of
activated carbon. So, the determination of the area
of adsorbed macromolecule, oraa, requires
awareness of the pore distribution in wide ranges,
from d, = 1 to d, = 200 nm.

Adsorption of PAA on activated carbon from
0.5 mol dm H,SO, was studied viscosimetrically,
at a temperature of 293 K. Adsorbent quantities
from 0.05 to 2 g were added to 100 cm?® of an
aqueous solution of 0.5 M H,SO4, and a constant
concentration of polymer with a given molecular
weight (Table 3).

After rigorous mixing for at least 6 h, the
suspension was filtered, and the polymer
concentration remaining in the solution was defined
by viscosity measurements.

It is known that for a specified solvent at a
constant temperature, the viscosity of dilute
polymer solutions depends on the polymer
concentration in the solution, and its molecular
weight. The relationship between intrinsic viscosity
and polymer molecular weight is presented by the
Mark-Houwink equation, Egn. 3 [23]:

[7]=k My~ ®)
where for very dilute solutions:

[771 = 1/C [2(77sp— N 7pcer)]*2 (4)
Uspzﬂrel—]-:t/to—l (5)

Constants k and « depend on the nature of both,
solvents and polymers, and also on the temperature.

Viscosimetry measurements of PAA solutions,
in 0.5 mol dm= H,SO,, showed linear dependences
of viscosity on polymer concentration, Eqns. 6-9
and Fig. 2.

Nrel = 1.902-104. C + 1.00434

(for M}, =5 000 g mol ™) (6)
Mrer = 2.302:10°2- C + 1.00136

(for M, =200 000 g mol) ©)
el = 4.544-10%- C + 0.9812

(for M, =600 000 g mol?) (8)
el = 5.434-10%- C + 0.9893

(for My, =1 350 000 g mol?) 9)

These relations clearly indicate that the specific
viscosity for dilute polymer solutions in 0.5 mol
dm2H,S0; follows the equation:

Tsp = k -C (10)
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where the regression analyses directed to the molecular weight:
relationship between the constant, k, and polymer’s k=1.106-10°. M%%3 (11)

Table 2. Basic parameters for the size of the statistical polymer coil depending on the molecular weight of PAA.

M Ro - Cs(6=1) Cs (6= 1)
g mol™ nm nm? mol m2 mg m2
5000 1.75 9.6 1.74.107 0.870
200 000 18.50 1075 1.55.10°° 0.300
600 000 37.40 4385.7 3.78:10710 0.227
1350000 62.80 12 383 1.34.10°%0 0.181

Table 3. Experimental data of PAA adsorption on activated carbon from aqueous solutions of
0.5 mol dm™ H,S0y4, obtained viscosimetrically.

'\WEAA CPAA Cay Mrel maPAA CePAA'].O6 ma']-o6
g mol™ mol dm3 mg(100 cm?)~? (t=6h) mg (100 cmd)~? mol dm’3 mol g
0 1.3467 150 7.50 0.000

40 1.289 125 6.25 3.125

50 1.271 117 5.85 3.300

7,510 80 1.222 96 4.80 3.375

200000 [150 mg(100 cm?)! 180 1.0796 34 1.685 3.222
] 300 1.0543 23 1.145 2.120

500 1.0416 17.5 0.875 1.325

700 1.0382 16 0.820 0.957

0 1.4353 100 1.670 0.000

60 1.3195 74.5 1.244 0.708

1,67-10°° 90 1.2537 60 1.002 0.741

600 000 [100 mg(100 cm®)1] 160 1.0990 26 0.434 0.771
250 1.0312 11 0.184 0.593

500 1.0085 ~6 0.100 0.313

0 1.2611 50 0.370 0.000

30 1.2067 ~40 0.296 0.247

3,7:10°7 50 1.1741 34 0.252 0.237

1350000  [50 mg(100 cm3)] 80 1.1252 25 0.185 0.185
180 1.049 11 0.082 0.161

300 1.014 ~4.5 0.033 0.112

500 1.011 ~4.0 0.0296 0.068

Table 4. Thermodynamic parameters for adsorption of PAA on activated carbon from aqueous solutions of
0.5 mol dm™ H,S0y, at 293 K.

mrI]DAA m> KL ~AG?
g mol™ mol g (mg g™?) dm®mol? kJ mol™*
5000 3.854.107°(~193) 5.575.10* 36.41
200 000 3.48-107°(696) 2.45.108 45.62
600 000 7.755-1077 (465) 1.343.107 49.77
1350 000 2.523-1077(340) 3.668-107 52.21
Methylene blue 1.06-10-2 (339) 2.54-10* 35.08
(319.5)
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Figure 3. Dependences of adsorbed PAA quantity on
AC concentration in 0.5 mol dm aqueous solution of
H>SO. at 293 K.

Thus,
7 /C = 1.106-10° - M, 6% (12)

where C is the PAA concentration in the
solution (mg / 100 cm?® solution).

Direct correlation of the hydrodynamic volume
of the polymer coil (4/3Rg%r) on polymer viscosity
and molecular weight is given by Eqn. 13 [24]:

v =100 [17] M/ Na = 4/3 Re*n (13)

where, Rg is the radius of giration (cm), M is
molecular weight of the polymer (g mol™?), and [7]
is characteristic viscosity of polymer solution.

Dependences of adsorbed quantity of PAA on
the concentration of activated carbon for different
molecular weights are given in Figure 3.

Equilibrium concentration of PAA in the
solution, i.e.,, adsorbed polymer quantity on
activated carbon, was calculated using experimental
data of the relative viscosity of the filtrate.

Experimentally obtained values, Table 3, were
fitted to the Langmuir equation, and the values of
the basic adsorption parameters are presented in
Table 4.

Adsorption coefficient, K., as well as Gibbs
energy of adsorption process, clearly depend on
PAA molecular weight, as it was previously shown
for PAA adsorption on gold substrates [17].

It is obvious that an increase in polymer
molecular weight influences a decrease of the
monomolecular capacity of the adsorbed polymer,
which is in accordance with the results related to
the adsorption of poly(methyl methacrylate) on
carbon black or Al:O3 [24].

The relations of the monomolecular adsorption
capacity, m[', on the molecular weight are

a

presented by Eqgn. 14:

my =k-M (14)
So that:

m™" =70.6-M_** (mol g (15)
or

mP’ =7.04-10° - M **  (mgg?) (16)

Similar relations were determined for the
adsorption model of undistorted polymer coil on a
solid surface (Table 2):

m o _ . -3, ga—L28
my =947 107 M. i (17)

or

moo_ . =—=—0.28B

Experimentally obtained data for
monomolecular capacity, mJ' (mg g?, Table 4), as

well as those for Cs (mg m2, Table 2), indicate a
significant deformation of the polymer coil during
the process of adsorption on activated carbon.

CONCLUSIONS

The adsorption process of polyacrylamide
(PAA) with different molecular weights (M=
5 000 - 1 350 000 g mol™) on activated carbon,
studied by viscosimetry, showed a typical
Langmuir behavior. A clear dependence of the
monomolecular capacity of PAA on the polymer
molecular weight, ]’ = 70.6- M, % (mol g*), was
shown. The comparison of this equation with the
relation m = k-, %, obtained for undistorted
polymer coil, indicates a significant deformation

of PAA at the time of the adsorption process on
activated carbon.
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A series of novel arylazobithiazolylhydrazones (A-E) were efficiently synthesized via the reaction of
thiazolylthiosemicarbazone 3 with hydrazonoyl chlorides 4a-e in boiling ethanol containing triethylamine as catalyst.
The synthesized thiazoleazodye derivatives were characterized by microanalyses and spectral data (IR, 1H-NMR and
13C-NMR), as well as thermal analysis. Moreover, theoretical implementations for compounds (modeling and docking)
were taken in consideration. The molecular and structural formulae were established on the basis of analyses and
compared altogether in their general features. The influence of substituents on thermal, Kinetic, biological activity and
reactivity was investigated. The decomposition pathway is completely affected by substituents type. The kinetic
parameters estimated have direct relation with the heating rate as well, deeply affected by the inductive effect of
substituents. Variable essential parameters were computed upon optimized structures applying Gaussian 09 and Hyper
Chem 8.1 programs. In between, the indices attributed to reactivity and biological features point to the priority of
compound E in coinciding with the presence of sulfur atom in the substituent group. Also, docking study differentiates
between tested derivatives; their behavior in docking efficiency was varied in coinciding with various substituents, as
expected. The best docking efficiency was recorded with derivative E, which includes a highly inductive functional
group (SO2NHz2) as p-substituent.

Keywords: kinetic study, bithiazolylhydrazones, Gaussian 09 software, molecular docking

INTRODUCTION synthesized with  potential  pharmacological

The synthesis of heterocyclic compounds has Zﬁgl\”ttelseii like az?it_lr?acg;::ﬂéivjntl_lnflzmir?:?z'
been thoroughly investigated over decades as Hgesic, nyper : . gal,
antiplatelet, antimalarial, anticonvulsant,

raising significant interest to their great therapeutic
effects and various heterocyclic compounds
containing nitrogen and sulfur display elastic
structures for drugs improvement [1]. Thiazoles are
considered as a heavily studied class of aromatic
five-membered heterocyclics which are found in
many powerful biologically active drugs such as
Sulfathiazol  (antimicrobial  drug), Ritonavir
(antiretroviral drug), Abafungin (antifungal drug)
and Tiazofurin (antineoplastic drug) [2]. Thus,
thiazole or thiazolyl moiety if it is present in any
compound will show numerous biological activities
such as anti-inflammatory [3], antimicrobial &
antifungal [4], antihypertensive [5], anticancer [6],
anti-HIV [7], antidiabetic [8], and anticonvulsant
[9] activities. Hydrazone-based compounds
represent a very important class of derivatives with
a broad spectrum of strong pharmacological
influences [10]. A variety of hydrazones were

antidepressant, antiviral, and anticancer [11].
Beside their extensive biological characteristics
they also integrate with other active functional
groups to display pharmacologically active
molecules [12, 13]. For example,
thiazolylhydrazones displayed an excellent ability
to effectively inhibit leukemic tumor cell growth
and to decrease the concentrations  of
deoxyribonucleoside triphosphate [14].
Furthermore, excessive accumulation of metal ions
in brain leads to neurodegeneration. Metal-
promotion neurotoxicity is proposed to be attached
with various neurological diseases [15]. Recently,
chelation therapy has become a significant handling
for the symptoms associated with the central
nervous system [16]. Different classes of sulfur-
and nitrogen-containing compounds are capable to
form complexes with metal ions interacting with
biological systems [17-19]. Referring to the strong
reactivity of the hydrazine nitrogen (C=N) and azo
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n_elmetwalyO0@yahoo.com
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(N=N) groups, compounds including both groups
represent a versatile class which is significant in
curing chemistry [20-23].

On the other hand, thermal methods of analysis
are most widely used to study industrially important
products such as polymers, pharmaceuticals,
metals, minerals, alloys, clays, various metal
complexes, etc. [24]. Panchal et al. [25] have
reported thermo gravimetric analysis of lanthanide
coordination polymers with the Schiff base N,N’-di
(o-hydroxy  phenyl) terephthalaldehyde and
determined final decomposition products. Aghera
and Parsania [26] have reported thermo gravimetric
analysis of symmetric double Schiff bases
containing cardo group to understand the effect of
different substituents on thermal stability, Kinetic
parameters of Schiff bases. Recently, Gangani and
Parsania [27] have reported thermo acoustical
studies of various substituted symmetric double
Schiff bases. From researches reported, this work
aims to start synthesis of new
arylazobithiazolylhydrazone  derivatives  with
various p-substituents over one side, and to
investigate their influence on the kinetic parameters
upon thermal study. The effect of aromatic
substituents on the homolysis of organic
compounds suffers an observable shortage in
literature review. The formulae will be established
based on elemental, spectral and conformational
optimization software. The docking towards DNA
was taken in consideration, to give a comparative
view about their inhibition efficiency, which points
to their expected efficiency with infected cell DNA.

EXPERIMENTAL

All reagents and solvents used were purchased
from Sigma-Aldrich and used without any further
treatments.

Techniques of analyses

Using a digital Gallen-Kamp MFB-595
instrument with open capillary tubes, the melting
points were recorded and are uncorrected. On
Schimadzu FTIR 440 spectrometer using KBr
pellets, the IR spectra were determined over range
of 400-4000 cm. Using a Bruker model 400 MHz
Ultra Shield NMR spectrometer through DMSO-ds
using tetramethylsilane (TMS) (internal standard),
the 'H-NMR and *C-NMR spectra were recorded.
Chemical shifts were reported as dppm UnNits. The
elemental analyses were performed using Perkin-
Elmer 2400 CHN Elemental Analyzer. Shimadzu
Thermal Analyzer was used to obtain the TGA
curves of the complexes applying variable heating
rates; 5-25 K.min?, under pure N, atmosphere, over
the range of 20-900 °C. Conformational analysis
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was executed by Gaussian 09 program and
molecular docking by Autodock 4.2 tools. 1-(2-
Allylamino-4-methylthiazol-5-yl)ethanone (1) and
hydrazonoyl chlorides 4a-e were prepared
according to previously reported procedures [28,
29].

Synthesis of 2-(1-(2-allylamino-4-methylthiazol-5-yl)
ethylidene)-N-phenylhydrazine-1-
thiocarboxamide (3)

A solution of 0.01 mol (1.96 g) of 1-(2-
allylamino-4-methylthiazol-5-yl)ethanone 1 was
dissolved in 30 mL of ethanol and then 0.01 mol
(1.67 g) of 4-phenylthiosemicarbazide was added in
presence of 0.5 mL of conc. HCL. The solution was
heated under reflux for 4 h, then allowed to cool
down to room temperature. The precipitate
(compound 3) was isolated by filtration, washed
wth ethanol, dried and recrystallized from
MeOH:DMF (1:1) mixture (Scheme 1). Pale yellow
powder, Yield (87%), mp 202-203°C; IR (KBr)
vmad/cm™: 3310 (NH), 3187 (NH), 3036 (NH), 3015
(CH-sp?), 2930 (CH-sp®), 1622 (C=C), 1598
(C=N), 1261 (C=S); *H-NMR (400 MHz, DMSO-
ds): dppm = 2.38 (s, 3H, CHj3), 2.52 (s, 3H, CHjy),
4.19 (s, 2H, NCHy), 5.24 (dd, Jae = 1.2, Jac = 10.4
Hz, 1H, =C-Ha), 5.33 (dd, Jas = 1.2, Jgc =16.8 Hz,
1H, =C-Hg), 5.85-5.94 (m, 1H, =C-Hc), 7.16-7.65
(m, 5H, Ar-H), 9.81 (bs, 1H, NH), 10.43 (bs, 1H,
NH), 11.08 (bs, 1H, NH); C-NMR (100 MHz,
DMSO-ds): dppm= 14.78 (CH3), 16.66 (CHs), 47.93
(CH2N), 117.93 (CH:=), 120.50 (Thiazole-Cs),
125.50 (CHa), 128.73 (2CHar), 129.19 (2CHa),
132.63 (CH=), 139.43 (Car), 144.64 (C=N), 154.02
(Thiazole-Cs), 166.54 (Thiazole-Cy), 177.03 (C=S);
Anal. Calcd. for CigHi9NsS; (345.11): C,55.63; H,
5.54; N, 20.27%, Found: C, 55.59; H, 5.52; N,
20.26%.

Synthesis of 2-allylamino-4-methyl-5-(1-((4-methyl-
3-phenyl-5-(arylazo)thiazol-2(3H)yildene)
hydrazono)ethyl)thiazoles (A-E)

Solutions of equimolar amounts of hydrazonoyl
chloride 4 (0.005 mol) and compound 3 (1.73 g,
0.005 mol) in 30 mL of ethanol were mixed in
presence of 0.5 mL of triethylamine. The mixture
was heated under reflux for 3 h, then cooled down
to room temperature. The resulting thiazole dye
was collected by filtration, washed with aqueous
ethanol, dried and recrystallized from glacial acetic
acid to afford the aimed compounds (A-E).

2-Allylamino-4-methyl-5-(1-((4-methyl-3-
phenyl-5-(4-fluorophenylazo)thiazol-2(3H)yildene)
hydrazono)ethyl)thiazole (A). Red crystals, Yield
(88%), mp 236-237°C; IR (KBr) vmad/cm™: 3200
(NH), 3063 (CH-sp?), 2989 (CH-sp®), 1619 (C=C),
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1592 (C=N), 1567 (N=N); H-NMR (DMSO-ds):
d(ppm) = 2.52 (s, 3H, CHs), 2.49 (s, 3H, CHs), 2.56
(s, 3H, CHg), 5.17-5.28 (m, 2H, CH,=), 3.92 (bs,
2H, NCH,), 5.93 (m, 1H, =C-Hc), 7.17-7.24 (m,
5H, Ar-H), 7.49 (d, J = 7.5 Hz, 2H, Ar-Hys), 7.31
(d, J=7.5Hz, 2H, Ar-Hss), 8.35 (bs, 1H, NH); **C-
NMR (DMSO-ds): dppm= 16.90 (CH3), 17.36 (CHs),
19.69 (CHs), 46.78 (CH2N), 113.69 (Thiazole-Cs),
116.45 (CH,=), 116.52 (2CHar), 119.29 (Thiazole-
Cs), 121.55 (2CHar), 123.40 (CHar), 13241
(2CHar), 134.88 (2CHar), 135.21 (CH=), 139.93
(Car), 149.29 (Car), 150.21 (Thiazole-C4), 154.27
(Thiazole-Cy4), 161.52 (Car), 168.20 (Thiazole-C,),
168.98 (Thiazole-Cy), 173.56 (C=N); Anal. Calcd.
for CaxsH24FN7S; (505.64): C,59.39; H, 4.78; N,
19.39%, Found: C, 59.57; H, 4.75; N, 19.38%.
2-Allylamino-4-methyl-5-(1-((4-methyl-3-
phenyl-5-(4-chlorophenylazo)thiazol-2(3H)yildene)
hydrazono)ethylthiazole (B). Red powder, Yield
(95%), mp 234-235°C; IR (KBr) vmad/cm™: 3197
(NH), 3082 (CH-sp?), 2965 (CH-sp®), 1621 (C=C),
1593 (C=N), 1570 (N=N); H-NMR (DMSO-ds):
dppm = 2.11 (s, 3H, CHg), 2.35 (s, 3H, CHs3), 2.40 (s,
3H, CHs), 3.90 (s, 2H, NCHy), 5.13 (dd, Jas = 1.6,
Jac=10.2 Hz, 1H,=C-Ha), 5.24 (dd, Jaxe = 1.6,
Jec=17.0 Hz, 1H, =C-Hg), 5.86-5.95 (m, 1H,=C-
Hc), 7.10-7.39 (m, 5H, Ar-H), 7.41 (d, J = 7.5 Hz,
2H, Ar-Hss), 7.67 (d, J = 7.5 Hz, 2H, Ar-Hyg), 8.05
(bs, 1H, NH), 10.59 (s, 1H, NH); BC-NMR
(DMSO-ds): dppm= 13.59 (CHs), 16.70 (CHs3), 19.13
(CHs), 46.55 (CH:N), 116.24 (CH.=), 117.32
(Thiazole-Cs), 119.54 (Thiazole-Cs), 123.91
(2CHar), 128.70 (2CHar), 129.81 (2CHar), 129.81
(2CHar), 129.98 (CHar), 132.75 (CH=), 136.15
(Car), 140.00 (Car), 150.60 (Car), 151.79 (Thiazole-
C.), 156.16 (Thiazole-Cs), 162.25 (Thiazole-C,),
167.83 (Thiazole-Cy), 173.56 (C=N); Anal. Calcd.
for C25H24C|N782 (522.1): C,57.51; H, 4.63; N,
18.78%, Found: C, 57.48; H, 4.60; N, 18.75%.
2-Allylamino-4-methyl-5-(1-((4-methyl-3-

phenyl-5-(4-bromophenylazo)thiazol-2(3H)yildene)
hydrazono)ethyl)thiazole (C) Red crystals, Yield
(90%), mp 240-241°C; IR (KBr) vmad/cm™: 3191
(NH), 3082 (CH-sp?), 2935 (CH-sp®), 1620 (C=C),
1598 (C=N), 1569 (N=N); 'H-NMR (DMSO-ds):
dppm = 2.47 (s, 3H, CHg), 2.48 (s, 3H, CHs), 2.55 (s,
3H, CHg), 3.92 (bs, 2H, NCH,), 5.16 (dd, Jas= 1.6,
Jac=10.2 Hz, 1H, =C-Ha), 5.25 (dd, Jag = 1.6, Jac=
17.0 Hz, 1H, =C-Hg), 5.91-5.93 (m, 1H, CH=),
7.17-7.24 (m, 5H, Ar-H), 7.35 (s, 4H, Ar-H), 8.34
(s, 1H, NH); BC-NMR (DMSO-ds): dppm= 16.87
(CHs), 17.25 (CHs), 19.03 (CHs3), 46.78 (CH2N),
116.06 (2CHar), 116.44 (CH»=), 119.30 (Thiazole-
Cs), 123.35 (Thiazole-Cs), 124.21 (CHa/), 125.81
(2CHar), 126.51 (2CHar), 129.51 (2CHar), 133.31

(CH=), 134.86 (Car), 139.81 (Car), 143.15 (Car),
154.21 (Thiazole-C,), 161.47 (Thiazole-Cy4), 168.29
(Thiazole-C;), 168.96 (Thiazole-C), 172.75
(C=N); Anal. Calcd. for CasH24BrN;S; (566.55):
C,53.00; H, 4.27; N, 17.31%, Found: C, 53.01; H,
4.24; N, 17.29%.
2-Allylamino-4-methyl-5-(1-((4-methyl-3-
phenyl-5-(4-ethoxyphenylazo)thiazol-2(3H)yildene)
hydrazono)ethylthiazole (D). Orange powder,
Yield (86%), mp 179-180°C; IR (KBr) vma/cm™:
3198 (NH), 3068 (CH-sp?), 2970 (CH-sp®), 1622
(C=C), 1614 (C=N), 1567 (N=N); !H-NMR
(DMSO-ds): dppm = 1.06 (t, J = 7.2 Hz, 3H, CH3),
2.47 (s, 3H, CHg), 2.52 (s, 3H, CHs), 2.56 (s, 3H,
CHa), 3.92 (bs, 2H, NCHy), 4.35(q, J = 7.2 Hz, 2H,
OCHy), 5.15 (dd, Jag = 1.5, Jac= 10.2 Hz, 1H, =C-
Ha), 5.26 (dd, Jas = 1.5 Hz, Jgc=16.5Hz, 1H, =C-
Hg), 5.87-5.96 (m, 1H, CH=), 6.91-7.20 (m, 5H,
Ar-H), 7.44 (d, J = 7.8 Hz, 2H, Ar-Hss), 7.78 (d, J
= 7.8 Hz, 2H, Ar-H,e), 8.35 (bs, 1H, NH); C-
NMR (DMSO-ds): dppm= 16.92 (CH3), 17.36 (CHs3),
19.02 (CHs), 19.70 (CHs), 46.80 (CH:N), 56.51
(OCH), 114.08 (Thiazole-Cs), 116.45 (CHj=),
119.26 (Thiazole-Cs), 123.51 (2CHa;), 126.35
(CHar), 127.77 (2CHar), 129.88 (2CHar), 130.11
(2CHar), 134.83 (CH=), 137.07 (Car), 141.26 (Car),
146.84 (Car), 154.49 (Thiazole-Cs), 161.80
(Thiazole-C4), 168.10 (Thiazole-C;), 169.06
(Thiazole-Cz), 174.08 (C=N); Anal. Calcd. for
Co7H2N7/OS; (531.71): C,60.99; H, 5.50; N,
18.44%, Found: C, 60.96; H, 5.48; N, 18.41%.
2-Allylamino-4-methyl-5-(1-((4-methyl-3-
phenyl-5-(4-sulfonamidophenylazo)thiazol-
2(3H)yildene) hydrazono)ethyl)thiazole (E). Red
crystals, Yield (87%), mp 177-178°C; IR (KBr)
vmadicmt: 3231, 3166 (NH.), 3081 (NH), 3054
(CH-sp?), 2981 (CH-sp®), 1620 (C=C), 1596
(C=N), 1582 (N=N); 'H-NMR (DMSO-ds): Sppm =
2.47 (s, 3H, CHs), 2.49 (s, 3H, CHs), 2.57 (s, 3H,
CHa), 3.92 (bs, 2H, NCH), 5.16 (dd, Jas = 1.5,
Jac= 10.2 Hz, 1H, =C-Ha), 5.26 (dd, Jas = 1.5,
Jec=17.0 Hz, 1H, =C-Hg), 5.88-5.96 (m, 1H, CH=),
6.92-7.19 (m, 5H, Ar-H), 7.22 (s, 2H, NHy), 7.44
(d, J = 8.5 Hz, 2H, Ar-Hss), 7.78 (d, J = 8.5 Hz,
2H, Ar-Hze), 8.35 (bs, 1H, NH); ®C-NMR
(DMSO-ds): dppm= 17.36 (CHs), 19.02 (CHs3), 19.70
(CHs3), 46.81 (CH2N), 114.08 (Thiazole-Cs), 116.45
(CH.=), 119.26 (Thiazole-Cs), 12451 (2CHa),
127.77 (2CHar), 128.55 (2CHa), 129.12 (CHa),
129.98 (CHar), 134.03 (CH=), 137.07 (Car), 141.26
(Car), 146.84 (Car), 154.49 (Thiazole-C4), 161.80
(Thiazole-Cs), 168.10 (Thiazole-C;), 169.06
(Thiazole-Cy), 176.96 (C=N); Anal. Calcd. for
CosH26NgO2Ss  (566.71): C,52.98; H, 4.62; N,
19.77%, Found: C, 52.95; H, 4.60; N, 19.75%.
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Scheme 1. Synthesis of 2-allylamino-4-methyl-5-(1-((4-methyl--3-phenyl-5-(arylazo)thiazol-
2(3H)ylidene)hydrazono)ethyl)thiazole derivatives ,A-E.

THEORETICAL IMPLEMENTATION
Kinetics

Significant thermodynamic parameters were
computed over main decomposition stage in each
compound under different heating rates beside the
activation energy (E) and order (n). Many
researches had established mathematical equations
for this purpose and clarified their scientific
meaning [30-38]. The rate of decomposition
(equation 1) is the yield of two separated indices
(k(T) and f(a)):

do

=KM@ €

Therein, o is a fraction decomposed at time t,
f(a) is a conversion function and k(T) is a
temperature dependent function. The two functions
are of Arrhenius type (equation 2):

K=AgERT ¥

Therein, R is the gas constant (J mol?k™). Using
equation 2 as a function of equation 1, equation (3)
was obtained:

da A
o - ()@ ®

Therein, ¢ is the linear heating rate (dT/dt).
Applying integration and approximation, equation
(4) was obtained:

-E* AR
In =——+In
9(@) RT LDE *}

(4)
g(a) function depends on the mechanism of action

in the decomposition process. Implementing Coat-
Redfern [32] and Horowitz-Metzger methods [37],
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the temperature integral (right-hand side) and
significant kinetics were evaluated.

Geometrical optimization

Applying DFT/B3LYP method using Gaussian
09 software [39], the optimized geometrical forms
of arylazo-bithiazolylhydrazone derivatives were
built (figure 1). 6-31G is a suitable base set for this
purpose. Essential physical parameters which
reflect significant features around the treated
compounds were computed based on frontier
energy gapes by known relations [40, 41] as
follows:

1- % =-0.5 (ELumo + Enomo)
2- p=-%x=0.5(ELumo + Eromo)
3-  1n=0.5(ELumo - Eromo)

4- S=-0.57
5- o= p¥2n
6- o=1/Mm

Two considerable files (log and chk) were
excreted. The files were visualized over Gauss
program screen [42] to obtain essential physical
data.

QSAR parameters computation

Surface area, volume, hydration energy, log P,
reactivity and polarizability were the calculated
QSAR parameters over optimized structures (A-E).
The optimization process was executed by
HyperChem (8.1) program. Semi-empirical AM1
followed by molecular mechanics (MM™) were the
suitable setup methods before the geometrical
optimization process. The optimization process was
accomplished  without  restriction for any
parameters, after which the parameters were
computed separately [43].
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Molecular docking process

This is a recent computational method in drug
designing industry as a preliminary test of the
inhibition efficiency of organic compounds towards
pathogen protein. Auto Dock tool 4.2 was
implemented for docking process between arylazo-
bithiazolylhydrazone derivatives and calf thymus

DNA (2hio). Non-polar hydrogen atoms were
added and the rotatable bonds were excluded
before. Fundamental hydrogen atoms, charges
(Kollman united) and solubility parameters were
then added [44]. The affinity (grid) maps of xx A
grid points and 0.375 A spacing were obtained
through Autogrid program [45].
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Fig. 1. The optimized structures of arylazobithiazolylhydrazone derivatives (A-E).

Electrostatic terms and van der Waals forces
were estimated through dielectric  function
(distance-dependant) and auto dock parameter set,
respectively. Docking process was executed by
Solis & Wets local search method and Lamarckian
genetic algorithm (LGA) [46]. The orientation,
initial position and torsions of tested molecules
were set incidentally. All rotatable torsions were
decomposed during the docking process. Each
experiment was the average value of 10 different
runs which set to close after maximum of 250000

energy assessments. The used population size was
150. During the process, in the translational step
(0.2 A) quaternion and torsion steps were applied.

RESULTS AND DISCUSSION
Mechanism of action

As outlined in scheme 1, 1-(2-allylamino-4-
methylthiazol-5-yl) ethanone (1) was condensed
with 4-phenylthiosemicarbazide (2) in ethanol
(boiling) containing HCI as a catalyst to afford
thiazolylthiosemicarbazone 3 in good yield. The
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chemical structure of compound 3 was built based
on elemental analysis, spectral data, and chemical
transformations. The IR spectrum of compound 3
exhibited absorption bands at 3310, 3187, 3036,
1622, 1598, and 1261 cm™ characteristic to three
NH, C=C, C=N, and C=S groups, respectively. Its
'H-NMR spectrum revealed, besides the expected
signals of phenyl and allyl protons, two singlets at &
2.38 and 2.52 ppm assignable to two methyl
protons, and three broad singlet signals,
exchangeable with D,O, at 6 9.81, 10.43, 11.08
ppm owing to three NH protons. The BC-NMR
spectrum of compound 3 revealed the presence of
fourteen carbon signals compatible with its
molecular formula (CisH19NsS;). The  most
characteristic carbon signals resonate at & 14.78,
16.66, 47.93, 177.03 ppm owing to two methyl
carbons, methylene, and thiocarbonyl group,
respectively.

Next, we investigated the reactivity of the
thiourea ~moiety in compound 3 towards
hydrazonoyl chlorides with the aim to attain
arylazobithiazolylhydrazones for thermal analysis
investigation. Thus, reaction of compound 3 with a
series of N-aryl hydrazonoyl chlorides 4a-e [29] in
boiling ethanol containing triethylamine as a basic
catalyst gave one isolable product in each case (as
evidenced by TLC analysis of the crude product),
which were recognized to be products 5a-e
(Scheme 1). The structure of products 5a-e was
confirmed by elemental analyses and spectral data.
The IR spectra of products 5a-e showed in each
case the disappearance of C=S absorption band and
the presence of new absorption bands in the ranges
1592-1598 and 1567-1582 cm? assigned to
conjugated C=N and N=N groups, respectively.
The H-NMR spectrum of compound 5d, as an
example, revealed in addition to the expected
signals of the allyl amino protons, aromatic protons,
and protons of three methyl groups, a triplet signal
at & 1.06 ppm and a quartet signal at 4.35 ppm
assigned to ethoxy group. There is also a pair of
doublet signals resonating around 7.44, 7.78 ppm
with the same coupling constant value (J = 7.8 Hz)
assigned to the four protons of p-substituted
benzene ring residue. The *C-NMR spectrum of
compound 5d revealed the presence of 23 carbon
signals. The sp® hybridized carbon atoms resonate
at 6 16.92, 17.36, 19.02, 19.70, 46.80 and 56.51
ppm characteristic to four methyl carbons, CH:N,
and OCH,, respectively. The more downfield three
carbons resonate at & 168.10, 169.06, 174.08 ppm
assigned to the carbons of thiazole-C,, thiazole-C»,
and C=N, respectively (see supplementary data).
The mass spectra of all products 5a-e exhibited in
each case a molecular ion peak at the correct
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molecular weight for the respective compound (see
Experimental). To account for the formation of
products 5a-e, it was suggested that the reaction
starts via nucleophilic attack of the thiol group in
compound 3 to the electron-deficient carbon of the
hydrazone group in compounds 4a-e and
subsequent in situ dehydrative cyclization to give
the target products 5a-e.

TGA homolysis of arylazobithiazolylhydrazone
derivatives

Although an observable shortage in researches
concerning the relation between p-substituents and
the thermal behavior of compounds, some articles
exhibited essential knowledge about their pyrolysis
[47-49]. All derivatives were subjected to thermal
analysis (TGA and DTG) up to 800°C (figure 2).
The data (Tables 1&S1-S4) show discriminate
findings in mass loss for all compounds (A-E)
which were recorded with heating rate variations
(5-25 K. min?) although the high similarity in
homolysis  pathway in various derivatives
observable distinct features toward thermal stability
which clearly appeared in the first stage of
pyrolysis. These observations clarify the high
impact of heating rate changes, as well as p-
substituents. The substituents with high inductive
effect led to difficult degradation over the whole
molecule. This reflected on incomplete pyrolysis of
the organic compounds. Derivative A displayed
high rigidity in the pyrolysis process in agreement
with the high inductive effect of the small-sized
substituent (F) followed by derivative D for OC,Hs
substituent.

Kinetic studies

This part in our research is considered the most
significant, in which the study is being processed to
estimate the Kkinetic parameters. The Kkinetic
parameters (AH, AG and AS) and energy of
activation were estimated by using two comparative
reference equations [32, 37]. These calculated
parameters serve for discrimination of the influence
of changeable substituents on the degree of thermal
rigidity. Moreover, the parameters were calculated
under variable heating rates (5-25 K.mint) to
investigate the degree of shifts in their values in
coinciding. Figure 3 displays relations for Coat-
Redfern and Horowitz-Metzger methods under
various conditions (heating rate and p-substituents).
The data were computed by applying two methods
(Tables 2&S5-S8) over most suitable degradation
stage (second and sometimes the first). This stage
accidently the main degradation stage represents
expel of a great mass.
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The first view of the relations (figure 3) showed
the mismatch of the resulting lines, which confirms
the effect of the substituents on the behavior of
thermal decomposition for compounds and also on
the effect of changes in the heating rate. The data
demonstrated that there are many reactions; number
of reactions is increasing at low heating rates (5 and
10 K. min') compared to high rates (15-25 K. min-
1), Although, only one effective reaction was taken
in consideration for simplicity and the parameters
are displayed in the tables reported. It is noted that
all pyrolysis models are based on a single effective
reaction. Moreover, there is an observable increase
of kinetic parameters values with increasing heating
rate. Also, the high inductive effect of the
substituents leads to high values of the Kkinetic
parameters as appeared in A, B and D compounds
for F, Cl and OC;Hs p-substituents.

Structural optimization process. DFT/B3LYP
method

The best atomic distribution inside the five
derivatives (figure 1) was obtained in gas phase by
DFT/B3LYP method with 6-31G base set. The
frontier energy gaps (Ewomo - ELumo) were
calculated and used for computing other significant
parameters (Table 3) using reference relations [50,
51]. Electronegativity index (y), chemical potential
index (u), global hardness index (7), global softness
index (S), global electrophilicity index (w) and
absolute softness (s) were the parameters
computed. Electrophilicity parameter is indicator
for the degree of reactivity and toxicity for the
tested compound. Electronic chemical potential (x)
and electronegativity (y) are two opposite faces
pointing at the degree electron affinity gained from
universe. Global hardness (#), global softness (S)
indices are also two opposite faces pointing to the
degree of flexibility of the compound which serve
to distinguish the biological behavior of the
compound inside the cell. All indices introduce
distinguished reactivity and toxicity of compound
E, which includes substituent SO.NHo.

Table 1. Plausible degradation process for arylazobithiazolylhydrazones (at 5 K. min " heating rate)

Compound Steps Temp. range Decomposed Weight loss: Calcd (Found)
(°O (%)
A 1t 50.2-81.4 CH, 3.17(3.17)
2nd 200.1-308.4 C7HsN4S 35.64(35.67)
3 362.4-515.1 CsH1N3SF 32.68(32.71)
Residue 12C 28.50(28.45)
B 1 51.2-91.1 C7H9N,S 29.35(30.00)
2nd 122.6-301.2 CoHsN3 30.30(30.41)
3 305.6-400.1 CsH7N2CIS 33.45(33.61)
Residue 3C 6.90(5.98)
C 18t 55.1-170.2 CoHi11N2S 31.64(31.65)
2nd 221.5-452.1 CisH11NsBr 62.34(62.33)
3 535.2-581.3 H.S 6.02(6.02)
Residue nil
D 1t 122.3-305.4 CasH2sN70S; 94.72(94.75)
2nd 350.2-403.3 CoH4 5.28 (5.25)
Residue nil
E 1 61.2-122.1 CsHeN 9.80(9.81)
2nd 210.1-341.2 Ci3H11N4S 45.05(45.04)
3 420.3-583.2 CsHaN,S 17.31(17.33)
Residue CeH7SO2N 27.74(27.82)
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Fig. 2. TGA and DTG of compounds A-E at 5 K. min " heating rate
Table 2. Computed Kinetic parameters by Coats—Redfern (CR) and Horowitz—Metzger (HM)

(for main step at 5 K min " heating rate)

Comp. Step  Method Kinetic Parameters
E (Jmol?) A (SY) AS(Imol*K?1)  AH@mol?) AG (Imol?) r
A 2nd CR  4.25E+04 7.05E+03 -1.76E+02 5.82E+04 1.51E+05 0.9993
HM  5.96E+04 5.90E+04 -1.58E+02 6.52E+04 1.49E+05 0.9991
B 2nd CR  2.69E+04 2.06E+01 -2.24E+02 3.29E+04 1.41E+05 0.9993
HM  4.37E+04 2.80E+02 -2.02E+02 3.96E+04 1.38E+05 0.9991
C 2nd CR  3.73E+04 3.77E+00 -2.40E+02 3.22E+04 1.78E+05 0.9993
HM  4.87E+04 5.86E+01 -2.17E+02 4.37E+04 1.76E+05 0.9991
D 2nd CR  4.01E+04 1.40E+04 1.94E+01 1.96E+04 1.83E+05 0.9993
HM  4.11E+04 1.48E+4 3.90E+01 2.06E+04 1.81E+05 0.9991
E 2nd CR  3.51E+04 8.54E+03 -1.75E+02 6.05E+04 1.56E+05  0.9993
HM  4.27E+04 6.06E+04 -1.58E+02 6.82E+04 1.55E+05  0.9991
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Table 3. Computational parameters of arylazobithiazolylhydrazones through DFT/B3LYP method

EH -
Comp. En(eV) EL(eV) EL)(eV) EI-Eh  x(eV) weV) nev) S(eV-1) w(eV) 6(eV)
A -0.17306 -0.08827 -0.0848 0.08479 0.130665 -0.13067 0.042395 0.021198 0.20136 23.58768723
B -0.17606 -0.08905 -0.087 0.08701 0.132555 -0.13256 0.043505 0.021753 0.20194 22.98586369
C -0.17539 -0.08876 -0.0866 0.08663 0.132075 -0.13208 0.043315 0.021658 0.20136 23.08669052
D -0.16986 -0.07713 -0.0927 0.09273 0.123495 -0.1235  0.046365 0.023183 0.164467 21.5679931
E -0.18289 -0.10579 -0.0771 0.0771 0.14434  -0.14434 0.03855  0.019275 0.270221 25.94033722
Table 4. Estimated physical parameters extracted from log files
Comp. Dipole moment, Oscillator Excitation Heat of formation, E Charge of p-
D (Debye) strength, [ energy, E (nm) (A.U) substituent C?°
A 3.6863 0.2439 633.03 -2245.95315356 0.315047
B 4.6705 0.3433 599.73 -2606.32416645 -0.280876
C 4.3800 0.3488 603.2 -4717.72566804 -0.316959
D 3.9918 0.3666 565.56 -2300.54347509 0.318885
E 12.1981 0.3596 673.91 -2750.36357247 -0.238973
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Fig. 3. The kinetic plots for Coats—Redfern (CR) and Horowitz—Metzger (HM) methods for main step in compounds
(A-E) at various heating rates

Table 5. QSAR computational parameters for optimized new arylazobithiazolylhydrazone compounds

Function A B C D E
Surface area (Approx) (A?) 691.61 716.75  725.66 77424  749.95
Surface area (Grid) (A?) 793.77 823.25 835.76 88242  871.61
Volume (A%) 1384.42 141855 143720 1512.01 1499.67
Hydration energy ( Kcal/mol) -14.26 -14.21 -14.18 -15.23 -20.47
Log P 3.84 421 4.49 3.79 2.58
Reactivity (A%) 159.32 16391  166.73 170.32  172.45
Polarizability (AS) 55.30 57.32 58.02 59.70 57.88
Mass(amu) 505.63 522.09  566.54 531.69  566.71

Oscillator strength values fall in the known
range (0-1) [52], which reflects the high probability
for the absorption or emission of radiations during
the transition between levels. The computed values
fall near to each other's and show the flexibility in
absorption and emission character for all molecules.
Excitation energy values coincide with heat of
formation which appeared high with compound E.
The computed charges over the carbon atom, which
bonds to substituents, point to variable attachments
from ionic to covalent.

This is another type of parameters estimated
upon optimized structures applying molecular
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mechanics (Table 5) of Hyper Chem (8.1) program.
These parameters assert on the discrimination
between derivatives under the effect of substituents.
Surface area, volume, hydration energy, partition
coefficient (log P has a reverse relation with
biological susceptibility), reactivity and
polarizability are essential parameters which give a
clear insight about such influence. A marked
difference between estimated values coincides with
the effect of substituents. Estimated values of
compound E showed its best qualities as regards
reactivity and biological susceptibility [53].
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Fig. 4. Frontier HOMO level of arylazobithiazolylhydrazone derivatives (A-E)

QSAR calculations. Docking study

This study is considered the biggest revolution
in computational study dealing with drug designing
through simulation process. The docking process
was executed for each derivative (A-E; as PDB file)
against the calf thymus DNA protein (2hio) to give
an insight about the degree of interaction in
between. The DNA protein used was selected to
simulate what may happen inside any infected cell.
As we know that, the first target for any treatment
drug, is the cell-DNA, so the interaction with DNA,
may give the best view about treatment for many
microbial diseases. The extracted parameters (Table
6) led to a clear view about the inhibition efficiency
of tested compounds. The comparative vision for
the data calculated displays a great differentiation
between compounds (A-E) especially for values of
inhibition constant calculated. Also, the data point
to the priority of compound E among the others in
agreement with previous computational studies.
Such priority of the compound asserts on highly
expected inhibition behavior towards pathogen and

its success in the medical field. Figure 6 illustrates
the complexes between proposed inhibitors and
DNA protein receptor. The Hp and 2D plots
introducing the same number of H-bonding were
obtained with all complexes. Moreover, nitrogen
no. 25 is the sponsor of intra-hydrogen bonding
with the protein except for compound B. This
compound represents a chloro-substituent, which
has a negative effect on the donation feature of the
atom (N?%) towards the H-bonding. Also, the best
prolongation for the DNA helixes was observed
with compound E, in agreement with previously
reported data in this study.

CONCLUSION

This study is focusing on the effect of
substituents on the features of organic compounds
as: thermal, Kinetic; stability, reactivity and
biological suitability. The influence of p-
substituents (F, Cl, Br, OC;Hs and SO.NH) was
stated from the thermal and Kinetic study. The
substituents which have a high inductive effect, led
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to difficult degradation over the whole molecule.
The type of reactions in degradation process was
reduced by increasing heating rate. Also, the kinetic
parameter values are directly attached with heating
rates. The computational studies also assert on the
great influence for the substituents on many
significant features of the compound. The physical
parameters calculated over optimized structures
showed a great difference in between derivatives in
coinciding with various substituents. The best
features were obtained for derivative E which

.
4'¥

includes a highly inductive substituent (SO2NH,).
Molecular docking against DNA was also tested
and the inhibition energy parameters were
estimated over docked complexes. Also, the
inhibition activity was recorded with derivative E.
So promising biological activity can be predicted
with one derivative among all. This result asserted
on the significant influence of substituents although
the moiety of compounds used is fixed.

Fig. 5. Frontier LUMO level of arylazobithiazolylhydrazone derivatives (A-E).

Table 6. Docking energy values (k cal/mol) for new arylazobithiazolylhydrazones- DNA receptor (2hio) complexes

Comp.  Est. free Est. inhibition vdW+ bond+ Electrostatic Total intercooled Frequency Interact
energy of constant (Kj) desolve energy energy energy surface
binding (uM)
A -6.28 24.72 -8.53 +0.03 -8.50 10% 1128.309
B -6.82 10.10 -8.98 -0.12 -9.10 10% 1131.124
C -6.07 35.31 -8.52 +0.06 -8.46 10% 1126.701
D -6.13 32.17 -8.72 -0.10 -8.82 10% 1147.885
E -5.86 50.34 -8.50 -0.04 -8.54 20% 1190.344
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Fig. 6. The docking complexes of arylazobithiazolylhydrazone derivatives (A-E) with DNA protein receptor (2hio)
7. R.K. Rawal, R. Tripathi, S.B. Katti, C. Pannecouque,
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New quaternary amine-containing resins were prepared and used for adsorption of phenoxyacetic acid (PAC) and
bisphenol A (BPA). For this purpose, crosslinked poly (glycidyl methacrylate (GMA)-co-ethylene glycol
dimethacrylate (EGDMA)) beads (PGMA) were prepared and modified with N,N-diethylethylenediamine to obtain
tertiary amine function carrying (BR) resin. Other quaternary amine function carrying resins were prepared starting
from crosslinked poly (vinyl benzyl chloride (VBC)-co-EGDMA) (PVBC) resin. PVBC resin was reacted with
imidazole and ethyl piperazine to obtain imidazole- and ethyl piperazine-modified resins, respectively. Then, these
resins were reacted with chloroacetamide to prepare quaternary amine resins, PVBCIM (quaternized imidazole
modified PVBC), PVBCEP (quaternized ethylpiperazine PVBC). The adsorption isotherm experiments of adsorbed
pesticides on the new polymeric resins were performed at 25°C by using Freundlich and Langmuir models. The
maximum BPA sorption capacities of the new polymeric adsorbents were obtained as BR>PVBCEP>PVBCIM,
respectively. For PAC, the adsorption maximum capacities of the new polymeric adsorbents changed to
PVBCEP>PVBCIM>BR. Characterization of adsorbents was performed by SEM and FTIR method before and after
adsorption experiments. The adsorption kinetics of pesticides was studied depending on temperature (25°C-40°C) and
also kinetic models were applied such as pseudo-first order, corrected-second order and intraparticle diffusion model.

Keywords: Bisphenol A; Phenoxyacetic acid; Pesticide; Adsorption; Polymeric resin.

INTRODUCTION

Environmental pollution increases day by day in
a proportion of the population and the industrial
development increases. This contamination is
mainly caused by the mixing of organic and
inorganic chemicals into the groundwater. The
increased uses of pesticides in agriculture to control
insects increasingly pollute water resources. Since
the pesticide structures are rarely biodegradable,
this effect is highly pollutant to the environment
and some carcinogenic properties for living
organisms are observed as well [1]. The use of
phenolic materials in pesticides made them harmful
to organisms even at low concentrations. They are
considered as primary pollutants and classified as
hazardous to people’s health. Even though the
amount of contamination with phenolic materials in
drinking water is 0.005 ppm, it causes some
significant problems of taste, odor and loss of
suitability for use [2].

Bisphenol A (BPA) plays an important role
because of its widespread usage in materials as a
component of industrial polymers and fungicides
[3]. The effect of toxicity of BPA is really serious
for freshwater and salty algaes, invertebrates and
fish. Bisphenol A has been listed by China and the
EPA as the main pollutant for the aquatic
environment due to its stability, bioaccumulation
and toxicity [4]. Wang et al. (2015) used modified

* To whom all correspondence should be sent:
E-mail: tusase@istanbul.edu.tr bsenkal@itu.edu.tr

montmorillonite to control interfacial
hydrophobicity with an improved matrix. The inner
layer hydrophilic properties of the clay molecules,
the inner layer chelating properties of the
alkyltrimethylammonium ions and their adsorption
balance with BPA were investigated in details and
the BPA concentration level was observed as the
inner layer chelate chain length predicted to
increase [5]. Mao et al. (2014) synthesized a
surface-active polymer on modified kaolin and
selectively studied adsorption of BPA, 44-
biphenyldiphenol and 2,6-dichlorophene. It was
thought that the chemical process could be also
involved in this study as a rate-limiting step for
BPA adsorption. This synthesized polymer had
proven to have high affinity and selectivity for BPA
compared to other components [6]. Zainab et al.
(2015) used coconut fiber, coconut shell and durian
fruit husk from organic agricultural wastes for BPA
removal. All three adsorbents showed similar low
adsorption. The optimum adsorption time was
found to be 24 h [7]. Soni and Padmaja (2014) used
active carbon from the palm kernel as adsorbent
and investigated the effect of variable pH,
concentration, time and temperature parameters. It
was found that the adsorption process was
spontaneous and exothermic and there was a weak
physical interaction between adsorbents. The
disadvantage was the quite costly and difficult work
and impossibility to recycle [8]. Other similar
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studies in the literature until today were done with
polymeric adsorbent [9], nanotube [10], graphene
[11], lignin [12], mesoporous silicon dioxide [13],
activated sludge [14], modified zeolite [15], chitin
[16].

Phenoxy acid belongs to a class of herbicides
which exhibits auxin-like activities in excessive use
for the control of broad-leaved weeds growing in
products such as rice, winter wheat, soya bean, long
grass. Phenoxy acetic acid (PAC) is highly toxic
and it can be irritant to the skin and eyes. Prolonged
exposure may cause serious damage to internal
organs and biological systems. It can be transported
in the agricultural ecosystem causing pollution in
surface and ground waters, because of its water
solubility. Young et al. (2006) studied the removal
of CPA (chlorophenoxyacetic acid), MCPA (4-
chloro-2-methylphenoxyacetic acid) with activated
carbon [17]. Aksu et al. (2004) investigated the
removal of 2,4-dichlorophenoxyacetic acid used by
activated granular carbon depending on pH,
temperature and initial concentration [18].
Moustapha et al. (2000) also worked on removal of
2,4-dichloro-phenoxyacetic acid with two different
activated carbons in terms of contact time,
adsorbent dose, effect of ionic strength, pH
variables [19]. Cserhati et al. (1998) studied 2,4-
dichlorophenoxyacetic acid, 2,4,5-
trichlorophenoxyacetic acid, 4-chloro-2-
methylphenoxyacetic  acid, 2,4-dichlorophenal,
2,4,5-trichlorophenol and p-chlorocresol pesticides
[20].

In this study, quaternized amine- and tertiary
amine-modified resins were used for removal of
pesticides such as hisphenol A (BPA) and
phenoxyacetic acid (PAC). Adsorption Kinetics of
pesticides on the resins was studied at constant
concentration from 25°C to 40°C. The sorption
experiments of the pesticide were studied with
different concentrations at 25°C. The adsorption
isotherms were fitted to Langmuir and Freundlich
models. SEM and FTIR characterization methods
were used to evaluate both sorbent resins and
pesticide.

EXPERIMENTAL
Materials

BPA and PAC were purchased from Sigma-
Aldrich and Merck companies. The stock solutions
were prepared in aqueous media as 114.12 ppm for
BPA and 760 ppm for PAC. The maximum
wavelengths of BPA and PAC were determined in
aqueous solution, respectively 227 and 276 nm.
Glycidyl methacrylate (GMA), ethylene glycol
dimethacrylate (EGDMA), ethyl piperazine,
imidazole, vinyl benzyl chloride and 2-
542

chloroacetamide were purchased from Sigma-
Aldrich.

Synthesis of the resins

Preparation of BR resin (N,N-
diethylethylenediamine modified GMA-EGDMA).
Tertiary amine modified methacrylate based resin
was synthesized by modification of crosslinked
PGMA resin. This resin was prepared starting from
copolymerization of GMA (glycidyl methacrylate)
(90% mol) and EGDMA (ethylene glycol
dimethacrylate) (10% mol) as monomers in the
presence of AIBN (azobisisobutyronitrile) as
initiator, polyvinylpyrrolidone as stabilizer and
toluene as porogen by using suspension
polymerization method [21]. In the second step, 5 ¢
of PGMA resin were added in portions to the
excess of N,N-diethylethylenediamine in 50 mL of
N-methyl-1-pyrrolidone (NMP). The mixture was
continuously shaken on a shaker for 24 h at room
temperature and heated at 80°C for 2 h. Then, the
reaction mixture was cooled and poured into 250
mL of distilled water. Tertiary amine modified
resin was filtered and washed with excess of water
and 150 ml of methanol, respectively. The obtained
resin (BR) was dried under vacuum at room
temperature for 24 h (Scheme 1). The yield was
7.59 g.

CyHs

N
_ A N
(P)—0—CH, C\HO/CHZ N et

CoHs
N
CHs

(P)—0—CHe—CH—CH,—HN i
OH

Scheme 1. Structure of BR resin molecule

Preparation of PVBCIM and PVBCEP resins.
These resins were prepared starting from
modification of crosslinked poly (vinyl benzyl
chloride) (PVBC) described in the literature [22].
5.0 g of PVBC resin was added to 2.50 g of
imidazole in 50 ml of NMP and 15 ml of ethyl
piperazine solution in 30 ml of NMP at 0°C to
obtain imidazole- and ethyl piperazine-modified
PVBC, respectively. The reaction mixtures were
continuously shaken with a shaker at room
temperature for 24 h. Then, the reaction contents
were poured into 1 L of water, filtered and washed
with excess of water and methanol, respectively.
The resins were dried under vacuum at room
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temperature for 24 h and the yields were found as
5.8 g for PVBCIM and 8.4 g for PVBCEP.
Quaternization of PVBCIM and PVBCEP.
PVBCIM was quaternized with chloroacetamide.
For this purpose, 5.0 g of PVBCIM was reacted
with 3.5 g of chloroacetamide in 25 ml of DMF
solution. The reaction mixture was stirred at room

temperature for 24 h. The reaction mixture was
heated at 70°C for 8 h. Then, the reaction mixture
was filtered and washed sequentially with DMF,
water and ethanol. The quaternized (PVBCIM)
resin was filtered and dried under vacuum at room
temperature for 24 h to give 7.20 g of the final
product (Scheme 2a).

H

a)

lChIoroacetamide

CCHo N o
®© o N/\:r\v@e n

CICH,CNH,

N / N\

O Hona ) ——= O ren jom
N
|
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Chloroacetic acid

€]
/—\CICHz2CO0H
® CH,—N N —C,Hs
__/

Scheme 2. a) Preparation of quaternized PVBCIM resin; b) Preparation of quaternized PVBCEP resin

Quaternization of PVBCEP was performed by
chloroacetic acid. According to the procedure, 18.9
g of chloroacetic acid ( 0.20 mol) was dissolved in
20 ml of water and this solution was dropped by a
dropping funnel into 13.8 g of K2COs ( 0.1 mol) in
25 ml of distilled water at 0 °C. Then, 5 g of
PVBCEP was added to the solution. The reaction
mixture was continuously shaken on the shaker for
48 h at room temperature and was stirred at 70°C
for 3 h. At the end of the reaction, quaternized resin
(PVBCEP) was filtered and washed with excess of
water. PVBCEP was dried under vacuum at room
temperature for 24 h. The yield was found as 7.0 g
(Scheme 2b).

Adsorption experiments

Preparation of working solutions from the BPA
and PAC stock solutions: working BPA solutions
were prepared in five different concentrations
between 8.67 ppm and 22.5 ppm for the isotherm
studies. In the kinetic studies, optimum BPA
concentration was chosen as 17.11 ppm. The
concentrations of PAC varied from 38 ppm to 380
ppm for the isotherm studies. The best

concentration of PAC for the kinetic studies was
chosen to be 121.7 ppm. In adsorption experiments,
0.01 g of resin sample was reacted with 10 mL of
pesticide solution for 90 min at 25°C and aliquots
were taken every 15 min for spectrophotometric
analysis.

Adsorption studies

Adsorption capacity of the sorbents (mg g*) was
calculated using the following equation (1):

Ep — &4
qu=——xV 1)
where ¢, and cq are the initial and equilibrium
concentration of pesticide, respectively (mg L"), W
is the weight of sorbent (g), V is the volume of
pesticide solution (L). /W ratio was held as 1 L g*
during adsorption isotherm experiments [23].
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Table 1. Adsorption isotherm parameters of resins for BPA

Isotherms PVBCEP BR PVBCIM
Freundlich

Kr 6.77 7.61 7.25

n 0.29 0.48 0.05
R? 93 97 95
Langmuir

b Lmg? 0.676 0.53 593
Omax Mg g™ 14.55 21.7 8.13
R? 98 99 97

Table 2. Adsorption isotherm parameters of resins for PAC

Isotherms PVBCEP BR PVBCIM
Freundlich

Kr 1.55 0.097 1.97

n 0.95 1.78 0.5
R? 98 92 88
Langmuir

b Lmg? 0.00195 -0.0083 0.00759
Qmax Mg g 769 -118 48.31
R? 98 95 98

Adsorption isotherms

The results of the adsorption studies of BPA and
PAC were expressed by Freundlich and Langmuir
isotherm models. Adsorption isotherm type
graphics of BPA were drawn as ge VS Ce as Seen in
Figure 1. The Giles isotherm lines of BR, PVBCEP
and PVBC IM appear to be the same as L3, L4 and
L2 types, respectively. For PAC, Giles isotherm
types of PVBCEP, PVBC and BR were found L4,
L3 and S3, respectively in Figure 2 [24]. These L
types suggest that first monolayer line and then
multilayer line occurs during adsorption process.
This S type indicates that the adsorption of
pesticide was reluctant onto the adsorbates.

Langmuir isotherm: The Langmuir equation is
represented as follows:

et s @

g4 Amaxb Ca Omax

where Cqy gives a straight line, Qmax, iS the
maximum adsorption at monolayer coverage (mol
g?l) and b the adsorption equilibrium constant (L

mol?). 1/qq vs 1/cq with slope b and intercept 1/¢max
is obtained (Tables 1, 2).

Freundlich isotherm: The Freundlich isotherm
model can be applied by the following:

0d = Kecd" (3)

The linear equation of the Freundlich isotherm is
fitted in the logarithmic form as given below:

log qa = log K¢+ n log cq 4)

where: qq is the amount adsorbed (mol g?), Cq
the equilibrium concentration in agueous phase
(mol L'Y) Ke and n are Freundlich constants related
to adsorption capacity and adsorption intensity.

Kinetic studies

The kinetics of BPA and PAC were studied at
four different temperatures. The concentrations of
BPA and PAC used in the kinetic experiments were
17.11 and 121.7 ppm, respectively. In order to
investigate the kinetics of pesticides adsorption,
pseudo-first-order and pseudo-second-order models
were examined (Tables 3-8).
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Table 3. Kinetic parameters of the aqueous solution of BPA on PVBCEP resin.

t°%C qeexp. qaicale. ki/dk! R? qggqcalc. kJdgmgtdk! R?  ki/mggldk? R?
25 0.0105 0.0087 0.0197 83 0.009 3.2 99.2 0.0003 98.7
0.0014 97
0.0007 95
35 0.0088 0.0072 0.0175 81 0.008 8.56 99.8 0.0004 99
0.0019 100
40 0.0038 0.0036 0.0233 92 0.004 9.34 99.9 0.0004 96
0.0007 100

Table 4. Kinetic parameters of the aqueous solution of BPA on BR resin.

Qa2
t°C qeexp. qacalc. ki/dk? R? calc. kygmgtdk! R? ki/mggtdk??> R?
25 0.014 0.0019 0.0357 95 0.0137 4.81 99.9 0.0001 98.7
0.0002 97
30 0.0116 0.0032 0.0255 88 0.012 13 99.8 0.0003 94
35 0.0084 0.0042 0.0245 85 0.0081 15.4 99.7 0.0001 97
0.0007 99.8
40 0.0098 0.0054 0.068 90 0.01 28.4 99.9 0.0003 98

Table 5. Kinetic parameters of the aqueous solution of BPA on PVBCIM resin.

t°C  qeexp. Qqur calc. ki/ dk! R%Z qgcalc. kigmgtdk? R?  ki/mggldk? R?
25 0.007 0.0083 0.0315 94 0.0081 31.87 98.9 0.0008 98
30 0.0045 0.002 0.0167 80 0.0041 41.85 97.9 0.0001 99.5
0.0006 100
35 0.0037 0.0016 0.0342 96 0.0037 54.16 98.5 0.0002 99.7
40 0.0021 0.0072 0.0231 91 0.002 113 98.7 0.00007 98

A linear form of pseudo-first-order equation of
Lagergren is generally expressed as:

In(ga—q)=Inqgs—kt )

where: k; is first order adsorption rate constant
(min™), g: is amount of adsorbed material at time t
(mg g?), qu is amount of adsorbed material in
equilibrium (mg g?).

The kinetic data were treated with the following
Ho’s pseudo-second-order rate equation [25]. The
linear form of the equation describing the
adsorption kinetics by the pseudo-second-order
model is as follows:

t 1 t
_— = — 4 —
q. h qq
h (mg g* min?) gives the initial sorption rate. If
a graph of t/g: vs t is drawn, gq and k are calculated

h =k2q4’ (6)
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from the slope and cut-off points [26], where qq is
the amount of pesticide adsorbed at equilibrium
(mg g1); q: is the amount of pesticide adsorbed at
time t (mg g%); and ko is the equilibrium rate
constant of pseudo-second-order sorption (g mg™
min~). The qq and k. values could be calculated
from the slopes (1/qq) and intercepts (1/k2qq?) of the
linear plots of t/g; vs t. The intraparticular diffusion
constant is given by Weber and Morris as follows
[27]:

=kt +C )

where: g amount of adsorbate at any time
(mg/g), ki: intraparticle diffusion rate constant (mg
g'min?), t: time (min). Therefore, ki value is
determined with this equation by plotting a graph of
Qe vs tH2
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Table 6. Kinetic parameters of the aqueous solution of PAC on PVBCEP resin.

t°C  qaexp. (a1 calc. ki/ dk! R?

a2 calc.

25 0.0326 0.024 0.024 93 0.033

30 0.038 0.027
35 0.0233 0.016 0.0415 98.9

40 0.0253 0.024

0.0187 80 0.034

0.0255

0.0224 92 0.024

kagmgtdk® R? ki/mgg'dk?? R?
5.1 99 0.0026 98.9
0.0033 97
4.04 98.9 0.0004 98.7
0.0046 97
2.32 99.9 0.0028 98.7
0.0009 99.7
2.18 99.3 0.0015 97

Table 7. Kinetic parameters of the aqueous solution of PAC on BR resin.

t°C  geexp.  gas calc. ki/ dk! R? g calc. ko/gmg!ldk! R? ki/ mggtdk? R2
25 0.06 0.055 0.0493 95 0.067 3 99.7 0.0046 98
30 0.043 0.0135 0.0255 92 0.042 6.51 98.5 0.0013 98
35 0.0355 0.0089 0.0301 96 0.035 115 98.9 0.0011 96
40 0.045 0.0028 0.0366 95 0.044 20 99 0.0003 9?
Table 8. Kinetic parameters of the aqueous solution of PAC on PVBCIM resin.

t°C qgeexp.  qgu calc. ki/dk* R?> qgqcalc. kJ/gmgldk? R?> ki/mggldk'? R?
25 0.0174 0.011 0.0315 93 0.018 5.56 99.9 0.0011 96.3
30 0.026 0.0078 0.0288 85 0.0264 7.76 99.7 0.0001 98.7
0,0013 99.8

35 0.0055 0.0048 0.0233 88 0.0056 8.2 98.4 0.0004 95
40 0.0156 0.0053 0.0327 97 0.0158 17.5 99.2 0.0009 98.7
0.0004 98.3

RESULTS AND DISCUSSION

In this study, three polymeric sorbents were
prepared to remove BPA and PAC pesticides from
water. BR (N,N-diethylethylenediamine modified
GMA-EGDMA) was prepared starting from
crosslinked PGMA. The latter was prepared by
suspension polymerization of GMA monomer using
EGDMA as crosslinking agent, AIBN as initiator
and PVP as stabilizer at 65 °C for 5 h. PGMA resin
was reacted  with excess of N,N-
diethylethylenediamine to obtain tertiary amine-
modified resin (BR) PVBC resin was added to
NMP in imidazole and ethyl piperazine solution in
NMP at 0°C to obtain imidazole- and ethyl
piperazine-modified PVBC, respectively. The
resins were dried wunder vacuum at room
temperature for 24 h giving PVBCIM and
PVBCEP. Then, quaternization of PVBCIM with
chloroacetamide and quaternization of PVBCEP
with chloroacetic acid was performed.

Characterization

Surface structure of samples before and after
chemical modification process, as well as after
adsorption with dye compounds was analyzed by
scanning electron microscopy (SEM) on FEI
Quanta FEG 450.

SEM of BR polymer resin: The SEM
photographs were made for the adsorbents that best
adsorbed pesticides. As shown in Figure 3a, the
surface of the BR adsorbent has partially flat floor.
But, budding-like structures were observed in
certain of its regions. As shown in Figure 3b, after
the adsorption of BPA on BR adsorbent, the flat
base changed into cracker layers. The budding was
seen to increase and spread in the medium.

SEM of PVBCEP polymer resin: As shown in
Figure 4a, the characterization images of the pure
PVBCEP define that the adsorbent has a large
porous smooth-bottomed structure such as the
appearance of gravy cheese. After adsorption of
PAC on PVBCEP the structure of the ground and
large pores are deteriorated and PAC has retained
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the dense and angular clusters on the surface
(Figure 4b).

Identification of functional groups existing on
the surface of samples (before and after sorption
process) was stated by using Fourier transform

" HV [mode[mag O] WD | HFW |
10.00 kV| SE |20 000 x|11.7 mm|12.8 ym

infrared spectroscopy (Thermo Scientific Nicolet
ID5 ATR FTIR). FTIR interpretations of the new
polymeric resins that provide the best adsorption
for BPA and PAC are given below.

I

HV  [mode[mag O | WD HFW
SE [20000x({11.9 mm|12.8 ym

Figure 4. a) SEM image of the pure PVBCEP b) SEM image of PVBCEP-PAC
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Figure 6. FTIR spectra of adsorption of PAC on PVBCEP

As shown in Figure 5, the IR spectrum of the
pure state of the BR polymeric resin shows a strong
-OH band peak at 3380 cm?, and a strong C=0
tension band peak at 1663 cm™ in the structure of
polyvinylpyrrolidone. The characteristic C-N
tension band of the group appears at 1190-1130 cm-
! and the C-H tension band of the methylene group
appears at 1485-1445 cmt. As shown in Figure 5,
the BPA material shows the -OH stretching band at
3300 cm’t, the C-H stretch of the aromatic structure
at 2967 cm™. The C-C stretching band appears at
1500 cm, the deformation band of isopropyl and
methyl groups appears at 1361 cm? and the

characteristic C-O stretching band on phenol
structure appears at 1214 cm™. Figure 5 also shows
that in the pair of BR-BPA after the adsorption the
-OH and C-C stretching bands of BPA are not
observed in the dual FTIR spectrum. The -OH peak
of the BR disappeared in the dual FTIR spectra. We
have thought that BPA is adsorbed forming a bond
between the -OH group and the adsorbing BR. As
shown in Figure 6, in the IR spectrum of the pure
state of the PVBCEP polymeric resin, ethylene
glycol dimethacrylate (EGDMA) shows the
asymmetric stretching band of the methylene group
band at 2938 cm™ and the symmetric methylene
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group band at 2815 cm?®. Furthermore, the C-N
asymmetric stretching bands on the piperazine ring
structure exhibit moderate intensity peaks at 1323
cm? and 1218 cm?, and the C-N symmetric
stretching band appears at 1160 cm™. For the resin
modified with carboxylic acid, O-H band and C=0
vibrations bands are observed at 3365 cm™ and
1722 cm™. As Figure 6 shows, in the pure state of
the PAC substance, the OH stretching of COOH
vibration is detected at 1750 cm, for the structure
of PAC at 2550 cm™. The OH bending band of the
carboxylic acids appears at 1435 cm™ and the C-O
stretching band - between 1226-1090 cm™. Also in
Figure 6, in the pair of PVBCEP-PAC after the
adsorption, the -OH dimer and characteristic -
COOH peaks of the PAC do not appear in the dual
FTIR spectra. The PVBCEP adsorbent disappeared
in the dual FTIR spectra of symmetric methylene
and symmetric C-N band peaks. However, O-H and
C=0 peaks still appear in the adsorbent structure.
Here, we have thought that the acid -OH bonds are
adsorbed by symmetric C-H and C-N bonds of the
piperazine ring.

Adsorption isotherms

Adsorption intensity of BPA onto each of the
polymeric resins n<1 was found, as seen in Table 1.
The adsorption capacites (Kg¢) are listed as BR>
PVBCIM>PVBCEP. BR was observed to best
adsorb the BPA, as seen in Table 1. The average
correlation coefficient of adsorption of BPA on BR
is 97% for Freundlich isotherm. Table 1 shows that
the maximum amount of substance adsorbed in the
single layer (gmax) is BR>PVBCEP>PVBCIM for
the Langmuir isotherm. The average correlation
coefficient of adsorption of BPA on BR is 99% for
Langmuir isotherm. According to these operating
conditions, the highest value of gmax for adsorbed
BPA on 0.01 g of BR was found to be 21.7 mg g™.
For PAC, the adsorption capacities (Kg) are ranged
as PVBCEP>PVBCIM>BR. For both Freundlich
and Langmuir the average correlation coefficient of
adsorption of PAC on PVBCEP was 98%. The

maximum adsorption at monolayer coverage (Qmax)
was calculated for the adsorption of PAC on
PVBCEP as 769 mg g, as shown in Table 2. But
the value of gmax IS negative for the adsorption of
PAC on BR. This can be explained as follows:
negative values for the Langmuir isotherm
constants suggest that this model is not suitable to
explain the adsorption process because the value of
Omax IS indicative of the surface binding energy and
monolayer coverage. As a result, this implies that
some heterogeneity in the surface or pores of the
polymeric resins will play a weak role in the
adsorption of dyes. The isotherm types were S-
shaped for n > 1, and L-shaped for n < 1.

Kinetic and thermodynamic parameters

In this study, the adsorption of BPA and PAC on
the polymer resins corresponded to pseudo-second
order rate. For pseudo-second order rate, the values
of the rate constant increased by increasing the
temperature, as seen in Tables 3-8. Intraparticular
rate constants were mostly found as ki; and ki.. The
first step suggests that diffusion of soluble
molecules is directed towards the boundary layer.
The second step indicates that gradual adsorption
showed diffusion rate of intraparticular at limited
places. Thermodynamic parameters were calculated
by Arrhenius and Eyring equation [28]. While the
values of the free enthalpy change (AH°) are
positive, the values of the free entropy change (AS®)
are negative. The negative values of the free
entropy change suggest that adsorbate solution in
adsorbent is transferred from disorderly to orderly.
As a result, adsorption occurred. For BPA, the
values of activation energy found are between 52
and 86 kj/mol (Table 9). For PAC, the values of
activation energy are between 48 and 97 kj/mol
(Table 10). These values indicate that physical
adsorption occurs. The positive value of free energy
exchange indicates that the reaction does not take
place spontaneously and this reaction can take place
depending on the temperature.

Table 9. Thermodynamic parameter values of BPA adsorbed on polymeric resin.

Adsorbents Ea / kj mol™ AH® / kj molt AS° / j moliK? AG®/ kj mol:
(25°C-40°C) (25°C-40°C) (25°C-40°C) (25°C)
PVBCEP 52.3 49.8 -66.4 49.8
BR 85.5 49 -65.1 485
PVBCIM 62.7 60.2 -15 60.2
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Table 10. Thermodynamic parameter values of PAC adsorbed on polymeric resin.

Adsorbents Ea/ kj mol? AHC / kj mol? AS° [ j moltK? AG®/ kj mol?
(25°C-40°C) (25°C-40°C) (25°C-40°C) (25°C)
PVBCEP 48.1 45.6 -86.3 45.6
BR 97 95 82.5 94.7
PVBCIM 54 51.5 -58.4 52
CONCLUSIONS 6. Y. Mao, H. Kong, Y. Guo, S. Chen, Z. Wang,
. L . . . Desalination and Water Treat., 9, 1 (2014).
Adsorption kinetics of pesticides complied with 7. M. L. Zainab, T. Hadibarata, M.H. Puteh, Z.
the  pseudo  second-order rate  equation. Yusop, Water, Air, Soil Pollut., 226, 34 (2015).
Thermodynamic parameters were calculated with 8. H. Soni, P. Padmaja, Journal of Porous Mater.,
these rate constants. In this study, the heat of 21(3), 275 (2014).
adsorption is found between 20 and 100 kj/mol and 9. 1. L.Yilmaz, S.Yiksel, N. Kabay, M. Yiiksel, J.
these values indicate physical adsorption. The Chem. Technol. Biotechnol., 89, 835 (2013). _
adsorption process is usually fast because of the 10. M. Dehghani, H. A. Mahui, N. Rastkari, R. Saeedi,
values of E;<100 kj/mol. This is due to the presence 24 NSZZ?;%rfé)E. Iravani, Desalination Water Treat.,
AS® 5 negative, 1 1 consdered that jons have an L1 % X LWang. Y. Zh, Largrir, 25, 8418 (2012)
D ' ; . 12. W. Han, L. Luo, S. Zhang, Int. J. Environ. Sci.
association mechanism, that activated complex Technol., 9, 543 (2012).
formation occurs between the adsorbed material 13. X. Fan, B. Tu, H. Ma, X. Wang, Bull. Korean
and the adsorbent, and there is a significant change Chem. Soc., 32, 2560 (2011).
during the adsorption process in the inner structure 14. H.-Yu Qian, W. lJie, S. Bin, L. Nan, Bio and
of the adsorbent. Biomedical Eng. (ICBBE), (2010),
In this study, it is assumed that the adsorption of DOI:10.1109/ICBBE.2010.5515079. _
pesticides on the new polymeric resin performs 15. Y. Dong, D. Wu, X. Chen, Y. Lin, J. Colloid and
well. While the maximum value of adsorption 16 |T|r1te(face Scf'l' 34, 5|E|;5'é|2010)f . Phvsicochemical
(Qma) is found as BR>PVBCEP>PVBCIM for - T. Sismanoglu, Colloids Surf., A: Physicochemica
and Engineering Aspects, 297, 38 (2007).
BPA, these values (Gme) are found as PVBCEP 17 1 v Kim s-Y. Cho, S-J. Kim, S.Y. Oh, S.-H.
resin for PAC. The maximum value of adsorption Suh, Revue Roum. Chim., 51, 109 (2006).
(dmax) of BPA on BR and the maximum value of 18z Aksu, E. Kabasakal, Sep. Purif. Technol., 35,
adsorption (Qmax) Oof PAC on PVBCEP were 223 (2004).
calculated as 21.7 and 769 mg.g!, respectively. As 19. M. Balmauden, A. Assabbane, Y. A. Ichou, J.
a result, it is considered that the new polymeric Environ. Monitor. 2, 257 (2000).
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In this paper we propose a simple way for structural modification of graphene yielding a non-zero band gap which is
mandatory for prospective electronics applications. This can be achieved by creating a buffer layer graphene (BuLG)
upon deposition on different crystalline silicon surfaces. Previous calculations have shown that the formation of such
buffer layer on 4H-SiC results in lattice deformation of BULG, due to the 8% mismatch between the (0001)Si crystal
surface of SiC and the graphene lattices. Here, for elimination of the lattice deformation, we propose a replacement of
the (0001)Si surface of SiC by hydrogen atoms. Using density functional simulations we show that the band gap of the
corrugated graphene sheet is AE = 1.94 eV (hydrogenated system) or AE = 1.21 eV SiC/graphene system. Height of
corrugation is equal to h = 35.0 = 5.0 pm. Two effects are responsible for the band gap opening: corrugation of the
sheet, caused by the covalently bonded carbon atoms, and removal of electrons from the bonding = orbitals of graphene.

Keywords: silicon carbide, graphene, band gap, FET
INTRODUCTION

The electronic applications of graphene are
hindered because of the vanishing band gap of its
electronic band structure [1, 2]. Graphene’s semi-
metallic character prevents the construction of a
field effect transistor (FET) with distinct ON and
OFF states. Therefore, regardless of the ballistic
transport and the amazing carrier mobility of 200
000 cm? V1 s [3], graphene is no match for silicon
as a result of its lack of a proper band gap.
Additional problems such as the absence of an
established technology for its industrial scale
production with acceptable quality [4], and the
difficulties to be transferred to an insulating layer,
make graphene application in electronics even more
questionable. Chemical vapor deposition (CVD)
technology is also a bad choice for creating
graphene — insulator layers [5]. Graphitization of
SiC at high temperatures [6, 7] is the other possible
wafer-scale technology. The silicon carbide support
to the graphene layers is either semiconducting with
a band gap of 2.36 eV for 3C(f), or insulating with
a band gap of 3.23 eV for 4H and 3.05 eV for
6H(o). This crystal, unfortunately, is too thick for
field effect induction needed to switch ON/OFF a
graphene FET channel.

Recently, a breakthrough in  graphene
electronics research has been reported [8]. A buffer
layer synthesized on SiC(0001) surface has the
properties of a semiconductor, with energy gap
larger than 0.5 eV. The energy gap opens as the
higher growth temperature improves the order of

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

covalent bonds between the graphene layer and
SiC. The graphene top layer, commensurately
bonded to the silicon carbide (0001) surface, is an
example of a system, where the alignment of
periodic covalent bonds to A or B sites breaks the
chiral symmetry [9]. Finite size effect [10], on the
other hand, cannot quantitatively explain the energy
gap opening. Our interest in the topic is focused on
performing ab initio simulations, which show that a
prescribed bandgap could be opened and modified
by a controllable corrugation of BuULG (buffer layer
graphene) at the interface of the system of
graphene/SiC.

Computational methods

Ab initio geometry optimizations were
performed using the CP2K/Quickstep package [11,
12]. The DFT was applied within the generalized
gradient approximation (GGA), using Perdew-
Burke-Ernzerhof (PBE) functional [13]. Basis set
DzZVP-MOLOPT-SR-GTH [14],  which is
optimized for calculating molecular properties in
gas and condensed phase, was applied to all atoms
in the studied systems. For reducing the
computational cost, the Gaussian and Plane-Wave
(GPW) method [15, 16], as well as
pseudopotentials of Goedecker-Teter-Hutter (GTH)
[17, 18] were used. Dispersion interaction was
taken into account via the DFT + D approach with
D3 set [19].

It is usually difficult to achieve convergence of
the SCF procedure in systems with small band gap
or isoenergetic states, such as metals and
semimetals. In order to improve convergence, the
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electronic temperature was introduced, using the
Fermi-Dirac distribution method [20]:
-1

f(E) = e(E-Ep/kpT | ¢

where: f(E) is the probability for an electron to have
energy E, E is the Fermi energy at temperature T =
0 K, kg is the Boltzmann constant. All calculations
were performed at T = 300 K. This method allowed
for achieving convergence in all cases.

Main hypothesis

The interactions of graphene with the SiC
interface have been studied employing theoretical
and experimental methods [21-24]. Those
investigations describe the top layer on the silicon
carbide as a graphene buffer with unique properties.
A theoretical DFT study performed by Varchon et
al. [21] explores the electronic structure of 4H-SiC
(3%x3 R30 surface cell in Wood’s notation) with a
graphene buffer layer, demonstrating the opening of
a band gap. The connection between graphene
(BuLG) corrugation and energy gap opening is
explored for the first time in our previous
publication, using ab initio methods [25].

Here, we continued the research on the nature of
the band gap opening by constructing a model,
where hydrogen atoms are responsible for sheet
corrugation and electron withdraw effect. Another
model, featuring a more realistic SiC substrate, was
also studied. With every silicon atom from the SiC
(0001) substrate, covalently bonded to graphene, an
electron from the delocalized m system is removed.
This is because the hybridization of the bonded C
atom changes from sp? to sp® and a p electron is
withdrawn from the graphene. As both hydrogen
and silicon atoms can form covalent bonds with the
C atoms from the graphene sheet, similar degree of
corrugation and band gap values are expected for
both models.

The suggested models are realistic enough to be
supported by analytical results (within the
continuum model), namely, the energy spectrum for
the carriers of periodically corrugated graphene
sheet is given by the Mathieu equation which yields
an energy gap with the correct order of magnitude
for the experimentally relevant values of the height
and period of corrugation [25].

Structural model and electronic properties of
graphene on (0001)Si plane of 6H- SiC

Our structural model includes a graphene sheet
and its silicon carbide substrate. The substrate
consists of the Si atoms, covalently bonded to
graphene and their neighboring carbon atoms. The
initial mutual orientation of graphene and SiC,
shown in Figs. la and 2a, is taken from
experimental data [22, 26]. It was concluded that
the lattices of graphene and SiC are 30° rotated
with respect to one another [26]. This rotation is
taken into account. Silicon carbide geometry is
built taking into account the SiC unit cell [27]. The
final model is based on a 2x2 graphene cell,
situated on top of a 3x3 R30 SiC surface cell, Fig.
la (the unit cells are marked by blue and purple
lines). Silicon atoms that are not in direct contact
with carbon atoms from graphene (small green
spheres in Fig. 1a) are removed, as they are not
expected to form covalent bonds and alter the
electronic structure of the graphene layer.

In the first numerical experiment, we replaced
the SiC layer with hydrogen atoms covalently
bonded to the respective spi-hybridized carbon
atoms of BuLG, Fig. 1b. After geometry
optimization, this leads to a corrugation in the
system with h; = 35.0 + 5.0 pm and a period of 250
— 260 pm, Fig. 1c. As a result, a band gap opens in
the system BuLG/ hydrogen atoms with AE = 1.94
eV, Fig. 1d. It should be noted that calculations
with the same DFT method/basis give a zero band
gap for pristine graphene [28].

Having shown that periodic corrugation, caused
by covalently bonded hydrogen atoms, opens a
bandgap, we built a more realistic model of the
system SiC/BuLG, than those used in Ref. [25].
This model takes into account all carbon neighbors
of the silicon atoms, Fig. 2a. In the previous model,
Ref. [25], some bonds of the silicon atoms were
hydrogen terminated. The system consists of 72
graphene carbon atoms, bonded to a SiC layer.

The system has a total spin of zero and is in a
singlet ground state. Geometry optimization was
performed altering the positions of all atoms, with
the exception of silicon. Silicon atoms are fixed, as
expected in the rigid silicon carbide -crystal.
Periodic cell dimensions are as follows: a = 1529
pm, b = 1529 pm and ¢ = 1716 pm, with o = 90°,
= 90° and y = 60° angles, a - between a and c, f -
between b and c, and y - between a and b.
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Figure 1. a) The orientation of graphene (dark grey sticks) and nearest atoms from the substrate: the cyan and
green spheres represent the Si atoms of the 3x3 R30 surface cell of SiC. The inset shows the basis vectors a; = b
marked by blue lines. The cyan spheres represent Si atoms, closest to the C atoms of graphene. The cyan spheres form
a new 2x2 surface cell with a2 = b, basis vectors (purple lines) in graphene. b) The cyan spheres represent Si atoms,
which are replaced by H atoms. ¢) The optimized structure with H atoms, where h; is the height of the corrugation of
BuLG (h1=35.0 £5.0 pm). d) Density of states, simulated as molecular orbitals. The valence band (black line) and the
conduction band (red) are separated by a gap AE = 1.94 eV.
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Figure 2. a) The structure of SiC/BuLG model — one unit cell (color coding: C — gray, Si — green, H — light blue).
b) The carbon-carbon radial distribution function of graphene. Distances of 143 pm correspond to chemical bonds
between sp?-hybridized C atoms, while 154 pm is the mean bond length between sp3-hybridized C atoms. c)
SiC/BuLG structure, viewed along the direction perpendicular of the bisector of the angle between a and b axis, h, =
35.0 = 5 pm. d) Density of states. The valence band (black line) and the conduction band (red line) are separated by an
energy gap AE = 1.21 eV.
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In the optimized structure, the carbon atoms of
the graphene layer, bonded to silicon atoms, are
sp3-hybridized. Most of the Si atoms participate in a
covalent bond with one C atom from graphene.
Exceptions are Sil and Si2, shown on Fig. 2a, that
form covalent bonds with two carbon atoms. This
effect is caused by the proximity of two graphene C
atoms to Sil and Si2, instead of one.

RDF (radial distribution function) of carbon
atoms from the graphene layer is presented in Fig
2b. The bonds between sp>-hybridized carbon
atoms are represented as the first maximum, with
mean C-C distances of 143 pm. This value is
equivalent to the mean C-C bond lengths of pristine
graphene, observed at 142 pm [28]. The second
maximum, located at 154 pm, corresponds to single
C-C bonds between sp?>-hybridized and sp3-
hybridized carbon atoms. The average distance
between the pairs of covalently bonded silicon
atoms and sp-hybridized carbon atoms is 196 pm.
Interaction with the SiC layer induces corrugation
in the graphene (BuLG). The corrugation period is
in the interval 250 — 260 pm, close to the 267 pm
distance between the aligned Si atoms in the 6H-
SiC (0001) surface. The corrugation of BuULG is
caused by the repeating sp*-hybridized carbon
atoms covalently bonded to Si. It should be noted
that covalently bonded hydrogen atoms (Fig 1c) or
silicon atoms (Fig 2c) induce the same degree of
corrugation to the BULG. Its height (hi=h,) is in the
range of 35.0 + 5.0 pm. Energy gap of the
SiC/BulG system is AE = 1.21 eV, Fig 2d. This
value is lower by 0.73 eV than the band gap of the
previously described hydrogenated system.

CONCLUSIONS

Graphene should possess a band gap for the 2D
material to be used in electronic applications,
especially for field effect transistors (FETS)
construction. A semiconducting material is
necessary for the channel of the FETs, as they
should possess ON/OFF states as logic elements.
Using density functional simulations, we
established that the band gap of the corrugated
graphene sheet is equal to AE = 194 eV
(hydrogenated system) or AE = 1.21 eV (SiC/BulG
system). Results are in agreement with the
experimental value AE > 0.5 eV for a similar
system [8]. The height of corrugation h=35.0+ 5.0
pm is equal in both cases. Two synergic effects are
responsible for the band gap opening: corrugation
of the sheet, caused by the covalently bonded
atoms, and removal of electrons from the bonding
orbitals of graphene. In our cases, corrugation is
caused by aligned covalently bonded H or Si atoms,
with a period of 250 — 260 pm. Also, with every H

or Si atom, an electron from the delocalized =«
system is removed. This is because the
hybridization of the bonded C atom changes from
sp? to sp® and a p electron is withdrawn from the
graphene. Both studied models, featuring hydrogen
and silicon, show that the nature of the covalent
bonded atom is not crucial for obtaining the band
gap opening, but rather the synergy between the
two effects.
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The present paper is concerned with mixed convection, viscous and Joule dissipations, thermophoretic and
Brownian diffusion effects on the steady stagnation point nanofluid flow with passive control of nanoparticles.
Similarity transformation is exerted to convert governing boundary layer partial differential equations into ordinary
differential equations without loss of generality. In order to optimize error and assess accuracy of solutions two
different spectral schemes are efficiently employed to solve governing equations. The graphs for velocity, temperature
and concentration of the present nanofluid flow model, obtained by using SLM (successive linearization method) and
SRM (spectral relaxation method) are discussed in detail for various flow controlling parameters. Apart from it,
regression analysis is performed for skin friction for making this model more effective in industries and engineering.
Findings reflect that a boundary layer is formed even in case of the same stretching and free stream velocities in the
presence of mixed convection parameter. Magnetic parameter is assisting parameter for the fluid flow when free stream
velocity is dominant over stretching sheet velocity while in the opposite case it acts as opposing parameter for the
velocity profile.

Keywords: Regression model, viscous and Joule dissipations, Brownian and thermophoretic diffusions, SLM

(successive linearization method), SRM (spectral relaxation method)

INTRODUCTION

19™ Century onwards, every country is running
to thrive in all fields including technology and
industries, for improving themselves and being the
best. This race led to massive industrialization and
many other activities. Therefore, we are getting
beneficial outcomes, as well as direct consequences
due to massive release of greenhouse gases. To
mitigate the global warming, is a challenge for the
world. This objective of reducing heat consumption
can be achieved by increasing heat transfer.
Therefore, nanofluids are introduced in the recent
past, which are colloidal suspensions of nanosized
particles in the base fluid. Masuda et al. [1] were
the first to notice how heat transfer rate and thermal
conductivity of liquid increases when ultra-fine
particles are dispersed into it. They selected water
as a base fluid and powders of Al,Os, TiO; and
SiO; as ultrafine particles. Choi [2] coined the term
nanofluid in his pioneering research. Some of the
other relevant investigations are due to articles [3-
5].

The models for fluid flow over a
stretching/shrinking sheet are very important
because of their large potential to deal with many
industrial and engineering areas. They also have
manifold applications in manufacturing of long and
uniform metal parts, melt spinning technique for
cooling liquid, metalworking process, etc.

* To whom all correspondence should be sent:
E-mail: chauhanbhuvan6@gmail.com

The pioneering attempt to observe a boundary layer
flow over a continuous moving surface was done
by Sakiadis [6]. Theoretically, a flow adjacent to a
linearly stretching plate is studied by Crane [7].
Makinde and Aziz [8] efficiently employed the
convective heated boundary condition to study
nanofluid flow past a stretching sheet and found
that as thermophoretic and Brownian diffusions
become stronger; Sherwood number increases
while Nusselt number decreases. Bhatti et al. [9]
have taken a porous shrinking sheet to analyse the
nonlinear thermal radiation effect on MHD
nanofluid flow. Recently some other relevant
research investigations are done by several authors
[10-12], etc.

Natural convection is a process in which fluid
motion is dependent on the density difference in the
fluid, encountered as a result of temperature
gradients. The force convection is a process in
which fluid motion is developed by an external
source like fan, pump, etc. When these two
mechanisms occur simultaneously, then it is termed
as mixed convection and is used in many thermal
engineering processes. Various engineering and
industrial processes such as transpiration cooling,
aerodynamic  extrusion, continuous filament
extrusion, etc., can be qualitatively analysed by
such types of models. Ghaly [13] has taken
synchronized action of thermal radiation, buoyancy
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force and magnetic field on the flow-field and
suggested that local shear stress is decreasing
function of radiation. MHD mixed convection flow
with buoyancy effect is studied by Makinde et al.
[14] taking viscous and Joule dissipations into
account and reported that in case of a shrinking
sheet dual solutions exist. They also found that skin
friction decreases while local Nusselt number
increases with enhancement in buoyancy force.
Rashidi et al. [15] developed a very interesting
model for forced convection flow of a nanofluid.
Some more studies on this topic are due to articles
[16-18].

Due to the wide use in engineering and
industries, the flow near the stagnation point is
investigated by many authors. The application of
the flow behaviour near a fixed point is found in
many problems such as manufacturing of plastic
substance, metallurgy, lubricants theory, polymer
extrusion, etc. Mustafa et al. [19] reported the
boundary layer solutions of a stagnation point flow
adjacent to a stretching sheet by homotopy analysis
method. Rahman et al. [20] have taken inclined
stretching cylinder and analysed the thermophysical
aspect of stagnation point flow. Some other studies
are due to articles [21, 22]

In the present investigation, our purpose is to
present a boundary layer solution and observe the
effect of various terms, viz. viscous and Joule
dissipations, mixed convection, Brownian and
thermophoretic diffusions on a stagnation point
flow with passive control of nanoparticles by two
different spectral schemes, i.e. SLM and SRM. As
per authors concern, this model is not yet studied
by a spectral scheme. There are several applications
of such types of fluid flow models such as
industrial cooling [23], nuclear reactor cooling [24],
enhance the critical heat flux in pool boiling [25],
reducing pollution and heating buildings [26],
thermal energy storage [27], drug delivery [28],
direct absorption solar collectors [29], friction
reduction [30], etc.

MATHEMATICAL MODELLING OF THE
PROBLEM

The present system deals with the steady two-
dimensional, viscous, incompressible and
electrically conducting stagnation point flow of a
nanofluid over a stretching sheet with mixed
convection, heat generation, viscous and Joule
dissipations, Brownian and thermophoretic
diffusions. The key assumptions which are made
while deriving the governing equations are: the
nanoparticles and base fluid are assumed in thermal
equilibrium and chemical reaction between them is
neglected; the nanofluid is viscous, incompressible
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and electrically conducting; the magnetic Reynolds
number is small enough to discard the induced
magnetic field; there is no external electric field so
the induced electric field due to polarization of
charges is negligible; and the Boussinesq
approximation is taken into account, i. e. density
variation obtained by concentration or temperature
difference is neglected except in case of buoyancy
force. The geometry of the concerned problem is
presented in figure 1(a).
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Fig 1(a). Schematic diagram and coordinate system
of the flow problem.

The nanofluid is impinging normally over the
stretching sheet and the stretching velocity is in the
form of power law as us = ax". Free stream velocity
of fluid is also taken in power law form as u,= bx"
where a, b and n are constants, i.e. fluid flow and
stretching sheet are in upward direction along the x-
axis. The symbols T = Tsand T = T, are for
constant temperature of fluid at the surface and in
the free stream, respectively. The symbol C.. is for
fluid concentration in the free stream while
nanoparticle volume fraction C is controlled
passively at the surface, as suggested by Kuznetsov
and Nield [31]. For controlling boundary layer,
transverse magnetic field having intensity B is
exerted perpendicular to the sheet, i. e. along the y
axis.

Using these key assumptions, the governing
boundary layer equations, i.e. continuity,
momentum, energy and concentration equations,
are expressed, respectively, as follows:
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ou N ov (1)

g @

-
+V
OX oy
+u(a—“]2+Q(T—T )
5 .

+(vc,) M@ﬂ}&(ﬂ”, ©
i oyoy) T,\oy
u§+v§:&[az—l—j+DB(az—Sj. (4)
ox oy T, oy oy
Related boundary conditions are:
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u—>u,C—>C_T—>T, asy—>x,

Q)

where meanings of symbols are given in the
nomenclature section.

The similarity of flow states for two
geometrically similar bodies for which the flow
around the test body and the flow around prototype
can be considered the same or similar if the
Reynolds numbers in the two cases are equal [32,
33]. It will be true for other similarity parameters
like Prandtl number, Schmidt number, etc. Due to
this reason, we have considered it as a similar
problem and similar solutions will be obtained. For
similar solution of governing boundary layer
equations (2), (3) and (4) along with boundary
constraint (5), we have taken the following
similarity transformations

n+ljug /ZuS X
n=y ( > ) RUES v f(n),
VX n+1 (6)

c-C T-T
o(n)=——=.0(n)=z—=",

where n is similarity variable and vy is stream
function while ¢ and 6 are non-dimensional
concentration and temperature, respectively.

Using these similarity variables, our problem
was reduced to the following form:

2n ., 2M

f”/+ff”— f/2 (fr_s)
n+1 n+1 (7)
2\ 2n
+——(0—-Nr¢)+——s?=0,
n+1( ¢) n+1
iﬂﬂﬂ@+quf+Nm¢4
Pr (8)
Ecf” + a0+ 2MEC (£1_g)2 = g,
n+1
Nt
"+Scfp’'+—0"=0. 9
¢ (o Nb ©)

The boundary conditions (5) were reduced to the
following form:

f(n)=0,f"(n)=1,
Nb¢'(n)+Nto'(n)=0,6(n)=1, atn=0, (10)
f'(n)—>s, ¢(n)—>0,6(n)—>0, asn— oo,

where:
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For engineering purpose, it is important to find a
dimensionless expression for skin friction Cfy and

local Nusselt number Nu, which are defined

respectively as:

Cf, = —= =X (11)
pu’ K(T.-T,)

Here 7, is the shear stress at the surface and q

heat flux at the surface which are defined by:

ou oT
=p| — dg,=—k| —| . (12)
B “(ayl:o e (ayjyzo

Using similarity variable, we got the following
dimensionless form of skin friction and local
Nusselt number:

Cfx REX - 2 f (0)1 (13)
Nu Re—l/z - _ (n +1)e'(0)
X X 2 "
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Here, 0°(0) is wall temperature gradient and
£°(0) is wall velocity gradient.

SOLUTION METHODOLOGY

For finding solution of equations (7) to (9) along
with boundary constraints (10) we have used two
different spectral approaches, i. e. successive
linearization method [34] and spectral relaxation
method [35], to avoid inaccuracy of results.

Spectral methods take on a global approach to
deal with the problem, i.e. the value of a derivative
at a certain point in space depends on the solution
at all the other points in space, and not just the
neighbouring grid points. For this reason, spectral
methods have excellent error properties with the so-
called "exponential convergence" being the fastest
possible, when the solution is smooth. Spectral
methods are distinguished not only by the
fundamental type of the method (Galerkin
collocation, Galerkin with numerical integration),
but also by the particular choice of the trial
functions. Due to this fact, spectral methods usually
have a very high order of approximation. In fact,
spectral methods were among the first to be used in
practical flow simulations. Because of their
simplicity, rapid convergence and high accuracy,
we conclude that the SLM and SRM have great
potential of being used in place of the traditional
methods such as finite difference method, shooting
technique along with Runge Kutta method, finite
element method, etc., in solving nonlinear boundary
value problems.

SUCCESSIVE LINEARIZATION METHOD
(SLM)

For applying this technique, the functions f(n),
0(n), and ¢(n) can be assumed as:

F) =10+ 3 F, (),

o) =6,(n) + 3.0, (), -

60 = 6, + S, (),

where functions f(n), 6(n), and ¢(n) are unknown
and Fuw(n), Ow(n), and @u(n), are successive
approximations. The next algorithm to use SLM is
to choose initial guess, i.e:
F(M)=1-s+sn—(1-s)e™,
® M, @ NE o o
=e ™", =——=e™".

o() o() ND

Here F,, ©, and @, are the initial guesses that

satisfy boundary conditions for f, 6 and ¢. The
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solutions of f(n), 6(n), and ¢(n), after M iterations
can be expressed as:

f(n)= D F,(m).6(m) = D6, (N),
w=0 w=0 (16)

o)~ Yo, ().

The Chebyshev spectral collocation scheme is
utilized to obtain a solution of these linearised
equations. This scheme uses those polynomials
which are defined on [-1, 1] closed interval. So, for
using this method we have to convert the domain
[0, ) to [-1, 1] with the help of the domain
truncation methodology. In this method, the
solution of the problem is obtained in the interval
[0, L ] in place of [0, o) by utilising the
following transformation:

n_«&¢+1

—==—,-1<(<1L 17

U > g 17)
Here L is the scaling parameter. This

parameter is very significant due to its use in
implementing boundary conditions at infinity. Let
P be the number of collocation points and Gauss-
Lobatto collocation points method is used to
discretize the domain [-1, 1] which is defined as
follows:

¢= cos%‘,izo,l,z .......... P, (18)

At these P collocation points the functions F;,
©; and @; for j>1 are approximated with the help of
kth Chebyshev polynomial (T«") as:

O~ SREITC),

P . (19)
®J(C->) ~ ;®j(Ck)Tk (Ck):

(Di(C) ~ Zq)j(gk)-rl:(c’k)a
Kth Chebyshev polynomial is defined as:
T, (&) = cos[k cos*(&)]. (20)

At the collocation points, the r'™ derivatives of
functions FJ., ® j and @ ; are constructed as:

dFr. &
1= SrF ,
G = 28
de, & (21)
—= ri®'(§ ),
dnr kZ:(; ki~ j\>k
drq)i - r
e Sk®;(Cy)-
n k=0

Here S=2D/L where D is a matrix called
Chebyshev differentiation matrix and the entries of
this matrix are as follows:
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Dy, = 2P +1 D, = _c (-1
6 6 =G
i = k;k=0,.P, (22)
5 2P +1 - &
PP 6 * =kk 2(1_C_>i !
k=1,...P—1

In this procedure, we get the following matrix
equation:

A X, =R, (23)
where A, is a (3P+3)x(3P+3). square matrix. X;
and R;, are (3P+3)x1 column vectors defined

All AlZ A13
A= |:A21 Ayp Ayl
Ay Ay Ay (24)
Fj { 1,j-1
X;=19;|, 24 |
O, 31 1
where:

F =1 (Co) Fi (G, £ (Go ), T (GT
®; =[6;(50), 0;(5,),---0;(Cp 1), 6;(Cp)T
D; =[0;(C0) 0;(C), 0, (Gpa), 05 (G
I LY () N Y (o ooty A (9 P
=05 Go) 1 (G T (G,
] [P (oo N P (e Py AP (9 P
A, =a,D’+a, D*+a, D+a, |
A12 =a;5 4,1, A= a4l
=b,;,D*+b,;;D+b,, I,
AZV2 =b, 4 l+bs; ,D+bg;. .D?,
As=b, LA =C ,D? +C,,,D+cy 4,
A;, =c D’ +c,  D+cy i,
A;,=¢,;,D*+c; .D+cg I, A,y =¢,,,D.
In these equations, T shows transpose and Ay i

by 1+ Cjar Oy, are diagonal matrices. I and O
are identity matrix and zero matrix, respectively, of
order (P+1)x(P+1). Ultimately, the solution is given
by:

— -1
X =AGR L. (25)

OVERVIEW OF SPECTRAL RELAXATION
METHOD (SRM)

The brief explanation of SRM to solve the
system of equations (7) to (9) with boundary
conditions (10) is provided in this section. Gauss
Seidel approach is utilized in this method to
linearize and decouple a system of differential
equations. We have denoted the current iteration
label by (r+1) and the previous iteration which is
assumed to be known is denoted by r. For applying
SRM algorithm, we have assumed the following:

r+l pr’ r+1(0) o (26)
The linearised and decoupled form of equations
(7) to (9) with boundary conditions (10) is given
by:

o "+f p o ZMp _2n 02—
r+l r+1Mr+1 n+ 1 r+l n+ 1 r (27)
2Ms  2A 2n
_ 0 —?
n+1 n+1( ™ NMra) = n+1
L er+1 "+ fr+ler+l + (le _Nt(ar)z -
Pr (28)
o . 2MEc
Nbe, ¢, — Ec(p,,)* - - (|or+l s)°
Nt
"+ Scf =——9,," 29
¢r+1 r+1¢r+l Nb r+1 ( )

with the boundary conditions:
Pra(n) =1, Nbo, ;'(n)+NtO, ,'(n) =0,
0..(n)=1, atn=0, (30)
Pra(n) =8 ¢.4(M) >0,
0,,.(n)—>0, asn— .

To solve these decoupled equations, Chebyshev
spectral collocation technique was used in which
domain is transformed from the interval [0 L] to [-
1 1], with suitable transformation where L* is
scaling parameter. Equations (26) to (29) can be
transformed as follows:

A fr+1 Azpr+1 = BZ’

A39r+1 - A4¢r+1 = B4'
where
A,=D"B,=p,
A, =D’ +diag(fr+1)D—diag(ﬂ)I,
n+1

B, = 2n 2_ 2Ms

n+1 n+1

2% 2ns’

——(0,., — Nr - ,

n +1( = N0 n+1

561



B. Kumar et al.: Regression model and analysis of MHD mixed convective stagnation point nanofluid flow ...

A, = diag(1/ Pr)D? +diag(f,,,)D +diag (a)],
B, = —Nt(6,)* - Nb6,¢, —Ec(p,,)’
_ 2MEc o2
n+1 (pr+1 S) ’
Nt .
)D’ BA = _N_ber+1'

Here Diag() and | are diagonal and identity
matrices, respectively, of order (P+1)x(P+1), where
P is the number of grid points. The initial guess that
is chosen to solve equations (26) to (29) that
satisfies boundary condition (30) is given by:

A, = D’ +diag(Scf

r+1

fy=1-s+sn—(1-s)e",p, =s+(1-s)e™",

0, =", ()= e
SOLUTION ERROR (SRM)

The solution error method is used to check the
convergence of the solutions. In this method, the
norm of the difference of the solution at various
iterations is calculated and if this value tends to
very small then the method converges. The errors
[36] in the solution of f(n), 6(n), and ¢(n) are

given as:

errorF=Pf ' —f"'P_,

r+1

errorT=PO" -0 P_,

r+1

errorG=P¢!;; — 7P, .

r+1

The errors in the solutions are portrayed in Figs.
1(b)-1(d). After fifty iterations we got the minimum
error.

VALIDATION OF APPROXIMATE SOLUTION

To validate our results, we have compared skin
friction and local Nusselt number for different input
parameters via two different approaches, SLM and
SRM which are presented in Tables 1 and 2.

There is an excellent agreement between the
results obtained by these schemes. In addition to it,
a comparison of local Nusselt number between our
results and those of Ishfag et al. [37] was
performed by nullifying extra parameters (see table
3). Excellent agreement between them leads to
approvement of the present solutions.
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Table 1. Values of skin friction and local Nusselt number for different flow parameters by SLM

M| L | Sc | Nt | Nb S | Cf,Re¥(sLM) | Nu,Re’?(SLM) CPU Time (Sec)
1 1.15150341 -1.37468956 3.247
3 0.88942638 -1.27033132 5.965
5 0.65057101 -1.18196765 8.742
0 -1.12725825 -1.09985601 3.321
5 -0.02590419 -1.2873988 6.231
10 1.01728621 -1.32014235 8.796
1 1.02180356 -1.40933744 2.987
2 1.01355207 -1.36085112 5.654
4 1.02375922 -1.2854008 8.215
0.1 0.9111903 -1.41121177 3.984
0.2 1.01728621 -1.32014235 6.742
0.3 1.12567155 -1.22570304 9.281
0.1 1.12872826 -1.29920906 2.946
0.2 1.01728621 -1.32014235 5.852
0.3 0.97949569 -1.32637838 8.742
0.5 1.01728621 -1.32014235 4511
1 2.13083584 -1.50721597 6.423
15 3.71647164 -1.2249959 9.836

Table 2. Values of skin friction and local Nusselt

number for different

flow parameters by SRM

M| 2 | S | Nt | No| S | CfRe’(©SRM) | NuRe(SRM) | CPU Time (Sec)
1 1.151512 -1.37463 4.852
3 0.889423 -1.27035 7.499
5 0.650573 -1.18198 10.842
0 -1.127248 -1.09981 3.427
5 -0.025904 -1.2873 6.732
10 1.017285 -1.32017 9.537
1 1.021802 -1.40931 5.632
2 1.013553 -1.36082 8.432
4 1.0237129 -1.2854 11.211
0.1 0.91119 -1.41121 3.673
0.2 1.017285 -1.32017 5.763
0.3 1.125673 -1.22570 7.834
0.1 1.128729 -1.29924 3.984
0.2 1.017285 -1.32017 5.975
0.3 0.979474 -1.32632 9.392
0.5 1.017285 -1.32017 4.521
1 2.130834 -1.50724 8.291
1.5 3.716474 -1.2249 11.211

Table 3. Comparison of local Nusselt number NuXRe;ﬂz with Ishfag et al. [37] when Nb = 0.1 and Sc = 10

Nt Pr=14.2 Pr=21
Present result (SLM) Ishfaq et al. [37] Present result (SLM) Ishfaq et al. [37]
0.1 2.48347 2.4835 3.02857 3.0286
0.2 2.18151 2.1815 2.61673 2.6167
0.3 1.89587 1.8959 2.22533 2.2253
0.4 1.63714 1.6371 1.87618 1.8762
0.5 1.41258 1.4126 1.58418 1.5842

The numerical computation of the present model
is performed in this article by using two different
schemes, i.e. SRM and SLM, for selected flow
controlling parameters such as M, Nb, Ec, etc.
For the current study default values of input
parameters for numerical simulation are taken as M

RESULTS AND DISCUSSION

=2,n=1,A=10,Nr=0.2,s=0.5 Pr=6.2,Nb =
0.2, Nt =0.2, Ec = 0.1, Sc = 3, and a = 0.2 until
otherwise stated. In table 1 it is clearly depicted that
parameters A, Nt,s have a tendency to enhance
skin friction at the surface while parameters M and
Nb have the reverse effect on it. The parameters
M, Sc and Nt show a decreasing nature for local
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Nusselt number but A and Nb have tendency to
enhance the rate of heat transfer in magnitude.

The distribution of velocity with various flow
controlling parameters is displayed in figures 1(e)
to 1(h).

b s=0,05,1,15

0 05 1 1.5 2

=2, M=1,357

. .
05 1 15 2

Fig 1(f). Velocity profiles for different values of M

The velocity distribution for disparate values of
the stagnation parameter along with the mixed
convection parameter is portrayed in Fig. 1(e). It is
suggested here that when a free stream is moving
faster than the stretching velocity, i. e. s>1, the
increment in S increases velocity distribution and
the same effect is observed in s <1 case. It is the
main observing point here that in absence of a
mixed convection parameter there is no boundary
layer when stretching and free stream velocity are
the same but in presence of mixed convection a
boundary layer is observed to form and more
precisely, the momentum boundary layer thickness
tends to decrease as incrementin S.

This phenomenon is the sole contribution of
buoyancy forces acting on the flow-field. The
nature of velocity for different values of M and two
different values of S and A is revealed in Fig. 1(f).
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Fig 1(g).Velocity profiles for different values of Ec

Fig 1(h).Velocity profiles for different values of Nr

It is widely accepted that M has a tendency to
slow down the velocity because Lorentz force
behaves as a resistive force that retards the motion.
But in the present situation there is a dual nature of
velocity for two different values of s. When s>1,
M acts as assisting parameter for flow while for
s<1, M has a tendency to decrease the velocity.
This event is due to the fact that when s>1 free
stream velocity is dominant over stretching
velocity. Tendency of M for s>1 is also reported
in [38, 39]. Fig. 1(g) displays the velocity
distribution for various values of Eckert number. It
is concluded from the figure that increment in
parameter Ec boosts the wvelocity and increases
boundary layer thickness due to an increment in
kinetic energy. The velocity behaviour for
parameter Nr is depicted in Fig. 1(h) which
indicates a dual behaviour of buoyancy ratio
parameter on fluid velocity, i. e. near the sheet
velocity distribution increases and as going away
form sheet, it acts as opposing parameter for the
flow.

Figures 2(a) to 2(d) display the temperature
distribution for various pertaining parameters.
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Fig 2(d). Temperature profiles for different values of a.

It is interesting to note from Figs. 2(a)-2(d) that
the thermal boundary layer is thinner in case of
s>1 than that of s<1. Fig. 2(a) illustrates the
temperature profiles for various values of Ec. It can
be seen here that when s<1 or s>1, increasing
behaviour of temperature profile is found with an
increase in Eckert number. When s>1 a hump is
found in the region near the sheet on increasing Ec,
also fluid temperature approaches free stream value
quicker for s>1. This influence of EC on the
temperature profile is encountered due to the
increasing nature of viscous and Joule dissipations.
The tendency of viscous and Joule heating is to
generate heat, which is due to friction between two
adjacent electrically conducting fluid layers thereby
increasing  fluid  temperature.  Temperature
distribution for different values of Brownian
motion parameter is displayed in Fig. 2(b) which
depicts the opposite nature of temperature towards
Brownian motion parameter for s <1, but for s >1
Nb acts as assisting parameter for the temperature
profile. Same behaviour of Nb for s<1 is also
found by Halim et al. [40]. The behaviour of
temperature distribution towards parameter Nt can
be seen in Fig. 2(c). The fact which is visualized
here is that parameter Nt acts as assisting parameter
for temperature distribution and significant
increment is found in thermal boundary layer
width. Increment in Nt means increase in
thermophoretic phenomenon which is the particle
analogous phenomenon. Therefore, nanoparticles
transport thermal energy with increment in Nt due
to collision of particles from hot surface into
boundary layer, so increment in temperature is
found. Fig. 2(d) displays the heat generation effect
on the temperature profile which indicates that
increment in temperature is found on increasing
heat generation parameter. It is quite obvious that
the heat source emits heat in the flow region,
therefore, fluid temperature rises.

Fig 2(e). Concentration profiles for different values of
Ec.
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Fig 2(f). Concentration profiles for different values of
Nb.

The concentration distribution for various values
of input parameters is shown in Figs. 2(e) to 2(g).
These profiles start with a negative value and after
obtaining a positive peak they start approaching
towards free stream. The numerical values of
concentration are negative in the region close to the

Table 4. Error bound and quadratic regression coefficients for the estimated Cfoe

stretching sheet. This may be due to passive control
of species concentration and it is dominant in the
region close to sheet than that in the region away
from the sheet within the concentration boundary

layer.
04

0 0‘.5 “l " 1‘.5 é 25
Fig 2(g). Concentration profiles for different values of
Nt

1/2
X

s N Cf € €, €5 €, €s m
05 1 -0.89501 -0.24844 0.44092 0.02051 -0.00262 -0.01327 2.55E-05
T2 -0.91406 -0.11542 0.22577 0.00418 -0.00107 -0.00375 5.21E-06
15 1 1.75346 0.14461 0.37040 -0.00036 0.00013 -0.0146 5.87E-04
T2 1.74464 0.073601 0.19009 -0.00098 -0.00031 -0.00387 2.60E-04

Fig. 2(e) presents the effect of parameter Ec on
concentration distribution and it is visualised here
that, when s <1 initial concentration decreases in
magnitude and when s>1 initial increment in
concentration is found but in both cases
concentration profiles obtain a positive peak and
finally tend to increase as approaching the free
stream. This event is the contribution of increment
in kinetic energy and reduction of nanoparticle
migration as increment in Ec. Fig. 2(f) portrays the
influence of Nb which indicates that enhancement
in Nb tends to dilute concentration throughout the
boundary layer because increment in Nb leads to
increase the diffusion of nanoparticles inside the
boundary layer. However, opposite impact of Nt
can be seen from Fig. 2(g) because increment in Nt
increases thermophoretic phenomena, which leads
to weaken the transport of nanoparticles near the
sheet. These two figures also suggest that when
s<1, this phenomenon is stronger than that when
s>1.

A QUADRATIC MULTIPLE REGRESSION
MODEL

In this section estimation of skin friction is
performed with the help of quadratic regression
model. For performing it on skin friction we have
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generated values of M and A randomly from the set
of 100 values that are taken from the interval [0.5
2] and [0 10], respectively, while values of other
parameters are taken fixed. The approximated

quadratic regression model for Cf \/Re, is given
as follows:
Cf,, =Cf +eM+e,L+e,M* +e,A° +e,Mp, (31)
Following formula is used to find the maximum
relative error:
g = |Cfest —Cf|/|Cf|. (32)
Table 4 presents the regression coefficients of
this estimation along with the maximum relative
error. It is visible from table 4 that whether free
stream velocity is dominant over the stretching
sheet or conversely, the regression coefficient of A
is greater than the regression coefficient of M
which reflects that small variation in A leads to
larger perturbation in skin friction in comparison to
M. It is also interesting to note that whenn
increases, the regression coefficients of both M and
A decrease in magnitude.

CONCLUSION

Throughout the present mathematical model of
stagnation point nanofluid flow over stretching
sheet, our main focus is to find flow controlling
parameters effect on fluid velocity, concentration,
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temperature along with skin friction and heat flux.
The parameters s and Ec have tendency to enhance
fluid velocity. Apart from it when s<1 the magnetic
parameter shows the obvious result, i.e. decrement
in velocity distribution but when s>1 the magnetic
parameter acts as assisting parameter for fluid
velocity. The parameter Nr enhances the velocity
near the sheet but while approaching free stream it
tends to decrease. Temperature distribution is
enhanced due to increment in parameters Ec, Nt
and a. The parameter Nb acts as assisting parameter
for temperature for s>1 while for s<1, it acts as
opposing parameter. Parameter Nb leads to dilute
concentration throughout the boundary layer while
thermophoretic parameter increases it.
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NOMENCLATURE
a,b arbitrary constants S stagnation parameter
B  magnetic field, T T fluid temperature, K
C nanoparticle volume fraction, kg / m? T, fluid temperature at stretching sheet, K
Cf, skin friction coefficient T, ambient fluid temperature, K
C,, ambient species concentration, kg/ m? u fluid velocity component in the x direction, ms*
C, specific heat at a constant pressure, J kg™ K™ u stretching velocity, ms™*
D, coefficient of Brownian diffusion u, free stream fluid velocity, ms
D, coefficient of thermophoretic diffusion v fluid velocity component in the y direction, ms™
Ec Eckert number X,¥Y  coordinate directions, m
f  stream function o heat generation parameter
g gravitational acceleration, ms B nanofluid volumetric expansion coefficient, K™
K thermal conductivity, Wm™K™ 6(n)  dimensionless temperature
Sc  Schmidt number H dynamic viscosity, kg m™s™*
M magnetic parameter L kinematic viscosity, m°s™
Nb Brownian motion parameter Pt nanofluid density, kg m?
Nr buoyancy ratio parameter Put.  Nanofluid reference density, kg m*
Nt thermophoretic parameter Pup density of nanoparticles, kg m?®
Nu, local Nusselt number (PCp)nf nanofluid heat capacity
n  constant (pcp)np nanoparticles heat capacity
Pr  Prandtl number © electric conductivity, Sm™
Q heat generation coefficient A mixed convection parameter
0, heat flux at the surface, Wm™ T, surface shear stress N m™
Re, local Reynolds number ¢(n) dimensionless concentration
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Mu-opioid receptor (MOR) is an attractive target for computer modelling because it plays an important role as a
pain-relieving drug. The main objective of the present work was to find a function for modelling of the structure-
activity relationship (SAR) of a series of mu-opioid ligands and the results from in silico docking with a model of MOR
(PDBid:4dkl). The relationship of the biological activity of the ligands with the optimization functions from docking
experiments and with the total energies (MolDock optimization function) was modelled using a response surface
methodology. Our analysis indicates that the third-order polynomial could be successfully used for modelling SAR
between the biological effect of the mu-opioid ligands and results from docking. Docking studies could help to better
understand the relationship between in vitro biological effects and docking studies and to answer whether the models of
the biological macromolecules (in our case MOR) correspond to the real 3D structures.

Keywords: Computer modelling, Response surface methodology, QSAR, Docking, Ligand-receptor interaction, Mu-

opioid receptor.
INTRODUCTION

Endogenous opioid systems play a critical role
in modulating a large number of sensory,
motivational, emotional, and cognitive functions.
Endogenous opioid peptides (EOP) are small
molecules that are naturally produced in the central
nervous system and in various glands throughout
the body. They function both as hormones and as
neuromodulators. Through these mechanisms, EOP
produce physiological effects as preventing
diarrhea to inducing, euphoria, analgesia, etc.

Computer modelling and structure-activity
relationship approaches have played an important
role in the search and prediction of new
biologically active ligands based on the properties
of the drugs with known biological activities. The
discovery of novel potent and selective ligands to
MOR s related to a large amount of investigations
with enkephalin and dalargin analogues [1-4]. The
enkephalins are EOP and they are typically
assigned to mu-, kappa-, and delta- opioid
receptors. In recent years in silico drug design has
extensive impact in the field of drug discovery and
natural sciences [5,6]. Design of selective and
effective ligands for MOR is related for most
researchers with different enkephalin and dalargin
analogues. These analogues were synthesized and
biologically tested in previous studies by Pencheva
et. al [7,8]. Computer modelling and docking
experiments with investigated ligands were
presented in [9,10,11].

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

The main purpose of this study is to investigate
the relationship between the values of the biological
activity of the investigated ligands and the results
of the in silico docking and also to calculate the
minimum energy conformation for each obtained
ligand-receptor complex after the docking
procedure. We try to find a function with two
variables such as z = f(x,y) from some class of
polynomials, that fits given n distinct data points
{(x;,yi,z)}=; in R3® using response surface
methodology. Researches in this direction are
presented in the publications [9-15].

MATERIALS AND METHODS
Objects

e Receptor-MOR: A model of mu-opioid
receptor (MOR) with crystal structure published in
RCSB Protein Data Base (www.rcsb.org)
(PDBId:4dkl) was used.

e Ligands: A series of mu-opioid ligands
investigated for their potency to MOR with in vitro
bioassay in a previous study [7,8] were selected for
docking studies with the model of MOR. The
ligands are presented in Table 1.

e Software

Docking procedure: The structures of the mu-
opioid ligands were prepared for docking in
software Avogadro (open source,
http://avogadro.openmolecules.net/).
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The total energies for the obtained ligand-
receptor complexes after docking procedure in
GOLD 5.2 [16,17] were calculated by the software
Molegro Molecular Viewer (MMV Version 2.5)
using MolDock optimization function [18].

Table 1. Ligands used in this study. The potency is the

concentration which produces 50% of the maximal
response of the tissue — 1Cso) [7,8].

Ligands ICso
[Cys(O2NH2)?-Met®]-enk 1378
Dalargin 12.3
Dalarginamide 5.8
Dalarginethylamide 6
DAMGO 5.8
[L-Ala?]-dalargin 234
[Leu®]-enkephalin 65.3
[Met®]-dalargin 11.9
[Met®]-enkephalin 28.6
N-Me-[L-Phe*]-dalarginamide 0.57

e Surface fitted methodology: The surface
fitting of the experimental data with Curve Fitting
Toolbox of MATLAB [19] can be presented as
follows:

m 2
(D min F(agg, ..., agn) = Z Zs — Z aijxsi YSJ
(@00,--Qon)

s=1 0<i+jsn
— i
2) z = Z a;jx'y’
0<i+jsn

where:
- s - number of points;

- m - number of ligand-receptor complexes;
- z - dependent variable;
- x,y - independent variables;

- Z1,Zy, ..., 2y - Tepresent the values of in vitro
parameters;
- X1,%X5, ..., Xy - tepresent the results from the

docking procedure (scoring functions);

- ¥1,¥2, ., Y- represent the total energies for
the ligand-receptor complexes;

- a;j - parameters of the model;

- n - degree of the polynomial(0 <i+j <n),
which gives the number of coefficients to be
fit and the highest power of the predictor
variable.

To investigate the fitting behaviour of the degree
of some polynomial functions, a set of fittings was
carried out, starting from the first-degree to the
third-degree polynomial. The Surface Fitting
Toolbox of MATLAB was applied for analysing
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the behaviour of one variable which depended on
more independent variables and the individual
model could be interpreted as a surface fitting
function of the experimental data by the least
squares method [20] (http://www.mathworks.com/
products/matlab). The following parameters were
used to evaluate the goodness of fit:
- SSE (Sum of squares due to error):

n
(3) SSE =) w9
i=1

where: y; is the measured value of the data, y; is
the predicted value, n - the number of performed
experiments, w; is the relative weight of each data
point, usually w; = 1. The value of SSE close to 0
shows that the model has a smaller random error
component and the fit will be more useful for
prediction [19,20].

- R-Square (R?) — the square of the correlation
between the response values and the predicted
response values. R? is the square of the multiple
correlation coefficient and the coefficient of
multiple determination.

@ R = SSR . SSE
TSST SST’
n

SSR =) o =7
i=1

n
SST =) iy = 7)?
i=1

The values of R? closer to 1 indicate that a
greater proportion of variance is accounted for by
the model [20].

- 21 _3E
(5) Adjusted R“ =1 o
Adj R? is the best indicator of the fit quality
when two models are compared. This parameter
can take any value less than or equal to 1, with a

value closer to 1 indicating a better fit.
- RMSE (Root Mean Squared Error)
(6) RMSE =s =+VMSE

RMSE represents the standard error of the
regression and is an estimate of the standard
deviation of the random component in the data.
MSE is the mean square error or the residual mean
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square. The values of RMSE closer to O indicate a
fit that is more useful for prediction [21].

RESULTS AND DISCUSSION

For the purpose of the in silico docking the
crystal structure of MOR was obtained from RCSB
(PDB id:4dkl). From the literature the binding sites
of MOR are known [22]. These are the residues
within a radius of about 10 A of the asparagine
(Asp) acid residue located in the transmembrane
helix 3 - Aspl47. Computer modelling and
molecular docking experiments with MOR and the
investigated ligands (Table 1) were carried out with
the software GOLD 5.2 and all optimization
functions: ASP, ChemPLP, GoldScore, ChemScore
functions [16,17]. These functions were used to
rank the mu-opioid ligand conformations by
evaluating the binding density of each of the
probable complexes.

In order to investigate the appropriate
relationship between biological activity of the mu-
opioid ligands and docking results (the values of
the optimization functions) the Surface Curve
Fitting Toolbox in software MATLAB was applied.
The total energies of the formed ligand-receptor
complexes after in silico docking were calculated
by MolDock scoring function in software MMV 2.5
[21-25].

Parametric curves used in computer graphics are
often based on polynomials. For surfaces, X, Y, and
Z must be matrices with the same number of
elements — in our case ten data points. Sizes are
compatible if X is a vector of length n, Y is a vector
of length m and Z is a 2D matrix of size [m, n]. The
Curve Fitting application expects inputs where
length (X) =n, length(Y) = mand size(Z) =

[m,n]. By applying the polynomial least squares
surface fitting technique, a first- to a third-order
polynomial was fitted to the experimental data in
R3. Experimental data were modelled by
polynomials with varying degrees of x and y. The
polynomial models have the following equations:

Polyll: f(x,y) = ago + ayox + ao1y
Poly12: f(x,y) = agp + A1oX + g1y + a11Xy + agry?
Poly21: f(x,y) = ago + A10X + A1y + A1 XY + aex?

Poly22: f(x,y) = ago + a19x + ag1y + azex? +

ay1xy + agyy?

Poly13: flx,y) = agy + ajox + apy + a1 xy +
Aozy? + a;pxy? + a3y’

Poly31: f(x,y) = ago + ajox + agry + azox? +
a1 xy + azox3 + ay x%y

Poly32: f(x,y) = ago + ajox + agry + azox? +
a11Xy + Aopy? + az0x> + apx%y + apxy?

Poly23: f(x,y) = ago + ajox + agry + azox? +
a11Xy + Agpy? + a1 X%y + aqxy% + ag3y?

The experimental data can be represented as
follows:

1) the values of z represent the values of 1Cxso;

2) the values of x represent the docking results
from GOLD - the values of ASP, ChemPLP,
ChemScore and GoldScore functions;

3) the values of y represent the total energies
calculated from MMV for ligand-receptor complex

forming after the docking - the values of MolDock
function [20].

Table 2. The experimental data for the ASP function and MolDock function.

Ligands I1Cs0o ASP Score MolDock
[Cys(O2NH)*-Met®]-enk 1378 42,64 272.726
Dalargin 12.3 45.69 496.613
Dalarginamide 5.8 48.04 743.587
Dalarginethylamide 6 49.94 438.743
DAMGO 5.8 45.97 77.749

[L-Ala?]-dalargin 234 46.93 73.823

[Leu®]-enkephalin 65.3 41.59 430.507
[Met®]-dalargin 11.9 48.95 769.467
[Met®]-enkephalin 28.6 46.98 439.083
N-Me-[L-Phe*]-dalarginamide 0.57 42.61 632.829
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Table 3. The experimental data for ChemPLP function and MolDock function.

Ligands I1Cso ChemPLP MolDock
[Cys(O2NH)?-Met®]-enk 1378 85.24 -113.502
Dalargin 12.3 100.41 -162.681
Dalarginamide 5.8 97.06 -148.977
Dalarginethylamide 6 92.08 -157.038
DAMGO 5.8 80.67 -29.582
[L-Ala?]-dalargin 234 84.69 -10.891
[Leu®]-enkephalin 65.3 85.89 -133.004
[Met®]-dalargin 11.9 98.6 -145.639
[Met®]-enkephalin 28.6 87.64 -144.788
N-Me-[L-Phe*]-dalarginamide 0.57 79.34 -76.62

—=
'+ IC50vs. ASP_Score, MolDock
* IC50 vs. ASP_Score, MolDock

42 44 % -
ASPgcore o0

100 200 300 400 500 600 700 800
MolDock

42 44 .
s 50 100 200 300 400 500 600 700
bt s MolDock

+IC50 vs. ASP_Score, MolDock

2w

48 5
ASPcore MolDock

42 43 a4 45 46 a7 48 49 50
ASPcore

'+ IC50 vs. ASP_Score, MolDock

Figure 1. 3D plot of the experimental data with first to third degree of polynomials, which represent the biological

activity of the ligands as a function of the values of ASP scoring function from GOLD and the values of the total

energies— MolDock function. The plots represent the Residuals Plot and 2D contour plot of the 3D surface for the
obtained polynomial models.
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Table 4. The experimental data for ChemScore function and MolDock function.

Ligands 1Cso ChemScore  MolDock
[Cys(O2NH2)?>-Met®]-enk 1378 19.6 -107.904
Dalargin 12.3 20.67 -135.245
Dalarginamide 5.8 28.75 -148.221
Dalarginethylamide 6 29.02 -163.106
DAMGO 5.8 14.31 -93.278

[L-Ala?]-dalargin 234 21.28 -130.171
[Leu®]-enkephalin 65.3 25.95 -148.483
[Met®]-dalargin 11.9 23.27 -173.298
[Met®]-enkephalin 28.6 25.11 -120.651
N-Me-[L-Phe*]-dalarginamide 0.57 20.08 -107.216

+ IC50 vs. ChemPLP, MolDock

1C50

S~ 100 120 140 -160
100 20 40 60 80
ChemPLP MolDack

MolDock

80 82 84 86 88 20 92 94 9% 98 100
ChemPLP

*_IC50 vs. ChemPLP, MolDock

80 82 84 86 8 9 92 94 9% 98 100
ChemPLP

80 82 84 8 88 9 92 94 9 98 100

) 120
ChemPLP S0 L ChemPLP

Figure 2. 3D plot of the experimental data with first to third degree of polynomials, which represent the 1Cso of the
ligands as a function of the values of ChemPLP function from GOLD and the values of the total energies — MolDock
function. The plots represent the Residuals Plot and 2D contour plot of the 3D surface for the obtained polynomial
models.
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Table 5. The experimental data for GoldScore function and MolDock function.

Ligands ICso GoldScore MolDock
[Cys(O2NH)?*-Met®]-enk 1378 94,39 -227,91
Dalargin 12,3 81,75 -75,84
Dalarginamide 5.8 95.4 -238.1
Dalarginethylamide 6 100.37 6.29
DAMGO 5.8 75.37 -169.4
[L-Ala?]-dalargin 234 53.13 -96.83
[Leu®]-enkephalin 65.3 95.27 -106.4
[Met5]-dalargin 11.9 95.43 -146.42
[Met®]-enkephalin 28.6 89.48 -105.67
N-Me-[L-Phe*]-dalarginamide ~ 0.57 77.04 -89.527

*IC50 vs. ChemScore, MolDock
*IC50 vs. ChemScore, MolDock

MolDock

*IC50 vs. ChemScore, MolDock l

\

<l

8 4
ChemScore 5 Molbeck

ChemScore &
MolDock ChemScore

Figure 3. 3D plot of the experimental data with first to third degree of polynomials, which represent the ICso of the
ligands as a function of the values of ChemScore function from GOLD and the values of the total energies — MolDock
function. The plots represent the Residuals Plot and 2D contour plot of the 3D surface for the obtained polynomial
models.
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* IC50 vs. GoldScore, MolDock

1C50
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* 1C50 vs. GoldScore, MolDock
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0
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Figure 4. 3D 'plot of the experimental data with first to third degree of polynomials, which represent the 1Cso of the
ligands as a function of the values of GoldScore function from GOLD and the values of the total energies — MolDock
function. The plots represent the Residuals Plot and 2D contour plot of the 3D surface for the obtained polynomial

models.

All polynomial models from first to third degree
were evaluated on how well they fitted the data and
how precisely they could predict. The models were
estimated with the statistical criteria of goodness of
fit — SSE, R? adjusted R?>, RMSE. The obtained
results for the statistic parameters are presented in
Table 6.nThe best results of the parameters used for
surface fitting in MATLAB can be represented as
follows: the values of z represent the values of ICso,
the values of x represent the values of GoldScore
function from GOLD and the values of y represent
the values of the total energies for ligand-receptor

complexes — MolDock optimization function from
MMV. As can be seen from the results in Table 6
the goodness of fit statistics shows that the obtained
model for fitting of the experimental data for
GoldScore with the third degree for x and the
second degree for y is a good one — Poly32. This
model is with the highest value of R? = 1 for MOR
and the value closer to 1 indicating that a greater
proportion of variance is explained by the model.
The values of SSE=0.580 for the polynomial model
Poly32 are less than 1. This value shows that the
model has a smaller random error component and
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the fit will be more useful for prediction. The 1 and indicate a fit that is more useful for
values of Adj R? for the model Poly32 are less than prediction. This shows that the obtained polynomial
1. This statistic parameter is a good indicator of the model for the surface fitting data is a good model, it
fit quality when two models are compared and with explains a high proportion of the variability in
a value closer to 1 indicating a better fit. The values experimental data, and is able to predict new
of the RMSE=0.761 for model Poly32 are less than observations with high certainty [8-15].

Table 6. The goodness of fit for the polynomial models obtained by the least squares method in MATLAB for all
optimization functions from docking experiments.

ASP function
Degree (x. Y) SSE R2 Adj R? RMSE
11 1.268 0.233 0.01382 425.7
12 6.908 0.582 0.428 371.7
21 7.34 0.556 0.201 383.1
13 2.226 0.865 0.596 272.4
31 3.673 0.777 0.333 349.9
22 6.895 0.583 0.061 415.2
32 2.613 0.842 -0.4224 511.2
23 1.031 0.937 0.439 321
ChemPLP function
Degree (x.y) SSE R2 Adj R? RMSE
11 1.551 0.061 -0.206 470.8
12 1.035 0.373 -0.126 455
21 1.242 0.248 -0.352 498.4
13 8.768 0.4697 -0.590 540.6
31 1.082 0.345 -0.963 600.6
22 9.068 0.451 -0.233 476.1
32 2.534 0.984 0.8621 159.2
23 7568 0.9954 0.9588 86.99
Degree (x, Y) ChemScore function
SSE R? Adj R? RMSE
11 1.466 0.113 -0.140 457.7
12 1.402 0.152 -0.525 529.5
21 1.145 0.307 -0.246 478.6
13 1.112 0.327 -1.017 608.8
31 9.738 0.411 -0.766 569.7
22 1.142 0.309 -0553 534.3
32 7.267 0.56 -2.96 853
23 7.817 0.5273 -3.255 884.1
Degree (x.) GoldScore function
SSE R? Adj R? RMSE
11 1.145 0.307 0.109 404.4
12 9.93 0.399 -0.081 445.6
21 9.014 0.454 0.018 424.6
13 3.349 0.979 0.939 105.7
31 7.404 0.9552 0.865 157.1
22 1.006 0.939 0.863 158.6
32 0.580 1 1 0.761
23 3.293 1 1 1.815

Table 7. The mean values (confidence bounds) of the coefficients of the polynomial models for all scoring functions.
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Coefficients of Mean (with 95% confidence bounds)

the models
Poly11 ASP ChemPLP ChemScore GoldScore
ago 174.8 (-143.5,493.1) 174.8 (-177.2,526.8) 9155 (-1065, 2896) 174.8 (-127.6, 477.2)
a0 -154.7 (-496.5,187.1) -145.6 (-688.6, 397.4) -0.2719 (-122, 121.5) -18.51 (-347, 310)
ag -111 (-452.8, 230.8) -68.19 (-611.2, 474.8) 5533 (-15.84, 26.9) 2415 (-570, 86.98)
Poly12
g0 187.1 (-261, 635.2) 821.8 (-312.4, 1956) 196 (-500.6, 892.6) 19.22 (-575.9, 614.3)
a0 -204 (-560.1, 152.1) 386.4 (-658.4, 1431) 31.81 (-865.2, 928.8) 94.85 (-588.7, 778.4)
agy -247 (-623.2,129.3) 809.3 (-805.8, 2424) 210.7 (-721.3, 1143) -182.9 (-628.1, 262.2)
g 426.7 (-111.7, 965) 4525 (-505.8, 1411) 133.6 (-614.1, 881.3) 248.3 (-957, 1454)
ag; -95.01 (-473, 283) -388.5 (-1310, 532.6 77.86 (-789, 944.7) 232.8 (-541.1, 1007)
Poly21
g0 60.8 (-438.2, 559.8) 462.9 (-337.5, 1263) 284.2 (-235.4, 803.7) 407.6 (-288.7, 1104)
a0 -213.9 (-590.5, 162.7) 142.7 (-773.4, 1059) 127.5 (-595.6, 850.7) 3425 (-1152, 467.1)
agy -227.8 (-609.3, 153.6) 357.8 (-890.1, 1606) 2437 (-422.5,910) -438.7 (-1033, 155.5)
g 52.29 (-375.6, 480.2) 162.3 (-928.7, 1253) -555.3 (-1867, 755.9) -252.4 (-853.1, 348.2)
a5, 390.2 (-150.5, 930.9) 660.6 (-1227, 2548) 572 (-2195, 1051) 25.74 (-519.7,571.2)
Poly22
a0 167.6 (-657.9, 993.1) 1167 (-640, 2974) 304.6 (-517.9, 1127) 371.2 (89.77, 652.6)
a0 -200.1 (-647.3, 247) 531.2 (-764.8, 1827) 108.6 (-894.3, 1111) -321.9 (-648.6, 4.736)
ayq -249.7 (-711.8, 212.5) 1015 (-961.7, 2991) 219.9 (-796.3, 1236) -568.3 (-816.3, -320.3)
az 16.84 (-520.2, 553.9) -521.7 (-2446, 1403) 577 (-2257,1102) -708.8 (-1039, -378.5)
a; 4233 (-234.8,1081) -272.7 (-3159, 2614) -621.3 (-2965, 1722) 1382 (679.7, 2085)
ag, -89.48 (-578.5, 399.5) -780 (-2560, 1000) -38.4 (-1042, 965.2) 824.3 (418.8, 1230)
Poly13
Ayo 158.8 (-276.6, 594.3) 1409 (-2429, 5247) 234.4 (-983.9, 1453) -289.3 (-767.5, 188.8)
a0 -40 (-445.3, 365.3) 1219 (-4430, 6867) -116 (-1891, 1659) 587.6 (316.5, 858.8)
ag, -1972 (-4721,777.5) 3271 (-1.026e+04, 1.68) 970.2 (-4172, 6112) 607.7 (-549.8, 1765)
ag,; -348.1 (-1843, 1147) 1841 (-6129, 9810) -630.8 (-5514, 4252) 543 (-1274, 188.4)
ag, 399.2 (-314.9, 1113) 1121 (-6928, 9169) -588 (-5994, 4818) 268.2 (-304.8, 841.2)
a, -272.4 (-1110, 565.4) 95.85 (-1828, 2020) -45.43 (-2676, 2585) -2563 (-3446, -1679)
ag; 1164 (-593.2, 2921) -1258 (-8341, 5824) -689 (-5876, 4498) -1414 (-2097, -730.9)
Poly31
ago 2232 (-428.8,875.2) 367 (-911.6, 1646) 189 (-690.7, 1069) 366.9 (22.73,711)
a0 -703.9 (-2078, 669.9) -341.2 (-3027, 2344) -203.8 (-2306, 1898) 223.6 (-572, 1019)
ag, -66.77 (-742.2, 608.7) 240 (-1721, 2202) 143.7 (-952, 1239) -865.7 (-1448, -284)
az 2.19 (-491, 495.3) 66.34 (-1944, 2077) -512.8 (-3160, 2134) -4255 (-1508, 657.1)
a5 406.2 (-268.3, 1081) 465.3 (-3158, 4088) -615.1 (-3491, 2261) -374.6 (-873.3,124.2)
asg 302 (-434.4,1038) 206.1 (-1970, 2382) 466.5 (-2046, 2979) -495.9 (-1043, 51.49)
az -239.9 (-1138, 658.1) -99.04 (-3350, 3152) 435.7 (-2778, 3649) 957.6 (174.2, 1741)
Poly32
ago 107.9 (-5450, 5665) 1855 (-1383, 5093) 421.8 (-8336, 9180) 516.8 (483.2, 550.5)
a, -969.4 (-1.617e+04, 1.424)  -369.5 (-3464, 2725) -1171 (-2.608e+04, 2.374) -1551 (-1680, -1423)
ag; 212.8 (-6959, 7385) 2074 (-2484, 6632) -331.4 (-1.373e+04,1.307)  -1535 (-1628, -1441)
az 55.06 (-3116, 3226) -1546 (-6211, 3119) 2092 (-4.102e+04, 3.684) 208.9 (159.1, 258.7)
a 174.1 (-6338, 6686) -1384 (-1.011e+04, 7343)  -3278 (-6.486e+04, 5.83) 3076 (2864, 3288)
ag; 198.3 (-5595, 5991) -875.1 (-6346, 4596) -921.5 (-2.2e+04, 2.016) 1280 (1215, 1345)
az, 434.4 (-6797, 7666) 1312 (-6512, 9136) 3538 (-6.532e+04, 7.239) 1262 (1117, 1406)
az -651.7 (-1.043e+04,9123) 2162 (-1.636e+04,2.068) 7456 (-1.476e+05, 1.625) -823.7 (-1002, -645.9)
a;, 182 (-1.024, 1.061e+04) 2340 (-1.064e+04,1.532) 4276 (-9.045e+04, 9.9) -983.2 (-1124, -842.7)
Poly23
Ago 248.3 (-3526, 4022) 2716 (-636.1, 6068) 587.8 (-1.111e+04, 1.228) 61.97 (5.138, 118.8)
a0 -47.46 (-1995, 1900) 1669 (-3961, 7300) 475.7 (-1.723e+04,1.818)  -110.2 (-202.6, -17.83)
ag; -1997 (-1.867e+04, 1.468) 6528 (-8424, 2.148e+04) 1749 (-3.361e+04, 3.711) -267.8 (-403.8, -131.8)
aso -94.89 (-2443, 2253) -1277 (-4198, 1644) -975.7 (-2.485e+04, 2.29) -148.3 (-194, -102.7)
as -618.2 (-8522, 7286) 1504 (-1.073e+04, 1.374)  -2601 (-5.809e+04, 5.288) 7205 (551.5, 889.5)
ag, 549 (-3418, 4516) 1743 (-8543,1.203e+04)  -1818 (-4.463e+04, 4.099) 620.3 (560.2, 680.4)
az -349.5 (-6542, 5844) -1636 (-4580, 1309) -466.7 (-1.841e+04,1.748) 482 (3915, 572.5)
a; -211.3 (-4228, 3805) -1099 (-5758, 3560) -1475 (-3.462e+04, 3.167) -676 (-929.5, -422.5)
ay; 1344 (-8493,1.118e+04)  -2921 (-1.178e+04,5941)  -1703 (-3.951e+04, 3.61) -471.5 (-599.9, -343.1)

By using a polynomial least squares surface
fitting technique, a third order for x and second

order for y were fitted to the data (Poly32). The
coefficients of the surface fitting for MOR by
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polynomials from first to third degree for all
scoring functions in 3D are presented in Table 7.

The best results for fitting of experimental data
according to the results in Tables 2-5 were obtained
or surface fitting by a polynomial model Poly32 in
3D for determining the relationship between
biological activities and docking results of the
investigated compounds. By using a polynomial
least squares surface fitting technique, a polynomial
model of third order for x and of second order for y
was fitted to the data and it is represented as
follows:

f(x,y) = ago + ajox + a1y + azox2 +a;xy + aozy2
+ azox3 + ay, X%y + a ,xy?

where: x is normalized by mean 85.76 and
standard deviation 14.31 and y is normalized by
mean -121 and standard deviation 72.99.

After analysing the results from Table 6 we can
conclude that the best values were obtained for the
potency of the mu-opioid ligands as a function of
the values of GoldScore function and the values of
the total energies (MolDock function) for the
formed ligand-receptor complexes for a polynomial
model of third order for x and of second order for y
(Poly32). The established values of the statistical
parameters are important because they give the best
description of the fitting of the experimental data
for MOR with polynomials of two variables.
Surface curve fitting gives detailed account of inter-
relation of dependent variable with respect to
independent variables. In the present work, one
dependent and two independent variables were
considered to evolve the best fit model. The Curve
fitting finds the wvalues of the coefficients
(parameters) which make a function match the data
as closely as possible. The best values of the
coefficients are known when the value of R?
becomes 1. The fitting models and methods used
here depend on the input data set.

CONCLUSIONS

In this work, two dependent variables and one
independent variable data points were taken into
consideration for fitting the 3D graph. The obtained
model for the experimental data showed good
fitting properties and significant predictive ability.
Therefore, this model of a third-degree polynomial
is suitable to determine the relationship structure-
biological activity. The GoldScore and MolDock
optimization functions could be used for describing
the biological activity of newly designed
compounds. This would be helpful in shortening
the drug design process.
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The paper discusses a practical regioselective synthesis of 4-phosphorylated 6-hydroxyhepta-2,3-dienoates by an
atom-economical [2,3]-sigmatropic rearrangement of the mediated ethyl 2-(dimethoxyphosphanyl)oxy- or 2-
(diphenylphosphino)oxy-6-(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoates which can be easily prepared via reaction of
the protected ethyl 2-hydroxy-6-(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoate with dimethyl chlorophosphite or

chlorodiphenyl phosphine, respectively, in the presence of a base.

Keywords: synthesis, protection of hydroxy group,

hydroxyhepta-2,3-dienoates.
INTRODUCTION

Allenes are considered to be unique compounds
in organic chemistry due to their adjacent
orthogonal z-bonds. During the last three decades
synthesis and applications of allene derivatives
have been increased in preparative organic
chemistry. The availability of two = electron clouds
that are separated by a single sp hybridized carbon
atom is the main structural characteristic of allenes,
and it is this unique structural and electronic
arrangement that presupposes the extraordinary
reactivity profile displayed by allenic compounds
[1-5].

Functionalized allenes have provoked a growing
interest because of their versatility as key building
blocks for organic synthesis. Functionalized allenes
could be used in a number of transformations due to
their high reactive capacity. The synthetic capacity
of functionalized allenes has been explored
thoroughly in recent years, and this has led to the
development of new methods in constructing a
variety of functionalized heterocyclic and
carbocyclic systems [6-11].

There are many methods which construct
hydroxyallenes, including prototropic
rearrangement of propargylic alcohols [12,13],
metal-catalyzed nucleophilic ~ addition of
propargylic derivatives to aldehydes [14-18], Cu(l)-
catalyzed reaction of propargylic chlorides with
Grignard reagents [19,20], metal-catalyzed reaction
of propargylic oxiranes with organometallic
compounds [21-25] and ketones [26,27].

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

[2,3]-sigmatropic rearrangement, 4-phosphorylated 6-

The most general methods for the synthesis of
allenecarboxylates involve the Wittig [28-30],
Wittig-Horner [31] or the Horner-Wadsworth-
Emons [32] olefination of ketenes, iron-catalyzed
olefination of ketenes with diazoacetate [33], etc.
[34]. Also, there are methods for the synthesis of
phosphorus-containing allenes (phosphonates [35-
38], phosphinates [39,40], and phosphine oxides
[41-46]) including reactions of a-alkynols with
chloride-containing derivatives of phosphorus acids
followed by [2,3]-sigmatropic rearrangement.
Several diethylphosphono-substituted  o-allenic
alcohols were prepared by Brel [47,48] directly
from alcohols by Horner-Mark rearrangement of
unstable propargylic phosphites.

We have set in our research program on the
chemistry of the trifunctionalized allenes to develop
an efficient and regioselective method in order to
introduce the phosphonate or phosphine oxide in
the fourth-position, as well as the B-hydroxy group
in the sixth position to the ester group of the
allenecarboxylates. These groups provoke attention
due to the wuseful functionalities in organic
synthesis. More precisely, the focus is on the
applications of these groups as temporary
transformers of chemical reactivity of the allenic
system in the synthesis of heterocyclic compounds.

Following our previous papers on the synthesis
[49-52] and cyclization reactions [52-58] of
bifunctionalized allenes, we have found a pragmatic
synthesis of trifunctionalized allenes, namely the 4-
phosphorylated p-hydroxyallenecarboxylates (4-
phosphorylated 6-hydroxyhepta-2,3-dienoates).
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EXPERIMENTAL
General information

All newly synthesized compounds were purified
by column chromatography and characterized on
the basis of NMR, IR, and microanalytical data.
NMR spectra were recorded on DRX Bruker
Avance-250 (*H at 250.1 MHz, *C at 62.9 MHz,
31p at 101.2 MHz) and Bruker Avance 11+600 (*H
at 600.1 MHz, ¥C at 150.9 MHz, 3P at 242.9
MHz) spectrometers for solutions in CDCls. All *H
and BC NMR experiments were performed
referring to the signal of internal TMS and 3P
NMR experiments were performed referring to the
signal of external 85% H3PO,. J values are given in
Hertz. IR spectra were recorded with an FT-IR
Afinity-1 Shimadzu spectrophotometer. Elemental
analyses were carried out by the Microanalytical
Service Laboratory using Vario EL3 CHNS(O).
Column chromatography was performed on
Kieselgel F25460 (70-230 mesh ASTM, 0.063-
0.200 nm, Merck). Et,O and THF were distilled
from Na wire/benzophenone, CH.Cl, was distilled
over CaH,, and other organic solvents used in this
study were dried over appropriate drying agents by
standard methods and distilled prior to use. All
other chemicals used in this study were
commercially available and were used without
additional purification unless otherwise noted.
Reactions were carried out in oven-dried glassware
under an argon atmosphere and exclusion of
moisture. All compounds were checked for purity
on TLC plates Kieselgel Fzs4 60 (Merck). Procedure
for the synthesis of the 2-(1-methyl-but-3-ynyloxy)-
tetrahydro-2H-pyran 2 (87% yield) by protection of
the hydroxy-group in treatment of the pent-4-yn-2-
ol 1 with DHP (3,4-dihydro-2H-pyran) in the
presence of PPTS (pyridinium p-toluenesulfonate)
as a catalyst is described in the literature [59-62].

Procedure for synthesis of ethyl 2-hydroxy-2-
methyl-6-(tetrahydro-2H-pyran-2-yloxy)-hept-3-
ynoate 5

Ethylmagnesium bromide [prepared from
magnesium (1.2 g, 50.0 mmol) and ethyl bromide
(5.5 g, 50.0 mmol) in dry THF (50 mL)] was added
dropwise under stirring to 2-(1-methyl-but-3-
ynyloxy)-tetrahydro-2H-pyran 2 (50.0 mmol) and
then the mixture was refluxed for 2 h. The solution
of the prepared alkynyl magnesium bromides was
added dropwise wunder stirring to ethyl 2-
oxopropanoate 4 (100.0 mmol). The mixture was
refluxed for 2 h and after cooling was hydrolyzed
with a saturated aqueous solution of ammonium
chloride. The organic layer was separated, washed
with water, and dried over anhydrous sodium
sulfate. Solvent and the excess of the ester were

removed by distillation. Purification of the residue
was achieved by column chromatography (silica
gel, Kieselgel Merck 60 F254) with ethyl acetate-
hexane. The pure product 5 had the following
properties:

Ethyl 2-hydroxy-2-methyl-6-(tetrahydro-2H-
pyran-2-yloxy)-hept-3-ynoate (5). Colourless oil,
yield: 78%. Eluent for TLC: ethyl acetate:hexane =
1:9, Rf 0.48; IR (neat, cm™): 1123 (C-0-C), 1443,
1490 (Ph), 1723 (C=0), 2251 (C=C), 3412 (OH).
'H-NMR (250.1 MHz): dn 1.12-1.23, 3.64-3.74,
4.81-4.90 (overlapping multiplets, 9H, OTHP), 1.21
(t, J=6.4 Hz, 3H, MeCH0), 1.27 (d, J=6.9 Hz, 3H,
MeCHO), 1.54 (s, 3H, MeC-OH), 2.64-2.73 (m,
2H, CHy), 3.79-3.86 (m, 1H, OCHMe), 4.27-4.36
(m, 2H, OCH;Me), 4.52 (s, 1H, OH). BC-NMR
(62.9 MHz) 6¢ 14.0 (CHs), 19.1 (CH2), 22.5 (CHa),
25.7 (CHs), 25.9 (CHy), 26.2 (CHs), 31.7 (CHy),
62.5 (CHy), 63.2 (CHy), 72.1 (C), 76.2 (CH), 77.1
(C), 78.3 (C), 96.1 (CH), 165.8 (C). Anal. Calcd for
CisH2405 requires: C 63.36, H 8.51. Found: C
63.42, H 8.55.

Procedure for synthesis of ethyl 4-
(dimethylphosphoryl)-2-methyl-6-(tetrahydro-2H-
pyran-2-yloxy)-hepta-2,3-dienoate 7

To a solution of phosphorus trichloride (2.75 g,
20 mmol) and triethylamine (2.23 g, 22 mmol) in
dry diethyl ether (60 mL) a solution of ethyl 2-
hydroxy-2-methyl-6-(tetrahydro-2H-pyran-2-
yloxy)-hept-3-ynoate 5 (20 mmol) in the same
solvent (20 mL) was added dropwise at -70°C with
stirring. After 30 min of stirring at the same
conditions a solution of pyridine (3.16 g, 44 mmol)
and of methanol (1.28 g, 40 mmol) in dry diethyl
ether (50 mL) were added. The reaction mixture
was stirred for an hour at the same temperature and
for 4 h at room temperature. The mixture was then
washed with water, 2N HCI, extracted with ether,
washed with saturated NaCl, and dried over
anhydrous sodium sulfate. After evaporation of the
solvent, the residue was chromatographied on a
column (silica gel, Kieselgel Merck 60 F2s4) with a
mixture of ethyl acetate and hexane as an eluent to
give the pure product 7 as oil, which had the
following properties:

Ethyl 4-(dimethylphosphoryl)-2-methyl-6-
(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-dienoate
(7). Orange oil, yield: 70%. Eluent for TLC: ethyl
acetate:hexane = 1:4, R 0.43; IR (neat, cm™'): 1125
(C-0-C), 1260 (P=0), 1439, 1491 (Ph), 1727
(C=0), 1952 (C=C=C). 'H-NMR (600.1 MHz): &n
1.12-1.25, 3.64-3.77, 4.54-461 (overlapping
multiplets, 9H, OTHP), 1.27 (t, J=6.6 Hz, 3H,
MeCH0), 1.26-1.29 (m, 3H, Me-CHO), 1.89-1.94
(m, 3H, Me-C=), 2.47-2.64 (m, 2H, CH>), 3.80 (d,
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J=12.7 Hz, 6H, 2MeO), 4.06-4.14 (m, 2H,
MeCH,0), 4.36-4.43 (m, 1H, MeCHO). BC-NMR
(150.9 MHz) 6¢ 14.1 (CHs), 16.4 (J=4.7 Hz, CHy),
19.0 (CHy), 22.8 (CHs), 24.6 (CH,), 30.7 (CHy),
37.5 (J=5.6 Hz, CHy), 52.2 (J=14.7 Hz, CHs), 59.8
(CH,), 62,5 (CHy), 69.2 (J=8.1 Hz, CH), 93.8
(J=182.7 Hz, C), 95.9 (CH), 97.1 (J=7.8 Hz, C),
166.9 (J=5.0 Hz, C), 218.0 (J=0.8 Hz, C). *'P-NMR
(242.9 MHz): ép 24.9. Anal. Calcd for Ci7H2907P
requires: C 54.25, H 7.77. Found: C 54.28, H 7.73.

Procedure for the synthesis of ethyl 4-
(diphenylphosphinoyl)-2-methyl-6-(tetrahydro-2H-
pyran-2-yloxy)-hepta-2,3-dienoate 9

To a solution of ethyl 2-hydroxy-2-methyl-6-
(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoate 5 (20
mmol) and triethylamine (2.23 g, 22 mmol) in dry
diethyl ether (60 mL) at -70°C, a solution of freshly
distilled diphenylchloro phosphine (4.41 g, 20
mmol) in the same solvent (20 mL) was added
dropwise with stirring. The reaction mixture was
stirred for an hour at the same temperature and for
6 h at room temperature and then washed with
water, 2N HCI, extracted with diethyl ether, and the
extract was washed with saturated NaCl, and dried
over anhydrous sodium sulfate. The solvent was
removed using a rotatory evaporator, and the
residue was purified by column chromatography on
silica gel (Kieselgel Merck 60 Fas4) with ethyl
acetate-hexane to give the pure product 9 as oil,
which had the following properties:

Ethyl 4-(diphenylphosphinoyl)-2-methyl-6-
(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-dienoate
(9). Colourless oil, yield: 76%. Eluent for TLC:
ethyl acetate:hexane = 1:1, R¢ 0.51; IR (neat, cm™!):
1121 (C-0-C), 1178 (P=0), 1439, 1485 (Ph), 1715
(C=0), 1939 (C=C=C). 'H-NMR (600.1 MHz): &n
1.11-1.24, 3.63-3.80, 4.56-4.63 (overlapping
multiplets, 9H, OTHP), 1.24 (t, J=6.8 Hz, 3H,
MeCH0), 1.28 (m, 3H, Me-CHO), 1.90-1.94 (m,
3H, Me-C=), 2.46-2.66 (m, 2H, CH,), 4.11-4.22 (m,
2H, MeCH,0), 4.27-4.37 (m, 1H, Me-CH), 7.46-
7.94 (m, 10H, 2Ph). ®*C-NMR (150.9 MHz) 5¢ 14.3
(CHs), 16.3 (J=4.6 Hz, CHs), 19.0 (CHy), 23.0
(CHs), 25.4 (CHy), 30.8 (CH), 39.8 (J=6.0 Hz,
CHy), 60.0 (CH>), 62.8 (CHy), 72.8 (J=7.7 Hz, CH),
93.6 (J=183.2 Hz, C), 94.8 (CH), 101.5 (J=7.9 Hz,
C), 128.9-135.1 (2Ph), 166.5 (J=5.0 Hz, C), 211.5
(J=0.6 Hz, C). P-NMR (242.9 MHz): & 31.3.
Anal. Calcd for Cy7H330sP requires: C 69.22, H
7.10. Found: C 69.28, H 7.15.

Procedure for the synthesis of ethyl 4-
(dimethylphosphoryl)-6-hydroxy-2-methyl-hepta-
2,3-dienoate 10 and ethyl 4-(diphenylphosphinoyl)-
6-hydroxy-2-methyl-hepta-2,3-dienoate 11
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A solution of ethyl 4-(dimethylphosphoryl)-2-
methyl-6-(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-
diencate 7 or ethyl 4-(diphenylphosphinoyl)-2-
methyl-6-(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-
diencate 9 (5 mmol) and PPTS (0.5 mmol) in
ethanol (10 mL) was stirred at room temperature
for 5 h. The mixture was then washed with water,
extracted with methylene chloride and dried over
anhydrous sodium sulfate. After evaporation of the
solvent, the residue was chromatographied on a
column (silica gel, Kieselgel Merck 60 F,,) with a

mixture of ethyl acetate and hexane as an eluent to
give the pure products 10 or 11 as oils, which had
the following properties:

Ethyl 4-(dimethylphosphoryl)-6-hydroxy-2-
methyl-hepta-2,3-dienoate (10). Yellow oil, yield:
85%. Eluent for TLC: ethyl acetate:hexane = 1:4,
Rf 0.62; IR (neat, cm™): 1260 (P=0), 1437, 1490
(Ph), 1724 (C=0), 1949 (C=C=C), 3392 (OH). 'H-
NMR (600.1 MHz): oy 1.16 (d, J=6.1 Hz, 3H,
MeCHO), 1.25 (t, J=6.2 Hz, 3H, MeCH,0), 1.87-
1.92 (m, 3H, Me-C=), 2.50-2.70 (m, 2H, CHy), 2.92
(s, 1H, OH), 3.79 (d, J=12.9 Hz, 6H, 2MeO), 4.07-
4.15 (m, 2H, MeCH,0), 4.31-4.37 (m, 1H, Me-
CH). **C-NMR (150.9 MHz) &¢c 14.3 (CHs), 16.7
(J=4.6 Hz, CHj3), 23.2 (J=4.7 Hz, CHa), 38.0 (J=5.6
Hz, CHy), 52.1 (J=14.9 Hz, CH3), 60.6 (CHy), 61.5
(J=7.9 Hz, CH), 92.9 (J=182.5 Hz, C), 98.1 (J=7.9
Hz, C), 167.1 (J=4.8 Hz, C), 217.7 (J=0.7 Hz, C).
SIP-NMR (242.9 MHz): 8 24.3. Anal. Calcd for
C12H2106P requires: C 49.31, H 7.24. Found: C
49.26, H 7.20.

Ethyl 4-(diphenylphosphinoyl)-6-hydroxy-2-
methyl-hepta-2,3-dienoate  (11). Colourless oil,
yield: 89%. Eluent for TLC: ethyl acetate:hexane =
1:2, R 0.62; IR (neat, cm™'): 1179 (P=0), 1439,
1485 (Ph), 1719 (C=0), 1941 (C=C=C), 3389
(OH). *H-NMR (600.1 MHz): 8 1.20 (d, J=6.1 Hz,
3H, Me-CHO), 1.25 (t, J=6.7 Hz, 3H, MeCH-0),
1.88-1.93 (m, 3H, Me-C=), 2.44-2.63 (m, 2H, CH>),
2.84 (s, 1H, OH), 4.10-4.16 (m, 2H, MeCH,0),
4.18-4.24 (m, 1H, Me-CHO), 7.43-7.88 (m, 10H,
2Ph). ®C-NMR (150.9 MHz) 8¢ 14.4 (CH3), 16.0
(J=4.7 Hz, CH3), 22.8 (J=4.6 Hz, CHa), 40.0 (J=5.7
Hz, CHy), 59.9 (CHy), 71.5 (J=7.6 Hz, CH), 95.4
(J=183.4 Hz, C), 128.5-134.6 (2Ph), 165.8 (J=4.9
Hz, C), 167.2 (J=4.8 Hz, C), 210.5 (J=0.7 Hz, C).
SIPNMR (242.9 MHz): 8 31.5. Anal. Calcd for
Ca2H2504P requires: C 68.74, H 6.56. Found: C
68.78, H 6.63.

RESULTS AND DISCUSSION
In order to assess the approach towards the
target 1,1,3-trifunctionalized allenes, a range of 4-
phosphorylated 6-hydroxy-allenecarboxylates 7, 9,
10, and 11 were prepared by the following four-step
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procedure including: i) protection of hydroxy group
in pent-4-yn-2-ol; ii) subsequent reaction with
Grignard reagent and ethyl 2-oxopropanoate to give
ethyl 2,6-dihydroxy-hept-3-ynoate with protected
hydroxy group at sixth position; iii) interaction with
chloride of phosphorus acid in the presence of a
base; and  finally iv)  [2,3]-sigmatropic
rearrangement of the mediated protected ethyl 2-
(dimethoxyphosphanyl)oxy- or 2-
(diphenylphosphino)oxy-6-hydroxy-hept-3-ynoates.

As a starting point for our investigation, we first
examined the protection of hydroxy group in pent-
4-yn-2-ol 1 with DHP in the presence of PPTS [59-
62] (Scheme 1). Thus, the 2-(but-3-ynyloxy)-
tetrahydro-2H-pyran formed 2 was isolated by
column chromatography with very good yield
(87%). Reaction of the protected alkynols 2 with

OTHP

1 2,87%

OTHP

Me—< OH_LMe% _LMeK

ethyl magnesium bromide and subsequent dropwise
addition of in situ generated alkynyl magnesium
bromide 3 to ethyl 2-oxopropanoate 4 and reflux
for 2 h gives the ethyl 2-hydroxy-6-(tetrahydro-2H-
pyran-2-yloxy)-hept-3-ynoates 5, which are stable
and were isolated by column chromatography in
78% vyields as is shown in Scheme 1. With the
required ethyl 2,6-dihydroxy-hept-3-ynoate 5 with
protected hydroxy group at sixth position in hand,
we were then able to investigate the proposed
reactions with the corresponding chloro-containing
phosphorus  reagents such as  dimethyl
chlorophosphite and chlorodiphenyl phosphine in
the presence of a base and subsequent [2,3]-
sigmatropic  rearrangement of the mediated
phosphites 6 or phosphonites 8.

OTHP

i) Me Me
MgBr —
CO,Et

HO
3 5, 78%

Reagents and conditions: i) DHP (1.5 eq), PPTS (0.1 eq), CH2Cly, rt, 2h, distillation; ii) EtMgBr (1 eq), THF, reflux,
2h; iii) dropwise addition of 3 to MeC(O)CO:Et (4) (2 eq), reflux, 2h, column chromatography.

Scheme 1. Synthesis of ethyl 2-hydroxy-6-(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoate 5
Me

OTHP OTHP
i Me Me Me
\Y) \Y)
—)> L:r\ﬂ —)> .:<
‘\ g O COqEt (MeO),RY CO,Et
OTHP (MeO),P ¢
Me Me
L:ﬂ ] 6 7, 78%
HO CO2Et Me
5 OTHP OTHP
vi) Me N Me vii) Me
‘\ { O COzEt PhoR\ CO,Et
./ le)
Ph,P
8 9, 70%

Reagents and conditions: iv) PCls (1 eq), EtsN (1.1 eq), Et,0, -70 °C, 30 min stirring, pyridine (2.2 eq), MeOH (2 eq),
Et,0, -70 °C; v) [2,3-c]-rearrangement, -70 °C, 1h, rt, 4h, column chromatography; iv) PhoPCI (1 eq), EtsN (1.1 eq),
Et,0, -70 °C; v) [2,3-c]-rearrangement, -70 °C, 1h, rt, 6h, column chromatography.

Scheme 2. Synthesis of ethyl 4-(dimethylphosphoryl)-6-(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-dienoate 7 and ethyl
4-(diphenylphosphinoyl)-6-(tetrahydro-2H-pyran-2-yloxy)-hepta-2,3-dienoate 9

e Me
OTHP OH
Me viii Me
= _vii_ =
Y2RU CO,Et YaRU CO,Et
o) o)
7,9 10, Y=MeO, 85%

11, Y=Ph, 89%
Reagents and conditions: viii) PPTS (0.1 eq), EtOH, rt, 6h, stirring, column chromatography.

Scheme 3. Synthesis of ethyl 4-(dimethylphosphoryl)-6-hydroxyhepta-2,3-dienoate 10 and ethyl 4-
(diphenylphosphinoyl)-6-hydroxyhepta-2,3-dienoate 11
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In the first instance, the ethyl 4-
(dimethylphosphoryl)-6-(tetrahydro-2H-pyran-2-
yloxy)-hepta-2,3-dienoate 7 can be readily prepared
via an atom-economical 2,3-sigmatropic
rearrangement of the ethyl 2-
(dimethoxyphosphanyl)oxy-6-(tetranydro-2H-
pyran-2-yloxy)-hept-3-ynoate 6, intermediate
formed by reaction of the ethyl 2-hydroxy-6-
(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoate 5
with dimethyl chlorophosphite, prepared in situ
from phosphorus trichloride and 2 equiv of
methanol in the presence of triethylamine, and 2
equiv of pyridine, according to Scheme 2.

Next, the reaction of ethyl 2-hydroxy-6-
(tetrahydro-2H-pyran-2-yloxy)-hept-3-ynoate 5
with chlorodiphenyl phosphine in the presence of
triethylamine at -70°C gave the expected ethyl 4-
(diphenylphosphinoyl)-2-methyl-6-(tetrahydro-2H-
pyran-2-yloxy)-hepta-2,3-dienoate 9 in very good
yield (70%) as a result of [2,3]-sigmatropic
rearrangement of the ethyl 2-
(diphenylphosphino)oxy-6-(tetrahydro-2H-pyran-2-
yloxy)-hept-3-ynoate 8 for 6 h at room temperature,
according to the reaction sequence outlined in
Scheme 2.

A new family of 4-phosphorylated 6-
hydroxyhepta-2,3-dienoates with protected hydroxy
group 7 and 9 were synthesized via an atom-
economical and regioselective [2,3]-sigmatropic
rearrangement of the intermediate formed hydroxy-
and carboxy-substituted propargyl phosphites 6 or
phosphinites 8 in the reaction of protected hydroxy-
and  carboxy-substituted alkynols 5  with
dimethylchloro  phosphite  or  chlorodiphenyl
phosphine in the presence of triethylamine.
Compounds 7 and 9 were stable enough to be
handled at ambient temperature. The hydroxy group
was deprotected by stirring the ethanol solution of
the protected ethyl 4-(dimethylphosphoryl)- or 4-
(diphenylphosphinoyl)-6-(tetrahydro-2H-pyran-2-
yloxy)-hepta-2,3-dienoate 7 or 9 in the presence of
0.1 equiv PPTS at room temperature for 6 h to give
the ethyl 4-(dimethylphosphoryl)-6-hydroxy-hepta-
2,3-dienoate 10 and the ethyl 4-
(diphenylphosphinoyl)-6-hydroxy-hepta-2,3-
dienoate 11, according to Scheme 3.

After a conventional work-up, all allenic
products 7, 9, 10, and 11 were isolated by column
chromatography as stable yellow, orange or
colourless oils and identified by H, *C, and 3P
NMR and IR spectra, as well as by elemental
analysis.

A series of new 4-phosphorylated 6-
hydroxyhepta-2,3-dienoates with protected 7 and 9
and unprotected hydroxy group 10 and 11 were
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synthesized by a convenient, expedient, atom-
economical and regioselective method.

CONCLUSIONS

In conclusion, we could state that a convenient
and practical regioselective synthesis of a new
family of 1,1,3-trifunctionalized allenes has been
explored. 4-Phosphorylated 6-hydroxyhepta-2,3-
dienoates were derived from [2,3]-sigmatropic
rearrangement of the intermediate hydroxy- and
carboxy-substituted  propargyl  phosphites  or
phosphinites formed in the reaction of protected
hydroxy- and carboxy-substituted alkynols with
dimethylchloro  phosphite  or  chlorodiphenyl
phosphine in the presence of a base.

Currently, we are working on further progress of
this potentially important synthetic methodology.
At the same time, we are making research on the
synthetic application of the prepared 4-
phosphorylated 6-hydroxyhepta-2,3-dienoates with
protected or unprotected hydroxy group for
synthesis of different heterocyclic compounds in
our laboratory as a part of our general synthetic
strategy for studying the nature of the electrophilic
cyclization and cycloisomerization reactions of
trifunctionalized allenes. The results will be
reported in due course. What could be emphasied
on is that the results of the preliminary study of the
biological activity of the compounds are
encouraging. It is the antibacterial and antifungal
activities of selected compounds, as well as the
potential precursors of effective anticancer drugs
that are currently analysed by our University
researchers.
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Synthesis of novel polyaniline composites with Eriobotrya japonica leaves for
removal of Methyl Red dye from wastewater
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Polyaniline (PANI) and its biocomposite with Eriobotrya japonica (PANI/EJ) leaves were synthesized using chemical
oxidative polymerization, characterized by FTIR and UV/Vis spectrophotometry, and used for adsorption studies of
Methyl red (MR) dye. Optimum conditions for PANI: 30 min contact time, 20°C temperature, adsorbent dose 0.8 g in 25
mL solution of MR dye and pH 1; and for PANI/EJ: 35 min contact time, 20°C temperature, adsorbent dose 1.0 g in 25
mL solution of MR dye and pH 2. Langmuir isotherm depicts that monolayer chemisorption of MR dye occurred on PANI
and its composite binding sites. The maximum adsorption capacity of PANI is 2.407 mg/g while for PANI/EJ it is 3.842
mg/g. AG® negative value indicates the feasibility and spontaneity of the adsorption. Freundlich isotherm explains the
physio-sorption and heterogeneity of the adsorption. The Kg values of PANI and PANI/EJ are 0.366 and 0.641,
respectively. Results revealed that PANI/EJ] is a better eco-friendly biocomposite for removal of Methyl red dye from

water as compared to PANI.

Keywords: Polyaniline composite, Eriobotrya japonica leaves, Methyl red dye, adsorption.

INTRODUCTION

Environmental degradation in Pakistan is mainly
caused by the rapid industrialisation including dyes
and inorganic waste material in wastewater. Dyes
have been used for colouring in various industries,
paper, textile, soap, cosmetic, etc. The release of
coloured waste water is hazardous for the
environment and it poses a threat of bioaccumulation
which in turn may damage human food chain [1].
Azo dyes are the main contributor to the water
pollution as they are persistent, and they are the most
commonly used colorants in the industries [2]. They
have a nitrogen-to-nitrogen double bond backbone:
R—N=N—R’ [3]. Azo dyes directly influence
human health by triggering allergic reactions or
cancer [4].

Methyl Red is an anionic azo dye which is
commonly used in paper and textile industry [5]. It
acts as an eye, throat and skin irritant [6]. It is, thus,
necessary to remove dye from industrial waste water
and to decolourise it. Several processes can be used
to remove MR dye from industrial wastewater.
Xylene can be used as an extractant to remove it, but
it is an expensive [7]. Other processes include photo-
catalytic degradation, coagulation and electro
Fenton’s and hypochlorite treatment but they are not
cost effective [6, 8-10].

In the past two decades, conducting polymers
have been increasingly used for their adsorption
capability and polyaniline (PANI) is the most
efficient among them. Biomass from different plants

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

has also been used for adsorption but it is not as
efficient [11]. In this research work, PANI and its
biocomposite with leaves of Eriobotrya japonica
(PANI/EJ) were synthesized and used for batch
mode adsorption of MR dye.

EXPERIMENTAL

Instruments used were: digital balance, FT-IR
spectrophotometer, UV/Visible spectrophotometer
(721 Visible Spectrophotometer). Chemicals used
were: aniline, FeCls, HCI, DMF, acetone and
ethanol. Aniline was used after distillation. 10 g of
freshly purified aniline was taken in a three-necked
flask which was placed in an ice bath on a stirrer and
temperature was maintained at 0 °C. Whole of the
process was performed in an inert environment using
nitrogen. Solution of hydrated ferric chloride
(0.75M) was prepared and added to aniline in the
flask with vigorous shaking. Mixture was
continuously stirred at 0°C for 24 h. The end of the
reaction was indicated by the formation of a dark
green precipitate in the solution.

The purification of the prepared precipitates was
carried out by filtration through a pyrex sintered
glass crucible and vacuum pump apparatus. The
precipitates were then washed with distilled water
followed by acetone and methanol until the filtrate
became completely neutral. The residue was then
dried in an oven at 60°C for 48 h. This process was
performed twice till the required amount was
obtained [11-13].
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Fig.1. Schematic presentation of the synthesis of polyaniline composite.

Synthesis of PANI composite with Eriobotrya
japonica leaves

Polymerization was carried out in a similar way
as reported earlier using 2 g of powdered leaves in
the reaction mixture. Fig. 1 shows the chemical
reaction  schematically. The product was
characterized by UV/Vis and FT-IR
spectrophotometry [14-16].

Preparation of stock solution and standards for
adsorption studies of MR dye

For the stock solution of 1000 ppm, 2.69 g of
Methyl red was dissolved in 1000 ml of water and it
was diluted for preparing further standards.

Adsorption studies

The adsorption studies of MR dye were carried
out in batch mode for both PANI and its composite.
The removal of MR dye was calculated by eq. 1:

Adsorption %age = [(Cin-Csin)/Cin] x 100 (1)

where Ci, is the initial concentration of MR dye
while Ciin is the final concentration after adsorption
has taken place.

RESULTS AND DISCUSSION
UV/Vis spectroscopic analysis

UV/Vis spectra of PANI and PANI/EJ were
taken after dissolving them in dimethyl formamide.
The Amax Of PANI and its composite are given in
Table 1 and graphically shown in Fig. 2. Absorption
at Amax1 280 nm is due to a = — * transition of aniline
in the benzenoid ring [17]. Absorption at 525 nm is
attributed to transition of benzenoid ring into
quinonoid ring.

Table 1. Amax of PANI and PANI/EJ

Sample Amaxa (Nm) Absorbance 1 Amaxz (NM) Absorbance 2
PANI 280 1.632 525 0.572
PANI/EJ 290 1.67 550 0.558
2
815 ; —PANI
8 f‘
2 1 ’ PANI/EJ
= ‘
A L~
205 ~—
0
200 400 600 800
Wavelength (nm)

Fig. 2. Comparative UV-Vis spectra of PANI and PANI/EJ

FT-IR characterization

FT-IR was used to characterize PANI and its
composite (PANI/EJ) and relevant peaks are
compared in Fig. 3 [18]. By comparing the FT-IR
spectra of PANI and its composite (PANI/EJ) it was
observed that the band (due to amino group (N-H)
stretching frequency [19]) for PANI at 3295 cm? is

shifted to 3205 cm? in case of PANI/EJ. The
absorption band at 1577 cm is due to benzenoid to
quinoid rings nitrogen bond. In case of PANI/EJ it is
shifted to 1698 cm™. Peaks due to secondary amine
stretching [20] are shifted from 1226 cm™ (PANI) to
1288 cm™ (PANI/EJ). Bands in the range of 1571-
1116 cm'* are due to the conductive nature of PANI.
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Fig. 3. Comparative FT-IR spectra of PANI and PANI/EJ.

BATCH ADSORPTION EXPERIMENTS
Adsorbent dose

The effect of various adsorbent doses is shown in
Fig. 4. The maximum removal of Methyl Red was
observed with 0.8 g of PANI (84.44% removal) and
1.0 g of PANI/EJ (94.60% removal). The results
revealed that preventing the PANI/EJ particles from
aggregation and exposing MR dye towards available
active sites for adsorption showed greater efficiency
in its removal. In case of PANI adsorption firstly
increases and then decreases because of adsorbent
particles coagulation, due to which the number of
sites available for adsorption decreases [18].

588

Contact time

Adsorption phenomenon is time dependent. The
effect of different time intervals is shown in Fig. 5
for removal of MR dye by PANI and PANI/EJ
composite. The maximum removal value was 89.52
% for PANI for 30 min, and 95.24% for PANI/EJ
composite for 35 min. The increased time interval
for maximum removal of MR dye using PANI/EJ
composite showed that it has less adsorption sites
which are available for adsorption of metal ions.
There is more contact time for PANI/EJ which
allows more adsorbate-adsorbent interaction, thus
increased adsorption. After the maximum removal of
MR dye, the adsorption decreased with increase in
contact time because all available sites were
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occupied. PANI/EJ was more appropriate for
removal of Methyl red dye than PANI.

Solution pH

The results of the pH study are shown in Fig. 6.
Solution pH corresponds to the functionality of
adsorbent and dye in the solution. As Methyl red is
an acidic dye, hydrogen bonding, n-n interaction and
electrostatic forces between the dye and the
functional group on PANI surface occur in the acidic
medium. The maximum removal value was 95.56 %
for PANI composite at pH 1 and 99.68 % for
PANI/EJ composite at pH 2. PANI/EJ was more
appropriate for removal of MR dye than PANI [14].

Table 2. Langmuir Isotherm parameters

Adsorbent PANI PANI/EJ
Slope 4.5545 1.2961
Intercept 0.4154 0.2603
R? 0.8382 0.9707
gm (Ma/g) 2.407 3.842
b (L/mg) 0.091 0.201
R 0.1208 0.0585
AG(KJ/mol) -5.933 -3.975

Table 3. Freundlich Isotherm parameters

Adsorbent PANI PANI/EJ
Slope 1.0337 0.7462
Intercept 0.4366 0.1931
R? 0.6124 0.9739
K 0.366 0.641
n 0.967 1.34
1/n 1.0337 0.7462

Adsorption Isotherm

The Langmuir and Freundlich isotherm
parameters for PANI and PANI/EJ are shown in
Tables 2 and 3, respectively.

Langmuir isotherm indicated that monolayer
chemisorptive removal of MR dye has occurred on
the homogeneously distributed composites’ binding
sites [11-13]. It is predominant over the Freundlich
model. This means that chemisorption is
predominant over physio-sorption, as indicated by
the greater R? value of Langmuir than Freundlich.
Maximum adsorption capacity (gm) values for PANI
and PANI/EJ are 2407 and 3.482 mg/g,
respectively. Table 4 shows examples of other PANI
composites previously used for dyes removal on lab
scale.

Table 4. Other reported PANI composites used for contaminants removal on a lab scale.

Dyes Composite Removal capacity (mg/g) Reference
Tartrazine Chitosan/PANI 584.0 [21]
Crystal violet PANI/ ::V(\:Itzrllztgrandis 263.2 [22]
Methyl orange ZnO/PANI 240.84 [23]
Congo red PANI/lignocellulose 1672.5 [24]
&
Green SF dye Heulandite/PANI 44.6 [26]

The negative sign of AG° showed that the
adsorption process is feasible and spontaneous.
Results revealed that PANI/EJ shows better
adsorption than PANI, where 'n' and 'K¢' are
Freundlich isotherm constants. 'K¢' value was
0.366 and 0.641 for PANI and PANI/E],
respectively. For

MR dye the value of 'n' was 0.697 for PANI and
1.340 for PANI/EJ. Separation factor R, value is
between 0 and 1, indicating the favourability of this
process [15]. At higher values of ‘n’ the affinity
and heterogeneity of adsorbent sites will be greater.
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Fig.4. Comparative graph showing the effect of adsorbent dose on % absorbance of MR dye on PANI and PANI/EJ
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CONCLUSION for MR dye removal from water. It was observed that
PANI composite formation enhanced the adsorption

Polyaniline composites PANI and PANI/EJ were capacity due to morphology modification and

synthesized, characterized and used as adsorbents
590
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prevention of polyaniline particles aggregation. The
batch experiments showed that Langmuir adsorption
isothermal model is better fitted during adsorption of
MR dye, which suggested that chemisorption
occurred during removal. The negative value of AG®
confirmed the spontaneity and feasibility of the
adsorption process. The observed trend of adsorption
is:

PANI/EJ > PANI

Results revealed that polyaniline composite with
Eriobotrya japonica leaves (PANI/EJ) is a good
adsorbent for removal of Methyl Red dye.
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The aim of the present work was to study the applicability of the UV-spectrophotometric method for routine
determination of the content and release kinetics of Gliclazide from different pharmaceutical modified-release drug
products. In vitro release behavior in a phosphate buffer with pH 7.4 was investigated for all tested products and the
obtained data were evaluated using various kinetic models - zero and first order, Higuchi and Korsmeyer-Peppas models.
The most appropriate model was defined by means of a correlation coefficient.

The results from the drug release study conducted in a phosphate buffer with pH 7.4 evidenced a comparable behavior
between the original and the generic drug products. The fact was confirmed by the calculated difference factor - f;. Value
below 15 was achieved for all generic products. The release of Gliclazide from the original and from two of the generic
products followed first-order kinetics while for the other generic products the release was described by zero-order kinetics.
A Non-Fickian, super case Il transport mechanism was specific for all tested products.

Keywords: Gliclazide, modified-release tablets, drug release, kinetic models

INTRODUCTION

Gliclazide is an oral hypoglycaemic agent which
possesses good tolerability, rarely causing
hypoglycaemia [1]. Gliclazide controls not only the
glycemic level, but also inhibits key mechanisms in
diabetic angiopathy [2].

The slow release of the active substance
(Gliclazide) from Diamicron MR modified-release
tablets is due to the utilized polymer, namely:
hydroxypropyl methylcellulose  (hypromellose).
Hypromellose is cellulose, in part being O-
methylated and O-(2-hydroxypropylated). It is
applied in tablet formulations as a binder, a polymer
in the film-coating suspension and as a matrix which
provides the extended-release of a drug [3].

Mechanisms such as dissolution, diffusion and
erosion characterize the drug release from
hydrophilic matrices [4]. When the matrix comes
into contact with the dissolution medium two fronts
are formed around it — penetration front (a front
between the non-relaxed polymer and the gel) and
dissolution front (a front between the gel and the
dissolution medium). Observed at the first front are
processes of hydration and swelling, while
dissolution of the hydrated matrix takes place at the
second front [5]. Factors which affect the release of
the drug are the molecular size and drug water
solubility, as well as the amount of drug in a tablet
[6]. Concentration of the utilized polymer is another

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

significant factor which affects the drug release [7].
Water-soluble drugs are released through the
hydrophilic matrices by diffusion, while with drugs
of low water-solubility diffusion and erosion take
place [8].

The kinetics of drug release could be evaluated
by using different kinetic models.

The zero order describes systems where drug
release rate is independent of its concentration, while
the first order describes concentration-dependent
drug release [9]. The Higuchi model describes drug
release from a matrix system. The amount of
released drug is in proportion to the square root of
time [10]. The power law describes drug release
from polymeric systems. It is applied in cases when
the release mechanism is unknown or when the drug
release is carried out by more than one phenomenon.
According to the value of the exponent of release n,
the mechanism of transport could be Fickian or Non-
Fickian [11]. When n is 0.5 drug release is carried
out by diffusion, n=1 indicates release by swelling,
0.5 < n < 1.0 is an indicator of both diffusion and
swelling. These values are only valid for the release
of active substance from a matrix of planar
geometry. Values are different for matrices of
cylindrical or spherical geometry [12,13].

The aim of the present work was to study the
applicability of the UV-spectrophotometric method
for routine determination of the content and release
kinetics of Gliclazide from different pharmaceutical
modified-release drug products.
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MATERIALS AND METHODS
Materials

Gliclazide, potassium phosphate (Merck,
Germany), sodium hydroxide (Merck, Germany)
and purified water were used in the preparation of a
phosphate buffer with pH 7.4. The original product
Diaprel MR 60 mg modified-release tablets, batch Ne
601062, (Les Laboratoires Servier) and the three
generic products (Normodiab MR 60 mg modified-
release tablets, batch Ne 248216, (Actavis Group
PTC ehf.), Gliclazide Zentiva 60 mg modified-
release tablets, batch Ne 5151700, (Zentiva), Madras
MR 60 mg modified-release tablets, batch Ne
5151952, (Stada Arzneimittel AG)), each of them
containing 60 mg of Gliclazide, were purchased
from pharmacies in Sofia, Bulgaria. All products
were within their shelf life at the time of the
conducted study. The products were denoted with
the first letter of their trade name, respectively D, N,
G and M.

Methods

Preparation of standard calibration curve in a
phosphate buffer with pH 7.4. Accurately weighed
6.7; 5.5; 4.4; 3.3 and 1.7 mg of Gliclazide were
separately put in volumetric flasks of 100 ml. Added
in each flask were 3 ml methanol in order to dissolve
the active substance. The volume was adjusted up to
the mark with a phosphate buffer with pH 7.4.
Pipetted out was 1 ml of each solution which was
transferred to a series of 5 ml-volumetric flasks and
the volume was topped up with the phosphate buffer
of pH 7.4. Concentrations of 0.0134, 0.011, 0.0088,
0.0066, and 0.0034 mg/ml were obtained.

In vitro drug release studies. A test was carried
out by using the RC-8D Dissolution tester apparatus,
Minhua Pharmaceutical Machinery Co., Limited,
China. Use was made of an apparatus 2 (paddle
method). The dissolution medium used was a
phosphate buffer with pH 7.4. The test was
conducted at a rotation speed of 75 + 2 rpm, in a 900
ml volume and set temperature of 37 + 0.5 °C.
Tablets of each product were investigated in the
dissolution apparatus. 10 ml samples were
withdrawn every hour and the quantity withdrawn
was replaced by 10 ml of dissolution medium. Each
sample was filtered through a membrane filter and
the amount of released drug was determined using a
spectrophotometric method. A Rayleigh-UV-9200,
Beijing Beifen-Ruili Analytical Instrument Co.,
Ltd., China, spectrophotometer was used. The
amount of released drug was determined at 226 + 2
nm wavelength. The percentage of released
Gliclazide was calculated by employing a standard
calibration curve obtained in advance.

Determining the drug release kinetics. Use was
made of the following kinetic models:

Zero-order Kinetics:C; = kgt @
First-order kinetics:

C, = Cy.e it 2)
Higuchi model [10]: C; = k,/t (3)
Korsmeyer-Peppas model [11]:

C:/C, = kt™ 4)

where, C, is the initial amount of drug in the dosage
form, C; is the amount of drug released at time t,
¢t/ C, 1s the fraction of drug released at time t, ko, ki,
ko are release constants, k is a constant which
incorporates the structural and geometrical
characteristics of the dosage form, n is the release
exponent.

Determining the difference factor (f1). The
difference factor (f1) was defined as follows:

n

fi= {[imc— 11/ [Z R
t=1

t=1
where n is the number of time points, R:is the
average percentage of original drug dissolved at time
t, Ti is the average percentage of generic drug
dissolved at time t. The dissolution profiles are
similar when the values for f; are between 0 and 15
[14].

}x 100

RESULTS AND DISCUSSION
Validation of the UV-spectrophotometric method

The UV-spectrophotometric method used for
assay of Gliclazide was validated in terms of
selectivity and linearity.

Selectivity

Selectivity of the method used was proved by
analyzing a standard solution, a sample solution and
placebo (placebo contained the used excipients
without the active substance). The standard and the
sample solutions had similar absorbance maxima at
226 nm wavelength. The placebo solution showed
zero absorbance at the same wavelength which
proved the selectivity of the method in use.

Linearity

The absorbance of each concentration at A = 226
nm was measured and the obtained results are
summarized in table 1.

Table 1. Linearity of Gliclazide at 226 nm wavelength

Concentration, mg/ml Absorbance, AU
0.0134 0.443
0.011 0.376
0.0088 0.302
0.0066 0.246
0.0034 0.146
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Linear regression analysis was performed. A
linearity curve was plotted for absorbance against
concentration in a phosphate buffer with pH 7.4
(Fig.1).

Absorbance (AU)
N\

0,10 T T T T T T T T T T
0,002 0,004 0,006 0.008 0,010 0,012 0,014

Concentration (mg/ml)

Fig. 1. Linear relationship of Gliclazide concentration
against the absorbance in a phosphate buffer of pH 7.4.

The regression equation which described the
linear relationship was as follows: y =
0.0461+29.688 x. The correlation coefficient (R?)
was found to be 0.99946 for concentrations ranging
from 0.0034 to 0.0134 mg/ml. The slope is 29.688
and the intercept is 0.0461.

In vitro drug release studies

In vitro drug release of Gliclazide from the
original drug product (Diaprel MR 60 mg modified-
release tablets) and three generic products
(Normodiab MR 60 mg, Gliclazide Zentiva 60 mg
and Madras MR 60 mg modified-release tablets) was
investigated in a phosphate buffer with pH 7.4. The
obtained results are presented graphically (Fig. 2) as
% of drug released against time.

100 5
90 A
80 +
70 4

60

Drug released (per cent)

Time (hour)

Fig. 2. Phosphate buffer with pH 7.4.

The percentage of drug released after 2 h was
between 17 and 21 %, after 4 h between 41-44% and
after 9 h - more than 80%.
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Determination of drug release kinetics

Data from the in vitro release were fitted into
different kinetic models (zero and first order,
Higuchi and Korsmeyer-Peppas models) in order to
determine the mechanism of drug release. A
criterion for determining the most appropriate model
was the value of the correlation coefficient (R). The
obtained results are presented in table 2.

Table 2. Kinetic parameters of drug release - correlation
coefficient and release exponent

Dru Phosphate buffer pH 7.4
9 [Zero | First Higuch | Korsmeyer-
produc .
t order | order i Peppas

R | (R (R) R n
0.97 | 0.99 0.99 | 0.98

D 9 0 0.967 1 7
0.99 | 0.97 0.99 | 1.09

N 4 5 0.965 5 3
0.98 | 0.98 0.99 | 1.08

G 5 8 0.964 5 0
0.99 | 0.99 0.99 | 0.96

M 0 3 0.973 5 9

Figs. 3-6 are graphic presentations of the various
kinetic models — zero- and first-order, Higuchi and
Korsmeyer-Peppas models.
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Fig. 6. Korsmeyer-Peppas model.

Three of the products (D, G and M) demonstrated
the best linearity in the phosphate buffer of pH 7.4
when the data were fitted to first order. The
correlation coefficient was 0.990, 0.988 and 0.993,
respectively. The wvalues of the correlation
coefficient for generic products G and M were at the
limits of zero and first order. The difference in the
values was = 0.002 for G and + 0.003 for M. Generic
product N released the active substance according to
zero order (R=0.994).

According to Korsmeyer-Peppas model, the
value of the release exponent is used to characterize
the type of release mechanism. Values above 0.89,
valid for polymeric matrices with geometry of a
cylinder, define super case Il transport mechanism
[11]. For all tested drug products the values obtained
for the release exponent were above 0.89, namely,
from 0.969 to 1.093. Therefore, the Non-Fickian
release mechanism was determined and more
precisely the release from the tablets followed super
case |l transport.

Determining the difference factor (f.)

The dissolution profiles of the original and the
three generic products were compared by calculating
the difference factor. The obtained results are
presented in table 3.

The values obtained for the difference factor were
less than 15. Therefore the requirement for f; was
achieved for all generic products and is a proof that
the dissolution profiles of the tested generic products
are similar to the dissolution profile of the original
drug product.

Table 3. Difference factor

D, batch Ne 601062
Generic products pH 7.4
N, batch Ne 248216 6.04
G, batch Ne 5151700 3.03
M, batch Ne 5151952 6.65

CONCLUSIONS

The dissolution behavior of generic products was
comparable to that of the original product in the
phosphate buffer with pH 7.4, which was confirmed
by the values obtained for the difference factor. The
release of Gliclazide from the original and two of the
generic products followed first order, while for the
other generic product the release was better
described by zero-order kinetics. Non — Fickian,
super case Il transport mechanism was specific for
all tested products.
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Sulfamic acid-functionalized silica-coated magnetic nanoparticles (SOsH-Fe;0.@SiO, MNPSs) were synthesized and
applied as an effective catalyst for the synthesis of benzimidazole derivatives through the reaction between aldehydes
and o-phenylenediamine or 4-methylbenzene-1,2-diamine under ultrasound-promoted conditions. The reactions were
optimized in the terms of solvent, time, temperature, and amount of catalyst. The reactions proceed smoothly under
mild conditions to yield the respective products in excellent yields and in short reaction times (45 minutes). The
identified catalyst can be easily separated by an external magnetic field and reused for five fresh runs without

significant loss of catalytic activity.

Keywords: Heterocycles, Benzimidazoles, Sulfonated magnetic nanoparticles, Nanocatalyst, Green chemistry,

Ultrasound-promoted
INTRODUCTION

It is an unquestionable fact that environmental
issues are some of the important concerns during
past few decades. The major portion of
environmental pollution is related to growth of
industrialization (e.g., chemical technologies).
Therefore, many approaches have been developed
for the preparation and use of efficient and
recoverable heterogeneous catalysts in the case of
chemical products. These catalysts have emerged as
useful for making organic transformations
academically and industrially eco-friendly and
economically viable [1]. In this context,
nanoparticles have received a great deal of attention
as heterogeneous catalysts, in part due to their
interesting structural properties and high catalytic
activities [2-5]. In recent years, a growing number
of approaches have been developed for preparation
of supported heterogeneous nanocatalysts by
immobilizing different homogeneous precursors on
a solid support. These immobilized nanocatalysts
offer many advantages over their non-supported
counterparts in being low- or non-toxic, air- and
moisture-compatible,  easily  separable  and
recyclable [6-8]. Despite the above mentioned
advantages, these nanocatalysts often suffer from
the tedious task of recycling via expensive ultra-
centrifugation, which limits their utility as catalysts.
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However, the issues of separation and reusability of
these nanocatalysts have been solved using
magnetic nanoparticles (MNPs) as excellent
supports amenable to simple magnetic separation
[9-12].

Magnetic nanoparticles (MNPs) have been
extensively used in biomedical and pharmaceutical
areas [13, 14], and have found potential
applications for cell [15] and protein separation
[16], drug delivery systems [17], magnetic
resonance imaging (MRI) [18], and hyperthermia
cancer treatment [19]. Moreover, MNPs are good
supports for immobilization of homogeneous
catalysts [20], and can be effectively functionalized
through appropriate surface modifications [21-37].
Therefore, MNPs-supported catalytic systems can
be considered as powerful candidates due to their
high surface area, magnetic properties, facile
separation, and low cost [38, 39]. Based on these
attractive  properties, many MNPs-supported
catalysts have been successfully utilized for
catalyzing a broad series of chemical reactions such
as oxidation [40], polymerization [41], and even
enzymatic reactions [42]. In recent years, a variety
of magnetic nano-oxides functionalized using
different acidic groups such as phosphotungstic
acid (HsPW1.040), Preyssler-type heteropolyacids,
sulfamic, and sulfonic acids have been prepared
and successfully applied for selectively catalyzing
various chemical reactions [43,44].

These NPs have superior properties including high
magnetic strength, easy construction, eco-
friendliness, and diverse potential applications in
different fields [45-47].

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Nitrogen-containing heterocyclic compounds are
well-documented and many of them widely occur
naturally. Many of these compounds constitute the
largest portion of chemical entities which provide
useful scaffolds for many natural products, fine
chemicals and biologically active pharmaceuticals
that have vital importance to life [48-51]. Among
these heterocyclic compounds, benzimidazole
derivatives are of particular interest due to their
applications in medicinal chemistry and modern
drug industry, based on their significant biological
and pharmaceutical properties such as anticancer,
anti-HIV, anti-tumor, antibacterial, antiviral,
antifungal and antihistamine activities [52-61].

There are several previously reported methods
for the synthesis of benzimidazole derivatives using
various catalytic reagents such as sulfamic acid
[62], silica sulfuric acid [63], p-TSA [64], Lewis
acid [65], FeCls;-6H,0 [66], nano-TiCls.SiO, [67],
poly(N, N-dibromo-N-ethyl-benzene-1, 3-
disulfonamide) (PBBS) and N, N, N, N-
tetrabromobenzene-1,3-disulfonamide  (TBBDA)
[68], sulfonic acid-functionalized imidazolium
salts/FeCls [69], nano indium oxide [70], nano-solid
acid catalysts [71], P-TsOH [72] and Shirasagi KL
[73]. Most of the mentioned synthesis methods
suffer from some disadvantages, such as large
amount of catalysts, tedious work up procedures,
difficult isolation of the catalyst, and also the
applied catalysts cannot be recovered and reused.

In continuation of our interest for developing
more  benign, eco-friendly, and efficient
heterogeneous nanocatalysts and their application
for the synthesis of various heterocyclic compounds
including benzimidazoles [74, 75], herein, we are
encouraged to examine for the first time the
catalytic capability of our previously synthesized
sulfamic acid-functionalized silica-coated magnetic
nanoparticles (SOsH-Fe;0,@SiO, MNPs) [76], as
an efficient and magnetically recoverable
heterogeneous catalyst for the synthesis of
benzimidazole derivatives. The reactions were
optimized in the terms of solvent, time,
temperature, and amount of catalyst.

EXPERIMENTAL
Materials and methods

Chemicals used in this work were purchased
from Fluka (Switzerland) or Merck (Darmstadt,
Germany) chemical companies and were used
without purification. Fourier Transform Infrared
(FTIR) spectra were recorded in KBr pellets on a
Shimadzu 435-U-04 FTIR spectrometer (Kyoto,
Japan). Proton nuclear magnetic resonance (*H
NMR) spectra were obtained on a 400 MHz Bruker

instrument (Bruker, Ettlingen, Germany) in DSMO-
ds or CDCI; as solvents and tetramethylsilane
(TMS) as internal standard. Ultrasonication was
performed in a Sonica- 2200 ETH series ultrasound
cleaner with a frequency of 45 kHz. Melting points
were measured on a SMPI apparatus (UK).

Synthesis of the catalyst (SOsH-Fe;0.@SiO2)

The catalyst has been previously synthesized
and fully characterized by our research group as
reported [76]. In brief, the Fe3Os NPs were
synthesized according to the method reported by
Rafiee et al. [77], and then a silica layer was coated
on the surface of the FesO4 NPs in order to protect
the MNPs from possible oxidation or aggregation
[78, 79]. The synthesized Fe;04@SiO, NPs were
functionalized using 3-
chloropropyltrimethoxysilane (Fes04@Si0,-Cl)
[80]. Then, the FesOs@SiO2-Cl NPs were reacted
with ethylene diamine through a substitution
nucleophilic  reaction to afford diamine-
functionalized MNPs (Fe:0:@SiO>@NH-NHy).
Ultimately, the Fe;0,@SiO,@NH-NH; MNPs were
reacted with chlorosulfonic acid, which resulted in
the sulfonation of both amino groups to produce
SOH-Fe;04@Si0, MNPs. The successful synthesis
of the catalyst was established by performing
different analytical techniques in our previous work
[76].

General procedure for the SOsH-Fe;0.@SiO,-
catalyzed synthesis of benzimidazole derivatives
(3a-i)

A mixture of o-phenylenediamine or 4-
methylbenzene-1,2-diamine (1; 1 mmol), aldehyde
(2; 1 or 2 mmol), and 0.02 g of the catalyst (SO3H-
Fes0.@Si0,) in ethanol (5 mL) was sonicated at 50
°C. After completion of the reaction (during 45 min
monitored by TLC) the reaction mixture was
diluted with hot ethanol (5 mL) and stirred until the
solid materials dissolved completely. The catalyst
was recovered magnetically using an external
magnetic bar. Afterward, distilled water (20 mL)
was added to the reaction mixture and the solid
products were collected by filtration and dried in
air. Finally, the crude products were washed in
diethyl ether for purification. All synthesized
products are known compounds (3a-i) which were
characterized by their melting points, as well as
spectral (FTIR and 'HNMR) analyses and
compared with their corresponding data reported in
the literature.

Some selected data

1-benzyl-6-methyl-2-phenyl-1H-benzoimidazole
(3a): mp: 160-163 °C; FTIR (KBr, vma /cm?):
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3051, 2926, 2855, 1612, 1594, 1502, 1448, 1413,
1371, 1223; *H NMR (400 MHz, DMSO-dg): 2.40
(s, 3H, CHa), 5.55 (s, 2H, CHy), 6.98-7.71 (m, 13H,
H-Ar), 9.33 ppm.
1-(2-chlorophenylmethyl)-2-(2-chlorophenyl)-
1H-benzoimidazole (3b): mp: 157-159 °C; FTIR
(KBr, vmax /cm™): 3059, 2950, 1612, 1572, 1522,
1441, 1396, 1355, 1280; 'H NMR (90 MHz,
DMSO-ds): 5.33 (s, 2H, CH), 6.54-7.83 (m, 12H,
H-Ar), 9.33 ppm.
1-(4-hydroxyphenylmethyl)-2-(4-
hydroxyphenyl)-1H-benzoimidazol (3c): mp: 252-
254 °C; FTIR (KBr, vmax /cm™):3448, 3026, 2925,
2854, 1612, 1597, 1515, 1444, 1395, 1266; 'H
NMR (90 MHz, DMSO-ds): 5.33 (s, 2H, CHy),
6.79-7.16 (m, 12H, H-Ar), 9.33, 9.89 (s, 2H, OH)
ppm.
2-(4-fluorophenyl)-6-methyl-1H-benzoimidazole
(3f): mp: 183-186 °C; FTIR (KBr, vmax/cm™?): 3452,
3068, 2924, 2854, 1630,1609, 1506, 1472, 1447,
1431, 1383, 1227; *H NMR (400 MHz, DMSO-ds):
2.50 (s, 3H, Me), 7.03-8.20 (m, 7H, H-Ar), 12.75
(s, 1H, NH) ppm.
2-(4-hydroxyphenyl)-6-methyl-1H-
benzoimidazole (3g): mp: 252-257 °C; FTIR (KBr,
vmax /cm?t): 3398, 3064, 2923, 2854, 1631,1610,
1595, 1513, 1447, 1395, 1255; *H NMR (400 MHz,
DMSO-ds): 1.08 (s, 3H, Me), 6.91-7.41 (m, 7H, H-
Ar), 7.99 (s, 1H, NH), 9.98 (s, 1H, OH) ppm.

RESULTS AND DISCUSSION

In this research, following our previously
reported procedure [76], for the first time we have
chosen and employed the SOs;H-Fe;O0,@SiO;
MNPs as an efficient and recyclable catalyst in the
facial and green synthesis of benzimidazole
derivatives (Scheme 1). The applied catalyst in the
present investigation involves the organo sulfamic
acid moiety which has been supported covalently
on the surface of silica-coated MNPs.

Optimization of the reactions

LN
EtOH
R NH, Ar H

R: Hor Me X:lor2

The catalytic capability of the SOsH-
Fes0.@Si0, MNPs was investigated in the
synthesis of benzimidazole derivatives by the
reaction of aldehydes and o-phenylenediamine or 4-
methylbenzene-1,2-diamine under ultra-sonicate
conditions. In order to optimize the reaction
conditions, the reaction of benzaldehyde (1) and 4-
methylbenzene-1,2-diamine (2) was chosen as
model reaction and the effects of different reaction
parameters were studied. The results obtained are
summarized in Table 1. The effects of temperature,
different solvents, and various amounts of the
catalyst were screened under different reaction
conditions (reflux, ultrasonic, solvent-free, and
room temperature). The most appropriate reaction
condition was obtained using ethanol as the solvent,
0.02 g of the catalyst per mmol of aldehyde at 50
°C for 45 min under ultra-sonicate conditions
(entry15). Upon increasing of the catalyst amount
no improvement in the reaction yield and rate was
observed (entry 16). The reaction was also
examined in absence of the catalyst under the same
conditions which resulted in low rate and trace
yield (entry 17). This achievement interested us to
extend the scope of the explained methodology to a
diverse series of substituted aromatic aldehydes
(1a-i) in the reaction with o-phenylenediamine or 4-
methylbenzene-1,2-diamine (2) under the optimized
conditions (Scheme 1). In general, all reactions
proceeded smoothly to furnish the respective
products in relatively short reaction times with
excellent and comparable yields irrespective of the
nature of the substituent groups bonded to the
aromatic ring. All the products (3a-i) obtained were
known compounds which were characterized on the
basis of their physical and spectral (FTIR and
'HNMR) analysis and compared with the
corresponding data reported in the literature (Table
2).

,—Ar
N N
O = L
R N R N
X :2,(3a-d) X1, (3e-i)

Scheme 1. Synthesis of 2-arylmethyl-1-H-1,3-benzimidazoles (3a-d), and 2-aryl-benzimidazoles (3e-i) catalyzed by
SO3H-F€304@SiOz MNPs.
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Table 1. Screening the reaction parameters for the model synthesis of 1-benzyl-6-methyl-2-phenyl-1H-
benzoimidazole.?

TN Ar
B8 B an
NH, o) N
JOGIEED | -
NH, Ar. H N

Entry Catalyst Solvent Temperature Reaction Time Yield

(9) (°C) conditions (h) (%)°

1 0.01 H.O r.t. Thermal 45 trace
2 0.01 EtOH r.t. Thermal 45 38
3 0.01 HzollitOH r.t. Thermal 45 23
4 0.01 CHsCN r.t. Thermal 45 31
5 0.01 EtOH 45 Thermal 4 45
6 0.01 EtOH 60 Thermal 4 52
7 0.01 EtOH 80 Thermal 35 59
8 0.01 EtOH 80 Reflux 3 75
9 0.01 EtOH 40 Ultra-sonicate 2 62
10 0.01 EtOH 50 Ultra-sonicate 1 90
11 0.01 EtOH 60 Ultra-sonicate 15 70
12 0.01 no solvent 60 Thermal 3 68
13 0.01 no solvent 80 Thermal 2 73
14 0.01 no solvent 100 Thermal 25 59
15 0.02 EtOH 50 Ultra-sonicate 0.75 91
16 0.03 EtOH 50 Ultra-sonicate 15 72
17 no catalyst EtOH 50 Ultra-sonicate 4 10

aConditions: benzaldehyde (2 mmol), 4-methylbenzene-1,2-diamine (1 mmol), solvent (5 mL).
blsolated pure yield.

Table 2. Synthesis of 2-aryl-1-arylmethyl-1H-1,3-benzimidazoles (3a-d) and 2-aryl-benzimidazoles (3e-i)
catalyzed by SO3H-Fe;0.@SiO2, MNPs under ultra-sonicate conditions at 50 °C.?

N Ar
NH B B N
2 O N
/@i + X )k EtOH , 50 °C, 45 min> /@[l\l/>_Ar o /@[ />_Ar
R NH, Ar- H ’ ' R H R N
R:Hor Me X:1lor2 X1, (3e-) X2, (3a-d)
Entry Ar Product  Yield (%)° Mp (°C)
Found Reported
1 CeHs 3a 91 160-163 159-161[63]
2 2-CICgH4 3b 83 157-159 158-159[74]
3 4-OHCgH4 3c 78 252-254 254-256[74]
4 3-NO2CsH4 3d 88 165-168 167-168[74]
5 3-NO2CsH4 3e 93 196-198 186-188[83]
6 4-FCsHs 3f 83 183-186 182-183[81]
7 4-OHC¢H4 39 80 252-257 244-246[82]
8 4-CICeH4 3h 87 281-282 281-283[83]
9 4-MeCgH4 3i 79 273-276 268-270[83]

@ Conditions: aldehyde (1; x mmol), o-phenylenediamine or 4-methylbenzene-1,2-diamine (2; 1 mmol),
catalyst (0.02 g), ethanol (5 mL), ultra-sonicate conditions, 50 °C, 45 min.
b Isolated pure yield.
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Proposed catalytic reaction mechanisms in the
synthesis of benzimidazole derivatives

The proposed mechanism for describing the
formation of  2-aryl-1-arylmethyl-1H-1,3-
benzimidazoles (3a-d) is depicted in Scheme 2.
First, nucleophilic addition of the amine group
of o-phenylenediamine or 4-methylbenzene-
1,2-diamine (2) was carried out on the catalyst-
activated aldehyde (1) to form the Knoevenagel
type intermediate I. The amine group of this
intermediate reacts with the second molecule of
catalyst-activated  aldehyde followed by
intramolecular nucleophilic cyclization, as well
as dehydration to afford the expected products
(3a-d). The suggested mechanism for the
synthesis of 2-aryl-benzimidazoles (3e-i) is
similar, as shown in Scheme 3. First, the
nucleophilic addition of the amine group of o-
phenylenediamine or 4-methylbenzene-1,2-

(|)
o —o0— T—cuZ -CH, - CH, -T.(-nl-('uz-Tu
: 0 SO,H
NH, 0
+ C
R NH, Ar~"4
\_ y

A

N—=/"

Ci !
R Nt

H+

|

+

diamine (2) on the catalyst-activated aldehyde
(1) leads to formation of Knoevenagel type
intermediate 1. In the following step, the
intermediate |  undergoes intramolecular
nucleophilic cyclization followed by
dehydration to furnish the expected products
(3e-i).

On the other hand, the suggested mechanism
for the synthesis of 2-aryl-benzimidazoles (3e-i)
is similar, as shown in Scheme 3. First, the
nucleophilic addition of the amine group of o-
phenylenediamine or 4-methylbenzene-1,2-
diamine (2) on the catalyst-activated aldehyde
(1) leads to formation of Knoevenagel type
intermediate 1. In the following step, the
intermediate |  undergoes intramolecular
nucleophilic cyclization followed by
dehydration to furnish the expected products
(3e-i).

SO,H

3

r Ar g Ar
N= )L N=
- B
R n—H R NH,
Y Ar o
.
Ar OH

/‘—Ar /—Al'
N )u N
L — L
R N \‘ Ar R N
N
Scheme 2. Proposed mechanism for the SOsH-Fe;0.@Si0, MNPs-catalyzed synthesis of 2-aryl-1-arylmethyl-
1H-1,3-benzimidazoles.
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O\ S‘()3H

NHz (0]
+ A
R Vw H

- 8

I— 0— Si—CH, - CH, - CH, -N-CH,-CH,-NH

SO,H

3

h

NH,

Scheme 3. Proposed mechanism for the SOz;H-Fez0.@SiO, MNPs-catalyzed synthesis of 2-aryl-
benzimidazoles.
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Yield (%)

N g7
80 80 78 70
60
40
20
0
1 2 3 4 5
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Figure 1. Catalytic reusability of SO3H-Fe304@SiO, MNPs in the synthesis of 1-benzyl-5-methyl-2-phenyl-1H-
benzoimidazole.

Reusability of the catalyst

The reusability of the catalyst SOsH-
Fe304@SiO, was examined for the model reaction
of benzaldehyde and 4-methylbenzene-1,2-diamine.
The recycling process involves the isolation of the
catalyst after the end of reaction using an external
magnet bar. The recovered catalyst was washed
with ethanol followed by drying in an oven
overnight. As shown in Figure 1, the recovered
catalyst can be used for five consecutive fresh runs
without any significant 10SS Of the catalytic activity.

CONCLUSIONS

We have developed a facial and green procedure
for the synthesis of benzimidazole derivatives
through the reaction of aromatic aldehydes with o-
phenylenediamine or 4-methylbenzene-1,2-diamine
under ultrasonic conditions in the presence of
SOsH-Fes0,@Si0, MNPs as an effective and
magnetically recyclable nanocatalyst. The reactions
were optimized in terms of solvent, time,
temperature, and amount of catalyst. The reactions
proceed smoothly under mild conditions to yield
the respective products in excellent yields and in
short reaction times. It was demonstrated that the
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developed SO3;H-Fe;0.@SiO, MNPs can be reused
for five fresh runs without significant loss of
catalytic activity.

Supporting Information: Supplementary data
associated with this manuscript can be found in the
online version at DOI: 10.34049/bcc.51.4.4829.
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The degradation of carotenoids (lycopene and p-carotene) and total antioxidant activity was investigated after one-
year storage of pasteurized tomato juice. Tomato juice, thermally treated for 7 min at 100°C, was subjected to one-year
storage a) in the light at 20°C; b) in the dark at 20°C and c) in the dark at 4°C. g-Carotene had the fastest dynamics of
degradation and was dissolved in the largest quantities, regardless of the storage conditions. For all investigated
components the fastest decomposition was observed in the first two months, when the sample was stored in the light at
20°C. Lycopene was most stable in the sample stored in the dark at 4°C. Partial regression coefficients for all researched
traits proved a significant difference of ratio for storing in the light (20°C) compared to the variants stored in the dark at

20°C and 4°C, lycopene p=0.0041** p=0.0304**; pB-carotene, p=0.0009** and p=0.0183**; antioxidative activity

p<0.0001** and p=0.009**.

Keywords: tomato juice, 1-year storage, lycopene, S-carotene, antioxidative activity

INTRODUCTION

In the last two decades consumption of tomato
in the world has significantly increased, mostly due
to its nutritional importance and beneficial effects
on cardiovascular diseases [1-3] and some cancers.
Demand is focused on products based on tomato
(ketchup and tomato juice) which, like fresh
tomatoes, have antioxidant, anti-inflammatory, anti-
mutagenic and anti-cancerous impact [4,5]. Tomato
fruits can obtain optimal combination of
antioxidants, so they are therefore important for
human diet. When it comes to storing and
processing of tomato fruits, research studies have
examined most particularly the loss of nutrients,
changes that occur during exposure to high
temperatures, the length of processing time, the
influence of light or oxygen, the length of shelf life
[6,7]. Only few researchers studied the problem of
storing products and decomposition process of
some nutrients and length of storage [8]. However,
technological processing and storing conditions
influence the nutritive quality of tomato products
and their stability to varying degrees [9]. Of all the
processing techniques, high temperatures have the
greatest impact on the level of natural nutrients in
vegetables. Depending on the length of treatment,
the level of impact can be high or low [10].

* To whom all correspondence should be sent:
E-mail: jasna.zdravkovic@gmail.com
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Beta-carotene and lycopene participate with 7 and
87%, respectively, of total carotenoids in mature
red, tomato fruits [11].

Lycopene belongs to a family of carotenoids in
its natural all-trans form. In tomato juice, as a result
of oxidation, lycopene molecules divide, which
leads to discoloration and bad taste. Effects of heat,
oxygen, light and presence of oils on the lycopene
stability have been proved in many studies.
Opposing data regarding stability of tomato
carotenoids during thermal treatment can be found
in the literature.

Interestingly, while some studies show that
compounds with antioxidative effects such as
lycopene or p-carotene during some processing
could be increased comparing to fresh fruit [12,13],
other results show that the lycopene levels do not
significantly vary in tomato puree packages if
stored in the dark at 5, 15 and 25°C and in the light
at 25°C for 6 months [14]. Also Tamburini et al.
[15] did not find any changes in the lycopene
content of tomato puree during storing for 1 year
time, an increase in the lycopene level and stable S-
carotene in processed tomato product have been
published [7, 16]. After industrial processing /-
carotene and lycopene remained stable during 12
months of storage depending on the terms of
storage [17].

However, there are some controversies about
some circumstances that lead to occurrence of
isomerisation, such as optimal humidity and storage
temperature [18]. Processed tomato products such

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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as pulp, puree and paste exhibit degradation of
antioxidants and antioxidative activity after 3
months of storage in each temperature conditions
(30, 40 and 50°C) [19]. As the time of the storage
increases for all storage treatments, the level of
lycopene significantly decreases [20,21]. There is
also a problem with the change in colour during
storage. Even without oxygen to start the oxidation
process, lycopene is slowly decomposed by auto-
catalytic mechanism [22]. There are few research
data on the level of lycopene after thermal
treatment of stored tomato products in final food
preparation procedures, i.e the amount of lycopene
that consumers actually intake [23]).This appoints
to attention for cis-lycopen supply in order to
optimise tomato processing and storage condition
in order to provide high quality food rich in
nutrients and additional antioxidant value.

The other flavonoid in this research focus, g-
carotene, is 20% lost after 7 months of storage [24],
also after as much as 3 months of storage at 30, 40
and 50°C, the level of S-carotene decreased [19].
Similar result was presented in the study [25],
where the loss of g-carotene and lycopene has been
compared to the loss of ascorbic acid (vitamin C).
Carotenoids were lost during storage but
significantly less comparing to the thermo-labile
ascorbic acid, which was significantly lost during
heat treatment (compared to fresh fruits) and this
loss is even greater during storage.

Antioxidative capacity is connected to the
guantity and composition of bioactive compounds
from the natural combination of different phyto-
nutrients [26,27]. A certain number of studies
proved that processed vegetables have the same
nutritive value as fresh. This directly impacts the
end users regarding processed food and increases
the conscience of the health benefits of the
processed vegetables in prevention of chronic
diseases. Dewanto et al. [28] and Perez-Conesa et
al. [29] proved that the high level of anti-oxidative
capacity of products was preserved despite the heat
treatment and loss of a strong antioxidant such as
ascorbic acid. Total antioxidative activity was
significantly increased after heat treatment for 2, 15
and 30 min at 88°C to 5.29 +0.26, 5.53 +0.24 and
6.70 +0.25 pmol during the processing. Similar
results had Odriozola-Serrano et al. [30] who found
significant changes of antioxidative capacity among
treated and fresh juices right after processing.
However, after 56 days of storage at 4°C the
antioxidative activity dropped to 35.7%, and
authors concluded that antioxidative activity may
suffer significant reduction in tomato products
towards expiration date [19].

Different behaviour of carotenoids and total
antioxidative activity in heat-treated mature tomato
fruits juice should result in one-year research of
expiration date which would contribute to
clarification of degradation of bioactive
components during storage time in preserving
tomato products as high nutritive level food.

MATERIAL AND METHOD

Juice was prepared from one genotype -
selected, high inbreeded tomato line (SPO).

Epidermis and seeds were separated. Pulp was
thermally treated (cooked) at 100°C for 7 minutes
and aseptically poured in glass containers which
were hermetically sealed by metal lid. Samples
were stored for one year in three conditions: at day
light at 20°C, in the dark at 20°C and in the dark at
4°C. The lycopene level, p-carotene and total
antioxidative activity were checked every two
months. Testing was done on a sample of ten
bottles from each repetition treatment.

Total antioxidative activity (TAA) was
determined spectrophotometrically at 517 nm
DPPH (1.1-diphenyl-2-pikrylhydrazyl) by applying
method [31].

In order to determine the level of lycopene, 20 g
of tomato was extracted in 100 cm?® 96% C,HsOH.
After 24 h of extraction (maceration), the sample
was filtered. The dry extract was dissolved in 10
cm® of acetone-hexane (ratio 4:6) mixture and
filtered through Whatman No.4 filter paper. The
extract was diluted 10 times and the absorbance at
wavelengths 453, 505, 645 and 663 nm was
measured [32]. Spectrophotometric measurements
of samples were performed on the UV-VIS
spectrophotometer MA9523-SPEKOL 211 (Iskra,
Horjul, Slovenia). The level of lycopene (mg
lycopene/ 100 mL extract) was calculated:

Lycopene (mg/100 mL) = -0.0458 x Ags +
0.204 x A545 +0.372 x A5o5 —0.0806 x A453

Levels of p-carotene were determined according
to the method described in [32]. The dried ethanol
extract (100 mg) was vigorously shaken with 10 ml
of acetone—hexane mixture (4:6) for 1 min and
filtered through Whatman No. 4 filter paper. The
absorbance of the filtrate was measured at 453, 505,
645 and 663 nm. Content of p-carotene was
calculated according to the following equation:

fS-carotene (mg/100 ml) = 0.216Ae63 — 1.22A¢45 —
0.304A505 + 0.452A453

Tendency of change of average values [33],
specifically linear-shaped tendency was tested:
y'=a+ bx
where:
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b=Y xyi—n-Xx-y/¥xf-n-Xx?
y=a*x+b
and logarithmic tendency:
y=a*In(x) +b,
where: a and b are constants, In is the natural
logarithm.
Adjustment to linear shape tendency was tested
by the determination coefficient R?>0.6.

4 05

The differences between the way of storage of
samples and respective mutual dependence [34]
were determined on the basis of partial regression
coefficients.

Degradation index for studied nutrients was
expressed as the ratio of their respective initial
value and values measured in time.
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Figure 2. Percentage loss of lycopene (a), S-carotene (b) and TA activity (c) depending on time and storage
conditions.
RESULTS AND DISCUSSION drops for all 3 tested tomato juice storage

In the aspect of lycopene levels, the least
satisfactory storage conditions are at 20°C in
daylight. Tendency of lycopene loss has
logarithmic nature for all tree evaluated conditions
of tomato juice storage. There is high reliability in
predicting lycopene levels as determination
coefficients are R? = 0.9903 for daylight storage
conditions, R?=0.8921 for dark place storage at
20°C, and R?=0.9661 in dark on 4°C (Fig 1a).

Complementary to lycopene, the change in p-
carotene levels depends on shelf life, and
temperature situation of tomato juice storage.
Amount of g-carotene linearly drops after a whole
year of testing in dark at both 4°C and 20°C (both
with R? values close to 1, 0.9987 and 0.9984
respectively), but in daylight the loss is presented in
logarithmic style (Fig. 1b).The TA activity linearly
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conditions, with high R? values (Fig 1c).

The dependences of lycopene, B-carotene and
TA activity loss are presented on Figures 2a-2c,
respectively, as a function of storage time. The
figures show also the lines that follow the trend of
the displayed values and which slope is equivalent
to the degradation rate of the corresponding
component. The greatest losses of lycopene (up to
58%) were registered in samples that were stored at
20°C in daylight. The rate of lycopene degradation
was the highest in the first two months of storage
and decreased from the second to the twelfth
month.

In dark storage at 20°C the rate of lycopene
degradation was constant till the 8" month and after
that the sample had the same quantity of lycopene,
which means that the degradation ends (Fig 2a).
The best result for lycopene preservation in tomato
juice was for storage in the dark at 4°C. It is
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interesting that after 12 months of storage the
amount of lycopene in samples stored in the dark at
different temperatures was the same (Fig 2a). Hsu
et al. [35] also found that nutrients degraded most
quickly in the first phases of storage. These
researchers found that in the first 14 days of
storage, carotenoid and lycopene degraded quickly
(16% and 12%, respectively) compared to control,
while later degradation during 14 to 28 days of
storage was not significant. The sample researched
in this paper, which was stored in the dark at 20°C
had almost the same amount of lycopene since the
8" month of storage which means that there was no
degradation of lycopene in the last four months.
This is in accordance with Ordonez-Santos et al.
[20], where researchers aimed to follow the
dynamics during storage of tomato pulp up to 180
days (half of the time compared to the storage time
in our experiment) where the level of lycopene
showed significant changes during the storage
period. In some other studies, there were no
changes in the level of lycopene in tomato puree
during one year of storage [15], while some authors
reported increased lycopene level in tomato
products comparing to fresh tomato: 36% increase
in lycopene and stable p-carotene [7] and 30%
increase in lycopene [16].

Significant loss of p-carotene in all storage
conditions is shown on Fig 2b. The parameter
which significantly impacts the loss of this
compound is the temperature. Whether the sample
was stored in light or in dark, the temperature of
20°C caused great losses of p-carotene. The rate of
degradation changed during storage in light, similar
to lycopene, degradation was the most intensive in
the first two months, but in time it was less
comprehensive. The slowest degradation in
daylight at 20 °C, was between the 6™ and 12"
month of storage. In the first two months there was
no drop in pS-carotene level in tomato juice while
stored in cold and dark conditions. In the next 10
months the rate of degradation was constant and
same as the rate of degradation in the dark at 20°C.

Lavelli and Giovanelli [19] found that the level
of p-carotene decreased after 3 months of storage at
30, 40 and 50°C and concluded that storage
conditions play an important role in preservation of
this particular nitrient during storage.

For preserving TA activity (Fig. 2c), the
temperature  of storage has  fundamental
significance. The highest loss was observed in

samples stored at 20°C, and less TAA was lost in
samples stored at 4°C. During the first four months
of storage at 20°C the degradation of TAA was
intensive. After the 4" month the rate of
degradation of TAA was significantly lower but
after the 8™ month the rate of degradation of this
component was higher. For samples stored in the
dark at 4°C, there was no change in TAA during the
first two months. After two months of storage, the
rate of degradation was constant and all the time the
loss of TAA was lower compared to the samples
stored at higher temperatures. These conclusions
are in accordance with the results obtained by
Odriozola-Serrano et al. [30], who found a decrease
in TAA of 35.7% after 56 days of storage at 4°C,
although in our research at the same temperature
the level of loss of TAA was lower (Fig. 2c). Three
studied parameters lycopene, S-carotene and TA
activity, as well as the dependence of their losses as
a function of storage period in different conditions
are shown in Figs. 3a-3c. In all cases, the greatest
loss was observed for p-carotene, and the smallest
one for lycopene. Degradation of carotenoids and
especially of p-carotene has been explained by
Boon et al. [36] claiming that carotenoids belong to
a group of non-stable bionutrients, with many
mechanisms of degradation in some tomato
products. Our results are significantly different
from those of Koh et al. [17], who displayed a
stable level of B-carotene and lycopene in tomato
juice: after one year of observation, the level of
lycopene was 96% and p-carotene was 100%
preserved. According to our results the amount of
these bioactive substances was not constant in any
storing conditions. Our results are in accordance
with those of most researchers who found that the
phyto-nutrients were lost during storage [19, 24,
25]. They studied the changes of f-carotene in juice
after 7 months of storage at 22°C for 12 varieties
and found a difference in the level of B-carotene
comparing fresh and processed fruits. The loss of -
carotene was 20% during extraction and other 20%
was found after 7 months of storage [19]. Rate of
lycopene degradation in juice stored in daylight
differs from that on storing in dark at 20°C and in
dark at 4°C. After one year, degradation rate of
lycopene for storing in light was 2.4; for storing in
the dark at 20°C the rate was 1.86 and at 4°C the
rate was 1.81 (Table 1).
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Figure 3. Percentage of lycopene (a), S-carotene (b) and antioxidative activity (c) complex loss depending on time
in different storage conditions

Table 1. Index of lycopene and S-carotene and antioxidative activity degradation in different conditions during one year

Months Lycopene p-Carotene TA activity
of Light, Dark, Dark Light, Dark Dark Light, Dark, Dark
storage  20°C 20°C 4°C 20°C 20°C 4°C 20°C 20°C 4°C
2 1.38 1.09 0.99 1.62 1.17 1.00 1.37 1.32 1.00
4 1.63 1.17 1.08 2.00 1.62 1.06 1.75 1.55 1.07
6 1.96 1.40 1.20 3.40 1.89 131 1.86 1.64 1.29
8 2.13 1.81 1.23 4.25 3.09 1.62 1.92 1.71 1.45
10 2.33 1.81 1.48 6.80 4.86 2.13 2.73 1.81 1.66
12 2.40 1.86 1.81 8.50 6.80 3.40 3.35 2.66 2.13
O Dark, +20°C : O Dark, +20°C ’ O  Dark, +20°C
@ Friz +dark, +4°C 0a [d  Friz + dark, +4°C [d  Friz + dark, +4°C P
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0 0.0 o 0
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a) §=0.069+1.068x2-0.272x3,
p=0.0041**, p=0.0304**
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b) §=-0.019+1.067x2-0.144x5,
p=0.0009**, p= 0.0183**

02 03 04 o 2 4 6 8

Light, +20°C

¢) §=-0.011+0.826x%+0.133x3
p<0.0001**, p=0.009**

Figure 4. Regression analysis of the change in the level of lycopene (a), S-carotene (b) and antioxidative activity (c)
for storing in light (+20°C) and in dark (+20°C and +4°C)

Our results were partially in accordance with
Sharma and Le Maguer [37] who found 2.7 and 7.5
times higher rates of lycopene degradation in
thermally treated tomato puree stored for 60 days in
the dark at 25°C comparing to samples stored at 5
and 20°C, respectively, in the same conditions. Our
results were in accordance with those of Min et al.
[38] who found no significant differences in the
level of lycopene for 1.5 months of storage in the
dark at 4°C. In these storing conditions and in this
period no degradation was observed in our
research. Our results were opposite to those of
Rajchl et al. [39] who found a decrease in lycopene
of 24% in commercial ketchup after 19 days of
storage at 25°C, having in mind that ketchup is a
thermally treated tomato juice. The results of this

608

research could be compared with the similar
research of Markovi¢ et al. [14] where tomato juice
was stored in the dark at 5, 15 and 25°C and in light
at 25°C for 6 months and where the variation of
lycopene was not significant comparing to the level
of lycopene at the beginning of the storage for a
short period of time. With the increase in time of
storage for all treatments the level of lycopene
significantly decreased. The obtained results of
storing in light at 20°C showed that lycopene
quickly degraded comparing to the treatments in
dark after 2 months (27.35%), (Fig 1a).

Losses of f-carotene in light were 8.50 times
higher comparing to one year of storage in light at
20°C. High loss was registered while storing in the
dark at 20°C after 12 months (index of degradation
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6.80).When stored in the dark at 4°C, the losses of
f-carotene were the lowest (3.4 times after 12
months) (Table 1). This is in accordance with
Gupta et al. [21] where storage of samples at 4, 25
and 37°C for 52 weeks resulted in degradation of
lycopene and the variation was explained as a
function of tomato variety, processing method,
temperature and duration of storage.

The regression coefficients pointed to a
significant difference between lycopene, fS-carotene
and TA activity in terms of storage in light and in
dark (Fig 3). For all the researched traits, partial
regression coefficients proved a significant
difference between storage in light (20°C) and in
dark at 20°C and 4°C, as well as high dependence
of storing in the dark at 4°C. Differences in loss of
lycopene, S-carotene and total antioxidative activity
were at the level of statistical significance among
storing in light (20°C) and storing in dark both at
20°C and at 4°C. Partial regression coefficients
proved high dependence and significant difference
in the preservation of antioxidative activity for
storing in light in favour of storing at the dark
(20°C and 4°C) (Fig. 4).

Dynamics of loss was different depending on
storing conditions. Repeated thermal treatment of
tomato puree exhibited the existence of many
mechanisms of degradation: possible auto-
oxidation and isomerisation of carotene, as well as
increased extraction of carotenoids at high
temperatures [40]. Additional information could
give the possibility of optimization of processing
for obtaining products with high nutritional values
after extended period of storage [41]. Tomato
products in most cases are thermally treated once
more during cooking (depending on the meal
prepared). For qualitative products we need more
information regarding production process, genotype
selection, agro technique of crop growing,
determination of optimal time of yield, etc.
Understanding of mechanisms of biochemical
changes that take place in the tissue during
processing is of a great importance. This represents
important steps that will lead to innovation in food
industry.

CONCLUSION
Generally, from these dependencies the
following conclusions can be drawn:

o The fastest and most intense degradation was
found for pS-carotene regardless of the storing
conditions;

e All studied components underwent the fastest
decomposition in the first two months, when
the sample was kept in light at 20°C;

e  Lycopene was most stable in the sample stored
in the dark at 4°C;

e For all studied components in the sample
stored in the dark at 4°C there was no change
in composition in the first two months.
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Depending on the area of the territory that has to be surveyed and the desired resolution of the gamma- spectrometry
map, the operation method has to be chosen. It includes the type of air-craft, detector system, flight plan — speed, height,
direction and distance between profiles. In the current article gamma-spectrometry mapping over 4.4 km?, using
helicopter and in compliance with IAEA’s recommendations, is described. The factors, that affect the measurement
were reviewed and taken into account in choosing the calibration method. Its validity is proven by two comparisons.
The first one is between the results from high altitude measurements and the expected attenuation of the cosmic
radiation in the atmosphere. The second one is between values from the mapping after the calibration and results from
sampling ground measurements. The calculation done upon the task completion is explained. Representative part of the
results from the particular mapping is given as color images extracted from the genuine gamma maps.

Keywords: Airborne, Radioactive pollution, Gamma-mapping, Spectrometry, Nal(Tl), Calibration method

INTRODUCTION

Airborne-gamma mapping could be
implemented in many different ways (IAEA, 1991)
[3], (A. Elkhadragy et al., 2017) [5], (Horsfall,
1997) [6], (Grasty and Minty, 1995) [7]. Using the
modern technology, it is possible to cover all the
segments in scaling (Kaiser et al., 2016) [12],
(Gabrlik and Lazna, 2018) [11]. According to the
required space resolution and minimum detectable
activity (MDA), we choose the proper parameters
of the detector system, the aircraft and the flight
plan. For accurate results the most important thing
stays the adequate calibration.

In the current article the calibration methods
used during an implementation of middle scaled
air-borne  gamma spectrometry mapping is
described. It is performed over two fields of 3.2
km? and 1.2 km? flat land territory on the Danube
river coast near Oryahovo, Bulgaria, using a
helicopter and a 16 liter Nal(TI) scintillating
detector system. The site conditions do not allow
trivial calibration. The main task is choosing the
best fitting methods, adapting them to the specific
conditions and verifying the results after adaptation
of the particularly chosen method.

Our team works on such projects for more than
25 years. We have already implemented many
terrestrial radiation surveys using from handheld to
large sodium detectors. Our latest measurements
include pixelated cadmium zinc telluride (CZT)
detector for stationary gamma-mapping, in-situ HP
Ge detector and UAVs carrying different detectors

* To whom all correspondence should be sent:
E-mail: i.iliev@thetaconsult.com

(lliev and Dankov, 2018)[9]. We completed an air-
borne gamma spectrometry mapping in 2013, using
a helicopter. Later, in 2018, we had the opportunity
to work again on gamma-spectrometry mapping
using the same detectors, but with another
helicopter and new software, which required new
setting of the system and new calibration. Its basic
principles are summarized in this article.

As the results from the survey have to be
representative in the face of the regulatory units, we
followed all the precepts of the International
Atomic Energy Agency (IAEA). Most of them are
in the two TECDOCs 1092 and 1363 [1, 2],
Technical Report Series — No. 323 [3] and ICRU
report No. 53 [4]. The report No. 323 [3]
recommends five energy windows to be taken into
account for geophysical surveying:

Table 1. Radionuclides suggested by IAEA for

monitoring  during airborne  gamma-spectrometry
mapping and their energy regions of interest (ROIs).
Window | Lower | Upper Peak Radio-
[MeV] | [MeV] | [MeV] | nuclide
Total 0.41 2.81
counts
Potassium 1.37 1.57 1.46 K-40
Uranium 1.66 1.86 1.765 | Bi-214
Thorium 241 2.81 2.614 | TI-208
Cosmic 3.0 and
higher
EXPERIMENTAL
Equipment

In the current survey we used a complete
gamma spectrometry system, which has 4 Nal(TI)

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria ~ §11
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scintillating detectors. Each detector is with a
volume of 4 liters and has its own photomultiplier
tube (PMT) and 1024 channel analyzer (MCA).
The energy resolution is better than 8% for 3’Cs
and the sensitivity is 144 cps/(nSv/h) for **’Cs and
96 cps/(nSv/h) for *°Co.

Each pair of detectors is in a rugged plastic box

v

Fig. 1. Opened detector protection box, keeping a
pair of Nal(T1) detectors used in the survey.

The information is transferred to a PC through
an interface box using standard TCP/IP which
makes it flexible. We used a rugged laptop Getac
V200 with two GPS modules (integrated and
external). The software allows us to monitor the
whole data stream at real time. It displays the
current spectrum from each detector, dose rate
alarm if a threshold is passed, the recognized
radionuclide, GPS coordinates and all the other
monitored parameters as altitude, flight height,
detector temperature, PMT high voltage, gain, etc.
The data can be exported to many different popular
file formats for post-processing with other software
tools. All the equipment is installed on a helicopter
Schweizer 333 (269D) (Fig. 2) and can operate
autonomously, but we had one operator on board
for immediate support to prevent any simple
failures.

The territory to be investigated was relatively
small (3.2 km? and 1.2 km?) and there was no near
suitable runway for a fixed-wing airplane, that is
why we chose a rotorcraft.

The most important benefit of the helicopter is
its lower speed, which, with an optimum at about
60-80 km/h, allows better space resolution of the
gamma map. This is a starting point for most of the
other parameters of the flight plan.

Another starting point is the requirement for the
achieved MDA. It is fundamental for all the other
calculations and requirements to the detector
system and to the survey methods. The requested
MDA was 1 kBg/m? for ¥Cs.

Calibrations on the ground
The detector system needs a series of
calibrations of different parameters (IAEA-1363,
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2003) [2], (Grasty and Minty, 1995) [7]. The high
voltage and gain calibrations are part of the energy
calibration and are both performed automatically on
the basis of the “°K energy peak in the spectrum. It
is performed on every start of the system and
corrects the drift of the peak through neighbor
channels. To reduce its duration there is additional
amount of “K in the detector box, which is
removed during the flight to reduce the intrinsic
background. As long as the measured radioactivity
during flight is relatively low, compared to the
system counting speed, correction for the dead time
will practically not change the results and it is not
done.

Fig. 2. The spectrometry system installed on
Schweizer 333 (269D).

The efficiency calibration was performed on the
ground using **¥’Cs and %°Co with known activity
and at a certain distance. The response of the
system in the particular ROI versus source activity
gives the system efficiency. As another part of the
efficient calibration can be considered the
determination of the MDA for the technogenic
radionuclides. It is done in the same way, on the
ground using ¥’Cs and ®Co. But this time by
finding the distance from which the system
unambiguously recognizes the presence of the
source. As we know, for a point source far enough
from the detectors, the response is inversely
proportional to the square of the distance, so we can
calculate the attenuation of the gamma-field
intensity by the particular distance. For calculating
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the MDA, we used the net signal (excluding the
background spectrum). Even if the natural
background is higher, the **’Cs or °Co MDA will
not be affected because the recognition algorithm
works for every single ROI.

Flight plan

We chose the height of the flight to be the
maximum height that allows the required MDA to
be achieved on the basis of the calculated MDA
during the calibrations on the ground. The resultant
height for MDA = 1 kBg/m? (*¥’Cs) was about 70
m. To ensure reserve in the achieved MDA we did
not use the maximum height, but reduced it to 60
m. The spot “seen” by the detector was the spot
from which 60-70% of the signal was coming. It
was a circle on the ground with a radius equal to the
flight height. According to this rule, the distance
between flight profiles should be 120 m at
maximum, and we chose 100 m to ensure 20%
overlay in case of deviation from the straight line
during the flight. The integration time of the
detector system is 1 sec but a moving average was
calculated over the last 5 sec. It means that, if we
want symmetric pixels on the map, the speed of the
aircraft has to be not more than 120 m/s and the
best choice would be anything below 24 m/s. We
used the lowest possible speed in which the
particular elicopter and pilot could ensure stable
flight. It was about 17 m/s which gave us
integration time of about 7 s — better than the
integration time of 5 s.

With the chosen parameters the first
measurement flight gave basic information about
the distribution of the contamination interpreted
using infinite model. If some artificial
contamination is found, according to its
distribution, we have to plan a second flight. The
plan, most often, uses a point model for point
source, where the helicopter needs to hang above
the source for more precise determination of its
activity and line model for objects as rivers,
channels or pipes, where the new flight profile
should follow the object line.

As seen on Fig. 3, proper distribution modeling
can be critical in defining the contamination shape,
size and position.

Calibration of the system in the air

The background during flight consists of four
components: intrinsic, cosmic, radon and fallout.
They affect the system simultaneously, and we
have to separate them in order to take into account
their exact effect over the spectrum. As there were
no representative data for the fallout background
and after several measurements on the ground

surface near the monitored terrain, showing
insignificant presence of fallout, we did not make
any fallout corrections.

(b)

Fig. 3. Comparison between infinite model (a) used
in previous surveys and line model (b) over the same
water channel.

The presence of radon can be tracked by
observing the counts in 22*Bi ROI (561 to 657 keV),
as 2“Bi is a stable radon daughter with gamma
emission at 609 keV. Its photo peak is masked by
the Compton continuum of the other monitored
isotopes (K, U and Th) and its quantitative
evaluation requires additional spectral integrations
and more complex calculations (IAEA-1363, 2003)
[2] or special calibration. The radon concentration
in the area was monitored with measurements on
the ground and considered as insignificant for our
purposes. Over the water, the average of the
corrected NORM ROIs should be very close to 0,
but not 0. If a high level of U is seen, this may
indicate the presence of radon. However, during the
flights the 2“Bi ROI was also monitored in case of
considerable deviations. Two different
measurements at the same position and same height
should provide similar Bi/U ratio. A higher ratio
could indicate a higher radon level during the
corresponding measurement period.

The intrinsic and cosmic background corrections
start with acquisition of a 15 min spectrum at each
altitude — 1800 m, 2300 m and 2800 m. The height
of the flight should be more than 1000 m and the
weather has to be clear. The 15 min are divided into
three 5 min intervals. On fig. 5 each blue dot gives
the result for 5 min integration. The cosmic
background depends on the altitude and can be
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calculated for a certain geographic region
(EAURADOS, 2004) [8], but the most accurate
way to evaluate it is to be empirically reached with
real measurement of the particular system.
According to some initial information about the
detector system response to high energy cosmic
radiation given by the manufacturer like the limit of
the energy range and anisotropy, the theoretical
model that we considered as best for our purpose
could be represented as follows:

D = A.exp(0.00038.h) + B 1)
where:

D = cosmic dose rate;

A = cosmic dose rate at sea level;

h = altitude;

B = aircraft background dose rate.

In Egn. 1 we have to consider that the cosmic
dose rate (D) and the cosmic dose rate at sea level
(A) are values measured by the particular detector
system, and are not the real cosmic dose rates,
because of the detector system specifics.

During the flight planning there was a potential
problem that we had to solve. First calibration flight
had to be over water to eliminate the gamma-rays
coming from the ground. Near the current terrain
there was a water basin that we could use — Danube
river, but it was not allowed to perform our flights
at higher altitudes above it, because it is a restricted
border area. So we had to use flights at high
altitudes and heights only over the ground (soil and
rocks). This made the calibration method more
specific and had to be validated. We suggested this
to be done in two approaches. The first one was to
create a graph of the cosmic radiation background,
in the cosmic ROI, against altitude. Similarity
between the fit on the graph and Eqgn. 1 could prove
the validity of the calibration method.

The second approach to the calibration
validation is a comparison to direct sampling
measurement done on the ground with an in-situ
HP Ge spectrometer. It is calibrated to show
specific activity for the particular geometry and for
the same radionuclides (“°K, Thequivatent, Uequivalent)-
The sampling points coordinates are chosen after
the map is created. The criteria are — one sample
measurement in the area with the lowest activity
and one with the highest activity, in order to cover
the full range of the mapped values.

The other background components could also be
extracted from the results of the height flights
measurements. With higher altitudes the cosmic
background increases, the Earth gamma-rays are
reduced by the flight height and the aircraft
background stays constant. With building a graph
of the counts for every region of interest (ROI)
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against the altitude, we can evaluate each
background component. The cosmic radiation
affects all the ROIls, but the ROI that is above
3MeV is affected only by the cosmic rays. Using
this effect, and knowing the detector efficiency for
every ROI, we can calculate the net counts coming
from the cosmic rays. The procedure for separation
of the background components we used for this
calculation is fully described by Grasty and Minty,
1995 [7] and TECDOC-1363 [2].

A linear regression (fig. 4) of the cosmic
window counts on another ROI counts yields the
cosmic sensitivity represented by the slope of the
regression line and its zero intercept is the aircraft
background for that ROI:

Nror = @ ror + broi.Ncos 2)

where:

Nroi = aircraft + cosmic background count rate
in the particular ROI,

Ncos = cosmic ROI counts;

aroi = aircraft background in the particular ROI;

broi = cosmic background in the particular ROI
normalized to unit counts in the cosmic ROI.

The self-background calibration should be
performed every time the helicopter or part of it
changes, because this component of the background
includes the effect of the fuel, the pilot and even the
presence of an operator onboard and includes not
only the possible internal activity, but also gamma-
rays attenuation or even secondary radiation from
the interactions between cosmic high-energy
radiation and any part of the aircraft.

RESULTS AND DISCUSSION

Fig. 5 shows the measured total counts in the
cosmic ROI against altitude. It has and exponential
fit, very similar to the expected one in Egn. 1. This
is enough to conclude that the results from the first
approach are acceptable.

Creating the maps

The representations of Normally Occurring
Radioactive Materials (NORM) and technogenic
radioactive  contamination distributions  have
principal differences. NORM always exist and we
can only evaluate their values in units of mass
concentration. At the same time for technogenic
radionuclides Search and Investigation Algorithm
(SIA) is used. The algorithm is based on monitoring
the variance in each region of interest (ROI) of the
energy spectrum. When the variance is noticeable,
or in other words — meets some criteria, then the net
value in the ROI is being calculated and given as a
result in activity. And finally the activity is
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represented as a point or infinitely distributed,
depending on the distribution model. Even if we do
not know the SIA mathematics we can use it to find
the MDA empirically, by finding the minimum
activity that shows on the data records. The ratio
between the K, U and Th ROI should also be
consistent. It’s not possible to have a high content
of Th and no U or K, because of the Compton
counts due to Th in these ROIs.
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Activity calculations are based on the function
describing the sensitivity of the detector versus
height. The activity was calculated for every single
ROI. The result is given in Bg/m? for the infinite
contamination model and in Bq for the point source
model for each radionuclide corresponding to the
particular ROI.
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Fig. 4. Results from the height flights: each color represents different ROI; each graph can be fitted

to linear regression of the ROI to the cosmic ROI; each point represents a measurement with 5 min

integration time. The slope of the regression represents the cosmic sensitivity and the zero intercept
is the intrinsic background.
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Fig. 5. Exponential fit of the measured cosmic
background. Each blue point represents integration
for 5 min

Concentration calculations are equivalent to the

activity calculation, but a relaxation coefficient g is
taken into account (ICRU Report-53, 1994)[4]. It
represents the vertical distribution of the nuclides in
the soil (defined by the relaxation mass per unit
area). Value of f mainly depends on
contamination’s age. At the same time, most of the
gamma rays are attenuated in the upper 30 cm of
the soil, and almost none of the gamma radiation is
coming from more than 50 cm under the ground
surface (IAEA-1363, 2003) [2]. In this manner,
mass or volume concentrations can be evaluated
only for the upper layer of the soil.

Ground dose rate calculations were done in three
steps. First is the measured dose rate at the point of
the detector, from which the intrinsic background,
the cosmic background and local radon background
should be subtracted. The second step is to correct
for the height, using the equivalent height at
standard conditions and the height-to-sensitivity
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function. Other function parameters are air pressure
and air temperature as well. The third step is to add
the cosmic background calculated at ground level.

The result consists of a wvariety of maps
representing concentrations of the monitored radio-
isotopes and calculated dose rates. In Fig. 6, a
simple preview of the maps is shown in the form of
color images extracted from the genuine maps, just
for illustrative purposes. The “X” marks show the
sampling coordinates for the measurements on the
ground.

The results from the second approach also
confirmed the applicability of the calibration
method in the particular conditions.

(d)

Uncertainty

The first thing we have to know about
uncertainty is that it is quite high. But we have to
consider that this survey method is mainly
indicative and for rough evaluations. The method
has first been created for geological purposes. It is
macroscopic and its idea is to be used over a wide
open territory in order to find some regions of
interest. If we use the detector system on the
ground or in short-distance geometry the

uncertainty will be lower and can be defined, but on
60 m above cross-country terrain there are many
valuable factors affecting the result. The most
important is the accurate measurement of the
distance to the object on the ground.
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The barometric altimeter gives us altitude, but
not exactly the distance and the GPS altitude, even
when corrected with the geoidal shape of the Earth,
does not provide definable precision. The
atmospheric pressure, temperature and humidity
also significantly affect the attenuation in air, but
usually in open space they can vary and change
quickly. With the current system it is not possible
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to monitor all these parameters. The amount of the
gamma-photons reaching the detector also depends
on the substrate under the contamination. Its
density and Ze affect its backscattering. Very
significant error could appear when the model we
choose does not correspond to the real
contamination shape. As we usually start with an
infinite model, the system result will be divided to
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the “visible” area of the detector and the result for
the surface activity will always be underestimated.
For point source estimation, in the activity
calculation we assume that the source is right under
the helicopter, but in practice there could be a
difference. For an accurate quantitative evaluation
of the activity of the contamination we have to
know all the affecting factors which will lead the
investigation to another direction. Because of all
mentioned above, in our survey we consider the
uncertainty  evaluation as not reasonably
achievable.

CONCLUSION

The airborne gamma-spectrometry mapping is a
macroscopic method for quick investigation of
large territories and its nature does not assume high
accuracy. In any case, improving the calibration can
enhance the reliability of the results.

Because of the increasing contribution of cosmic
radiation with height, it should be considered
during the interpretation of the results. It is not
possible to exclude the cosmic radiation on the base
of its energy, because it covers all the spectrum and
even causes secondary radiation after interaction
with the flying vehicle. Building a graph of the
counts in the cosmic ROI to altitude we can
guantitatively verify our system response to this
kind of radiation. And plotting graphs for each
relation between cosmic ROl and every other ROI
shows linear regressions. Their slope and zero
intercept are the sensitivity to cosmic radiation and
the intrinsic background, respectively. Comparison
of the resultant altitude function of the cosmic
radiation contribution and a typical one shows
satisfactory incidence, as the comparison between
the results for activity and those from a stationary
spectrometer for in-situ measurements.
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Removal of chromium from aqueous solution using chitosan: An experimental study
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In this work, the effectiveness of using chitosan for the treatment of chromium from aqueous solution was studied.
Parameters that influence the adsorption process such as adsorbent dose, contact time and pH are studied in batch
experiments. It was found that 40 mg dose, contact time of 180 min and pH of 3 are the optimum conditions for the
removal of chromium from aqueous solution. The experimental equilibrium adsorption data fitted well to the Langmuir
isotherm model, which indicates that adsorption of chromium on the surface of chitosan is monolayer coverage of the
adsorbate on the outer surface of the adsorbent under these experimental conditions. The adsorption kinetics followed
the pseudo-second-order kinetic model which suggests that the adsorption process is chemisorption and the rate-
determining step is probably surface adsorption. This adsorbent was successfully used for the treatment of different
operational sectional tannery effluents and it was found that about 83.58 and 90.27% of chromium were removed from
chrome tanning and re-tanning, respectively. At the same time other physicochemical properties such as turbidity,
conductivity, BOD, COD and TDS were significantly reduced.

Keywords: Chitosan, isotherm, Kinetics, adsorption.
INTRODUCTION

Tannery industry represents one of the most
important economic sectors in many countries and
according to 2003 data leather industry produces 18
billion square feet of leather per year whose
estimated value is about $40 billion [1]. During the
conversion of rawhide to leather several mechanical
and chemical operations are required involving
many chemicals like acid, alkali, oil grease,
chloride, metalorganic dyes, natural and synthetic
tanning agents, salts and many toxic metals [2]. In
Bangladesh there are more than 220 tannery
industries, about 90% of them are engaged in
chrome tanning operation [3]. In chrome tanning
operation excess amount of chromium is used, 60-
70% of chromium is bonded to rawhide and skin,
the remaining chromium salts are directly disposed
into the environment without any treatment [4]. The
toxicity, mobility, and bioavailability of Cr depend
fundamentally on its chemical forms, e.g.,
hexavalent chromium is highly mobile in soil and
water systems and toxic on biological systems
whereas trace amounts of trivalent chromium is
essential for living organisms and less mobile in
water and soil systems [5]. However, in aqueous
phase trivalent chromium is considered as a serious
threat for the environment because it could be
oxidized to Cr(VI) in the presence of oxidizers like
manganese dioxide [2]. Several experiments
suggest that Cr (111) can be accumulated into wheat,
rice grains, soybean, sunflower [5, 6].
* To whom all correspondence should be sent:

E-mail: didarulislam1992dh@gmail.com

So if these tannery effluents are directly disposed
into a river or a domestic sewage system, they will
contaminate surrounding channels, agricultural
fields, irrigation fields, surface water and finally
will be introduced into the food chain [7, 8].

Over the past few decades, several physical,
chemical, and biological methods have been
applied for the removal of toxic metals from
wastewater. Several methodologies have been used
in removing chromium from wastewater. Chemical
coagulation can be used to remove substances
producing turbidity in water, consisting of clay
minerals and proteinous matter but cannot
effectively reduce toxic metals [9, 10]. On the other
side, membrane methods such as reverse osmosis,
nanofiltration, ultrafiltration, and microfiltration
can be used to treat wastewater but these methods
possess several disadvantages, e.g., incomplete
metal removal, expensive equipment setup and
monitoring systems required [11-13]. Natural
adsorbents have been highly recommended by the
researchers to remove heavy metals as these
adsorbents can effectively and economically
remove toxic metals from wastewater without or
with very little modification of the adsorbent.
Moreover, natural adsorbents are biodegradable so
that after treatment they have no adverse effect on
the environment. Several adsorbents have been
used in the past like maple sawdust [14], pine
species [15], soya coke [16], green algae [17], tea
waste [18], plum tree bark [19]. All of these
materials show excellent sorbent properties and this
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is the main reason to carry out the present study. In
this experiment, chitosan (adsorbent) from prawn
shells was used in a batch study to find out the
optimum conditions for the removal of chromium.
Equilibrium adsorption data (dose effect) were
modeled using Langmuir and Freundlich isotherm
models while pseudo-first-order and pseudo-
second-order models (time effect) were used to
study the adsorption Kkinetics. The adsorbent
(chitosan) was successfully used under the
optimum conditions for the treatment of different
operational sections of a tannery effluent.

MATERIALS AND METHODS
Materials

Prawn shells and raw clay for modification were
collected from local prawn hatcheries in Satkhira,
Bangladesh and Bijoypur, Netrokona, Bangladesh.
Sodium hydroxide and potassium dichromate were
obtained from LOBA Chemie (India). Hydrochloric
acid, acetic acid, sulphuric acid were obtained from
Merck, Darmstadt, Germany. All materials were of
analytical grade or higher. Chemicals were used as
obtained without further purification.

Preparation of chitosan from waste prawn shells

Chitosan was extracted from waste prawn shells
according to Taslim et al. [20]. First, prawn shells
were thoroughly washed with tap water and then
boiled in water for 2 h at 60°C temperature. After
washing the shells were dried and crushed in a
milling machine. Crushed shells were then de-
proteinized with 4% (w/w) NaOH in 1:16 ratio
(w/w) at 70-90°C for 3 h. Water-insoluble proteins
were removed in this stage after neutralization.
Dried samples of de-proteinized shells were
demineralized with 3N HCI at a ratio of 1:16 (w/w)
on stirring for 3 h at 70°C. This demineralization
yields chitin. The dried chitin was de-acetylated by
heating at 80-100°C with 50% NaOH (w/w)
solution at a ratio of 1:20 (w/w) for 4 h. After
washing and neutralization chitosan was obtained.

Characterization of chitosan

Fourier transform infrared (FTIR) spectrometry
(FT-IR  8400S spectrophotometer  Shimadzu
Corporation, Japan) was used to analyze the
functional groups of chitosan in the diffuse
reflectance mode at a resolution of 4 cm? in KBr
pellets. To determine thermal properties of chitosan
TGA and DSC analysis were performed [21]. TGA
was conducted in a TGA-50H SHIMADZU
thermogravimetric analyzer, Japan from room
temperature (30°C) to 600°C at a heating rate of
10°C /min in nitrogen atmosphere with a flow rate

of 10 ml/min on alumina cells. Differential
scanning calorimetry (DSC) measurements were
performed on a Perkin EImer DSC7. DSC curves of
each film were obtained from the second heating
run at a rate of 10°C/min, after the first run of
heating up to 190°C and cooling to 25°C at the
same rate of 10°C/min, in nitrogen atmosphere, in
order to estimate the glass transition temperature
[22].

Batch adsorption study

Batch experiments were carried out to evaluate
the influence of pH, contact time and adsorbent
dose on the removal of chromium from solution.
For pH optimization experiments were carried out
by adding 40 mg of adsorbents in 100 ml of
chromium solution (40 ppm) at a temperature of
30°C on a rotary shaker at 120 rpm for 120 min.
The initial pH of the Cr(IV) solution was adjusted
to different pH values (2.50, 3.50, 4.00, 4.50, 5.00
and 5.50) by dilute hydrochloric acid and sodium
hydroxide using a pH meter (DELTA-320). For
determination of the effect of contact time on
adsorption, assessments were done with 40 mg of
adsorbents in 100 ml of chromium solution (40
ppm) at a temperature of 30°C on a rotary shaker at
120 rpm. The samples were withdrawn from the
shaker at predetermined time intervals (30, 60, 90,
120, 150, 180, 210 and 240 min). For dose
optimization, 100 ml of 40 ppm stock solution of
Cr was taken in a 250 mL conical flask at the
optimum pH. Different doses (20, 40, 60, 80, 100,
120, 140, 160 and 180 mg of adsorbent) were added
in each of the solutions and agitated at 30°C in a
reciprocating shaker at a fixed speed of 120 rpm for
12 min. After adsorption, adsorbents were
separated from the solution by centrifugation at
5000 rpm for 10 min. AIll experiments were
replicated and the average results were used in data
analysis. The amount of chromium adsorbed per
unit adsorbent powder was calculated according to
the following equations:

C,—C
%Removal = OC £ % 100 D

Co - Ce
Qmax = M xV (2)
Here, Qmax IS the adsorption capacity of metal
ion adsorbed per gram of adsorbent, C, and C. are
the initial and final concentration, respectively, M
is the mass of the adsorbent (g) and v is the volume
of chromium solution taken for the adsorption study

(L)
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Isothermal studies

The equilibrium isotherms were experimented in
order to get a better insight into the adsorption
mechanism. There are many theories relating to
adsorption equilibrium. Three isotherm equations
were tested in the present research, namely
Langmuir and Freundlich.

Langmuir isotherm model is commonly used to
describe the relationship between the equilibrium
concentration of the adsorbate and the amount
adsorbed on the surface of the adsorbent. The
surface interaction of chromium with the composite
adsorbent can be represented as

C+S =CS

where, C and S represent the chromium and the
composite surface, respectively, and CS refers to
the chromium adsorbed on the adsorbent. This
isotherm model was utilized to calculate the
maximum adsorption capacity which was obtained
by fitting the experimental data to Langmuir
isotherm model by assuming that a monolayer is
formed at maximum adsorption [23, 24]. The
linearized form of Langmuir equation can be
expressed as:

1 1 1 1

- = — J— 3
Qe KLQO Ce o ( )

where, Ce is the equilibrium concentration of the
metal ion in mg L?, g is the amount of Cr(VI)
adsorbed at equilibrium in mg g%, q is the
maximum adsorption capacity in mg g%, and K. is a
constant (L mg?) related to the energy of
adsorption. The maximum adsorption capacity, Qo
and the constant K. are obtained from the slope and
intercept of the plot of 1/ge against 1/C..

The Freundlich isotherm [25] is a useful model
to study the adsorption for dilute solutions. The
adsorption on inequivalent adsorption sites is well
described by this empirical isotherm. The
Freundlich equation takes into account the
logarithmic decrease in the energy of adsorption
with increasing surface coverage and this is
attributed to the surface heterogeneity [25, 26]. The
linearized form of this isotherm can be expressed
as:

1
logq. = logKg + Hlog Ce 4)

where, Ce is the equilibrium concentration of the
Cr(VI) ion in mg L%, qe is the amount of Cr(VI)
adsorbed at equilibrium in mg g%, and K¢ and n are
the Freundlich constants which indicate the
adsorption capacity and the adsorption intensity,
respectively. The values of Kr and n were obtained
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from the slope and intercept of the logarithmic plot
of ge vs Ce.
Kinetics of adsorption

The kinetic parameters were evaluated using the
well-known first-order and pseudo-second-order
models [27]. Equations for these models can be
described as follows:

kqt
log(de = a0) = log de — 5= ®)

t _ 1 " t (6)
@ kg% e

where, ge and g refer to the amount of Cr adsorbed
at equilibrium and time t with the first- and second-
order rate constants ki and kz, respectively. The
slope and intercept obtained from the plots of log
(ge- q) and t/g: against t give the respective Kinetic
parameters. a is the initial adsorption rate (mg (g
min) 1), and the parameter 1/b (mg g?) is related to
the number of sites available for adsorption.

RESULTS AND DISCUSSION
Characteristics of composites

FTIR spectroscopic analysis. FTIR spectra of
chitosan showed several bands in the region 4000-
500 cm?, as seen in Fig. 1. The peak at 3450 cm™*
is due to —OH stretching. The C—H stretching
(symmetric and asymmetric) vibrations of the
polymer backbone are demonstrated through strong
peaks at 2900 cm™ and 2850 cm™. A sharp peak at
1600 cm™? corresponds to aromatic carbon (C=C
stretching). Peaks at 1375 cm, 1130 cm? and
1080 cm™? are observed due to asymmetrical C-H
bonding of the CH, group; Cs-O stretching and Ce-
O stretching overlapped with C=0 stretch
vibration, respectively. The transmittance bands at
1580 cm™ are due to N-H bonding vibration of
chitosan, the peak at 1430 cm? is due to -C-O
stretching of the primary alcoholic group in
chitosan. Similar FTIR peaks were also observed in
previous studies for chitosan [28, 29].

Thermogravimetric  analysis. The thermal
stability —of chitosan was checked by
thermogravimetric analysis (TGA) and results are
shown in Figure 2. Thermal decomposition of
chitosan exhibits three different stages, within the
ranges of 50-200°C, 200-350°C and 350-650°C. In
the first stage, 16% mass loss was associated with
the evaporation of water from the surface of the
chitosan film. In the second stage, a sudden drop of
the weight loss with temperature was observed, due
to decomposition of organic and other volatile
matters present in the samples [22]. After 350°C
only 34% of the mass remained. Further, in the
third stage from 350-650°C, a significant mass loss
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of chitosan was observed. After 650°C only 1%
residue was found which was attributed to the
presence of minerals.
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Figure 1. FTIR spectrum of the chitosan film

Differential scanning calorimetry. The DSC
thermogram of chitosan within the temperature
range of 50 to 400°C at a heating rate of 10°C/min
is shown in Figure 3. One endothermic and one
exothermic peak were observed. The endothermic
peak at 81°C was due to a loss of moisture content
in the sample. A sharp exothermic peak at 278°C
was observed which is due to the decomposition of
the higher content of amine groups.
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Figure 2. TGA curve of chitosan.

Batch studies

Effect of pH on Cr (VI) adsorption. The
optimization of pH is an important factor in the
adsorption study. Hexavalent chromium can exist
in various forms such as HCrOs, CrO.%*, and
Cr,07* depending on pH and concentration of the
aqueous phase. In the pH range 2.5-4.5, Cr(VI)
exists in solution primarily as bichromate (HCrOx)
anion, whereas the dichromate (Cr,O;*) anion
predominates at lower pH values and higher
concentrations [30]. The favorable pH for the

adsorption of Cr(VI) was observed in weakly
acidic medium (2.5-4.5).

278
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Figure 3. DSC curve of chitosan.

According to Pearson’s classification [31],
chromium is categorized as a hard acid and
chitosan is classified as a hard base. This can be
used to explain the variety of complexation
reactions. As they are both strong, good interaction
between the positively charged protonated amine
group of chitosan and the negatively charged
bichromate anion can be expected. In acidic
medium surface hydroxyl groups of clay can also
be protonated and this could serve as electrostatic
interaction with bichromate anion either. With the
increase in pH, adsorption decreased which could
be attributed to the deprotonation of the surface
hydroxyl groups [32]. From Figure 5 it can be seen
that the optimum pH for chitosan is 3.0 (85.45
mg/g); below and above this pH, adsorption
capacity was significantly reduced.

Effect of dose on Cr (VI) adsorption. The
adsorption of chromium by chitosan was studied at
various adsorbent quantities (20, 40, 60, 80, 100,
120, 140, 160 and 180 mg/100 ml solution) in the
test solution keeping chromium concentration 40
ppm at a temperature of 30°C and pH 3 for
optimum contact time of 180 min. After 180 min
the percentage of adsorbed chromium was
calculated. It was found that increasing the dose of
adsorbent increased the percentage of chromium
removed from the solution which can be attributed
to increased adsorbent surface area and availability
of a larger number of adsorption sites (Figure 4).
However, after 140 mg adsorbent dose chromium
removal from the solution was not significant. The
adsorption capacity decreased with increase in
adsorbent dose. This is due to the low dose, all
adsorption sites are exposed and adsorption on the
surface is saturated faster, that results in higher
adsorption capacity. But at higher adsorption dose,
the availability of higher energy sites decreases
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with a larger fraction of lower sites occupied as
well as adsorption surface area may be overlapped
or aggregated at higher dose and less active sites
available to chromium [33], produce lower
adsorption capacity [34-36]. From Figure 4 it is
evident that the optimum dose is 40 to 60 mg. In
this range chromium removal percentage and
capacity were in optimum condition.

Effect of time on Cr (VI) adsorption. Contact
time is an important parameter of adsorption which
also reflects adsorption kinetics of an adsorbent for
a solution with given concentration and pH values.
The batch studies were carried out at 30°C with
initial concentration of Cr (VI) of 40 ppm in 100
ml of solution, pH 3 using 40 mg composites at
various contact time periods. Figure 5 shows the
effect of contact time on the adsorption capacity of
the composites for Cr (VI). The results show that
adsorption capacity of Cr (VI) increases with
increasing contact time from 30 to 240 min and
after 180 min the capacity remains constant and
attains equilibrium, which indicates that 180 min of
contact time is enough for the maximum removal
of Cr (V1) ions from aqueous solution under these

experimental conditions. Equilibrium adsorption
achieved may be due to the accumulation of Cr
(V1) ions on the vacant sites and causes limited
mass transfer of the adsorbate from the bulk liquid
to the external surface of adsorbent [37].
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Figure 4. Effect of sorbent dose on chromium
adsorption.
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Figure 5. Effect of pH and time on chromium adsorption.

Table 1. Comparison of the isotherm and kinetics constant and calculated and experimental g values for chitosan.

Isotherm Kinetics

Langmuir First order
KL 0.082 Oe 20.88
R? 0.9970 K1 0.01474

R? 0.9739

Freundlich Second order
n 0.96 Oe 91.74
Kr 6.87 K> 0.00133
R? 0.9937 R? 0.9999

Adsorption isotherm modeling

The data obtained from isotherm studies were
tested for their applicability to the two models.
Table 1 summarizes the values of all adsorption
constants and regression coefficients for each of
these isotherms, which were then calculated from
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the best-fit lines. According to Mckay et al. for
best fit of Freundlich isotherm the n value should
be from 1 to 10 [38, 39]. In this study the n value
for the adsorbent was 0.96, which is out of the
accepted range. The values of the regression
coefficients for Langmuir and Freundlich are
0.9970 and 0.9937, respectively, which implies
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that Langmuir adsorption model is the best fit.
This observation implies that monolayer
adsorption on homogenous surface may co-exist
under the applied experimental conditions.

Adsorption kinetics modeling

The pseudo first-order and pseudo-second-
order kinetic models were used to obtain the rate
constants and equilibrium adsorption capacity of
chitosan. The values of pseudo-first order model
constants ki and ge were obtained from the slope
and intercept of the plots of log (qe-q:) vs t while
pseudo-first-order model constants, kz, and Qe
were calculated from the slope and intercept of
the plots of t/ge vs t. All of these constants and
correlation coefficient values are summarized in
Table 1. As seen from the table, calculated
adsorption capacity and regression coefficient
conform that adsorption of chromium onto
adsorbent follows a pseudo-second-order kinetic
model. The applicability of the pseudo-second-
order kinetic model specifies that the adsorption
process is chemisorption and the rate-determining
step is probably surface adsorption. Similar
phenomenon has been experienced for adsorption
of chromium on other bio-adsorbents [40-42].

Application of chitosan for the treatment of
industrial waste water
In this study chitosan was used to determine
the usefulness of chitosan for the removal of

chromium and some other physicochemical
properties of waste water. For that purpose,
effluent from different operational sections of
tannery industry has been collected and the initial
and final properties of waste water after the
treatment with chitosan were determined. All of
these results are summarized in Table 2 and 3. In
this experiment, 0.5 g of chitosan was used to
treat 250 ml of waste water at a temperature of
30°C and pH 3 with contact time180 min. After
analysis it was found that only chrome tanning
and re-tanning waste water contain chromium in
high quantities while all other sectional waste
waters do not contain any chromium or this level
was below detection limit. For that reason, after
treatment with chitosan only these two sectional
waters were quantified to determine chromium. In
this experiment it was found that 83.58 and 90.27
% of chromium was reduced from chrome tanning
and re-tanning waste waters, respectively. All
other physicochemical parameters such as
turbidity (78-84%), conductivity (68-80%), BOD
(62-75%), COD (58-75%) and TDS (69-79%)
were significantly reduced, which indicates that
this adsorbent can be successfully used for the
treatment of tannery effluent, as well as domestic
waste water.

Table 2. Initial physicochemical parameters of effluents from different chemical operations before treatment

Name of operation Turbidity Conductivity BOD COD TDS Chromium

(NTU) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L)
Soaking 927 87550 2750 6100 45150
Liming 1020 137150 4953 14120 67000
De-liming 921 107000 3750 7710 55150
Bating 879 89500 2900 5150 45550
Pickling 793 74100 2150 4340 37550

Chrome tanning 1123 128100 2450 6130 64500 1723.6
Neutralization 927 104100 3010 7150 52550

Re-tanning 1050 127500 2750 6150 63500 1038

Dyeing 950 102100 5150 13165 51500
Fat-liquoring 954 94100 6150 17195 47500

Table 3. Changes of physicochemical parameters of effluents from different chemical operations after treatment

Name of operation Turbidity Conductivity BOD COoD TDS Chromium
(NTU) (uS/cm) (mg/L) (mg/L) (mg/L) (mg/L)

Soaking 151 27500 950 2250 14200
Liming 201 37100 1810 4250 18500
De-liming 187 31010 1410 3170 15200
Bating 177 27550 755 1910 13500
Pickling 127 19700 527 1650 11550

Chrome tanning 224 37900 801 2150 19100 283
Neutralization 191 20100 721 1810 11500

Re-tanning 227 35150 1027 2450 18150 101
Dyeing 163 19510 1520 3710 10500
Fat-liquoring 174 23010 1810 4150 11710
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CONCLUSION

The removal of chromium from aqueous
solution using chitosan was investigated under
different experimental conditions in a batch mode.
For that purpose, chitosan was successfully
prepared from prawn shells and its formation was
confirmed by FTIR, TGA and DSC analysis. In this
study, results indicate that adsorbent dose, contact
time and pH have a high impact on chromium
uptake capacity of bioadsorbents. The adsorption
follows the Langmuir model that means monolayer
coverage of the adsorbate on the outer surface of
the adsorbent. The adsorption Kinetics followed the
pseudo-second-order kinetic model which suggests
that the adsorption process is chemisorption and the
rate-determining step is  probably  surface
adsorption. This adsorbent was used for the
treatment of waste water and it was found that it
can remove more than 80% of the chromium (250
ml, >1700 ppm solution). At the same time other
physicochemical parameters such as turbidity,
conductivity, BOD, COD and TDS were
significantly reduced. This investigation implies
that chitosan could be a good alternative to
expensive chemicals and methods and hence the
waste water treatment process (industrial, as well as
domestic waste water) can become very
economical.
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Moroccan surface water and groundwater is enduring an increase of salt concentrations which exceed the drinking
water standards. To solve this problem, in this study we will use membranes which are a helpful technique to reduce
these concentrations and to achieve high water quality within the distribution system. This study is aimed at proposing a
model of reverse osmosis experiments conducted in a pilot scale using synthetic water doped with NaCl. Firstly,
performances were compared for different types of reverse osmosis membranes. Secondly, a mathematical model was
applied on the experimental data. As a detailed characterization of the membranes utilized was not available, a
simplified approach for the phenomenon as described in Spiegler-Kedem model was used. This model is based on
irreversible thermodynamics and predicts the rejection performance of the system by an estimation of two coefficients:
reflexion coefficient and permea bility coefficient. The Levenberg-Marquardt’s algorithm (LMA) was used which
iteratively solves non-linear least-squares problems. Simulations are in good agreement with experimental data and the
linear correlation coefficient for the fitted data was greater than 0.85 in all experiments. Application of the model
showed that to enhance model predictions, experiments must be conducted in a wider range of pressures, especially

those corresponding to lower energy need.

Keywords: Membrane processes, Osmosis, Permeate flux, Reverse salt rejection, Spiegler-Kedem model

INTRODUCTION

In most countries, water resources are scarce and
under threat of industrial and urban wastes [1-4].
Wastewater treatment processes are used to treat
municipal and industrial wastewater to meet
effluent standards before discharging in the natural
environment [5-8]. Morocco, like other southern
Mediterranean countries, is enduring water shortage
and a wide variation in levels of rainfall which is
expected to aggravate over the next few years.
Population  concentrations followed by the
industrial and agricultural activities along the
coastal zone have led to an increase of drinking
water demand along this area. To solve this
problem, seawater and groundwater desalination is
seen as a useful process. Hence, many desalination
plants were built working through reverse osmosis
(RO) process. On the other hand, nanofiltration
(NF) is widely studied at laboratory and pilot
scales. However, its implementation on an
industrial scale is not yet well exploited. This
technique was only implemented with removing
nitrate from the groundwater of Sidi Taibi
commune (near Kénitra Town) [9]. Desalination
projects are expensive and high energy consuming,
so that ready-to-use plants are not always available.

* To whom all correspondence should be sent:
E mail: mohammed.igouzal@uit.ac.ma

Thus, it is decisive to choose the most appropriate
membranes for a given water treatment project
[10,11]. First, membrane performances must be
studied in a pilot scale, especially where process
uncertainties are potentially high, in terms of
membranes performance and total operation cost
[12,13].

In this study, we are interested in the
desalination of M’Nasra’s groundwater. This zone
has been a subject to many studies. Bouya et al.
[14] reported that during the last decade, M’Nasra
aquifer has been subjected to an anarchic and non-
rational groundwater abstraction, leading to an
overexploitation of the aquifer, rupture of the
hydrodynamic equilibrium, degradation of water
quality. They have developed a hydrodynamic
model to understand the spatial distribution of
permeability and recharge, and have confirmed the
nature of M’Nasra aquifer system hydrogeological
functioning. Benseddik and Bouabid [15] studied
the vulnerability of M’Nasra aquifer water based on
three methods used to identify the most vulnerable
areas that need a good management. Marouane et
al. [16] studied the spatio-temporal variability of
groundwater nitrate (NO") and pesticide in M’Nasra
aquifer during 2012 and found that nitrate
concentrations were higher than the critical value of
50 mg L% Zouhri [17] reported that marine
intrusion and the lithological composition of the

© 2019 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 625
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saline pre-Rifean nappes, combined with their
tectonic structures and their flow towards the Rharb
basin (including M’nasra zone), are considered as
increasing factors behind the salinity of this area’s
underground water resources. For drinking water,
the maximum acceptable concentration which
WHO recommends is 250 mg L for chloride and
200 mg L* for sodium [17].

This research is aimed at studying separation
experiments by nanofiltration (NF) and reverse
osmosis (RO) in a pilot scale laboratory.
Measurements were conducted on synthetic
groundwater from de M’Nasra zone (Morocco).
Different membranes were wused and their
performances and selectivity towards sodium
chloride salt (NaCl) were experimentally compared.

On the other hand, numerous phenomenological
and mechanistic models have been proposed to
describe solute and solvent transport through
porous and dense membranes [18]. These
mathematical models are based on conservation
principles and include many parameters. Model
parameter estimation is achieved by matching
model predictions with experimental data. The
development of these modeling techniques will
successfully lead to a smaller number of
experiments and subsequently save time and money
in the developmental stage of a given project. For
dense membranes, the solution-diffusion model is
the most popular. In this model, solutes dissolve at
the membrane interface and then diffuse through
the membrane along the concentration gradient
[19]. Pore-flow models also exist, in which
different solutes are separated by size, frictional
resistance, and/or charge. Finally, the Kedem-
Katchalsky and Spiegler-Kedem (S-K) models
employ irreversible thermodynamic arguments to
derive solute and solvent transport equations while
treating the membrane as a “black box™ [20].
Models based on irreversible thermodynamics
approach are the easiest to use, especially Spiegler-
Kedem model which requires only two parameters
for its application. This model is recommended for
studies representing first attempts of modeling
membranes  processes. In addition, it is
methodologically true to start with the simplest
description of the phenomena under study, and to
evaluate the limits of this approximation before
investigating more complications. For all these
reasons, the use of S-K model is adequate in our
case study. Thereafter the capability of Spiegler-
Kedem model to predict rejection performance was
investigated [9,10].

M’Nasra aquifer belongs to the coastal area of
Gharb basin. Geographically, it covers an area of
approximately 600 km?, and extends to 70 km along
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the coastal strip of Kenitra from the south and
Moulay Bouselham from the north. It is bordered
by Sebou River in the east, and the Atlantic Ocean
in the west. This aquifer is the only resource of
drinking water which supplies the population of
many rural municipalities (Fig. 1) and irrigates
various agricultural areas in the region.

L]
Mily. Bouselham

Morocco

WMnasra limits
Sebou river
imEi City

B Vilage

-
S. Yahia

- 10 Km
==L§_emra

Fig. 1. Situation of the studied area
MATERIALS AND METHODS
Mathematical model

The performances of membranes were measured
in terms of salts rejection (R) and permeate flux
(Jv). For dilute aqueous mixtures consisting of
water and a solute, the selectivity of a membrane
toward the mixture is usually expressed in terms of
the observed solute rejection coefficient. This
parameter is a measure of a membrane's ability to
separate the solute from the feed solution, and is
defined, as a percentage:

C—C

G 2100 (1&) (1)

R = 100
Ce

where C, and Cs are the solute concentrations in the
permeate and feed solution, respectively.

The Spiegler-Kedem (S-K) model, based on
irreversible thermodynamics, provides a simple
framework for description of solute transport in
both RO and NF processes. In this model, the
membrane is regarded as a “black-box” that can be
characterized in terms of two coefficients: the
solute permeability (Ps) and the reflection
coefficient (o). The S-K model considers
convective coupling between solute and solvent
species. This model has been successfully used to
model solute retention in various applications, such
as desalination of saline and brackish water,
demineralization, etc. For the derivation of the S-K
model, the starting point is the assumption that the
water flux (Jw) and the solute flux (Js) are driven
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by the forces Fw and Fs, respectively. These
generalized forces are due to chemical potential
gradients across the membrane:

Jw = L11Fw + LyoFs and Js = La1Fy + Ly Fs (2)

where L are phenomenological coefficients.

The chemical potential gradient is caused by a
concentration or pressure gradient. So that the final
working equations of the nonlinear S-K model are:

L (dP dl])
Jw = Lp. dx %dx

d Js=P dcs 10).C 3
and Js = S dx (10).Cs. Jw 3)
where:  Jw  (Kg.m™2s71):  water flux; Js

(Kg. m2s71): solute flux; L, (m.s™!): solvent
permeability constant; P (bar): operating pressure;
IT (bar): osmotic pressure; x (m): distance across
the membrane; Cs: solute concentration inside the
membrane; Ps (m.s™!): solute permeability
constant; o: reflection coefficient.

Solvent transport is due to the pressure gradient
across the membrane and solute transport is due to
the concentration gradient and convective coupling
of the volume flow. Solute transport in RO
membranes occurs predominantly via diffusion,
however, for membranes with larger pores such as
NF ones, both convective and diffusive
contributions to the solute flux, are important and
cannot be ignored [21].

Integration of equation (3) combined with
relation (1) and considering the limit conditions of
the problem (for x=0, Cs=C; and for x= AX, Cs=C)
lead to relation (4):

where: C¢ (kgm™1): solute concentration in the
feed solution; C, (kg m=3): solute concentration in
the permeate solution; F (dimensionless): a flow
parameter; Ax (m): membrane thickness.

The two transport parameters (¢ and Ps) are the
main parameters of the model. They are obtained
by fitting the experimentally obtained rejection
permeation data to the model calculated rejection.
The parameter ¢ is a measure of the degree of
membrane semi permeability, i.e. its ability to pass
solvent in preference to solute. It characterizes the
imperfection of the membrane [21]. The fitted
coefficients are then said to represent the values of
the transport coefficients for the given feed salt
composition. Concentration dependence of these
coefficients is assessed by fitting the data for
different feed concentrations.

Pilot used

The experiments were performed on an NF/RO

pilot plant (E 3039) supplied by TIA Company
(Technologies Industrielles Appliquées, France).
The pressure applied over the membrane can be
varied from 5 to 70 bars by manual valves.
The pilot is equipped with two identical spiral
wound modules operating in series. Each module
contains one element. The pressure loss is about 2
bars corresponding to 1 bar of each module. Table 1
gives the characteristics of the commercial
membranes used.

The experiments were performed at 20°C.
Samples of permeate were collected and the water
parameters were determined analytically following
the standard methods.

R=1- E—I: = 61(1__611? with F = exp (— a _PSG)IV> “4)
Table 1. Characteristics of the membranes
Membrane Surface (m?)  Pmax(bars)  Feed pH range Max T(°C) Material Manifacturer

BW30LE4040 7.6 41 2-11 45 Polyamide Filmtec
TMG10 8.0 40 2-11 45 Polyamide Toray
TM710 8.0 41 3-9 45 Polyamide Toray
NF90 7.6 40 3-10 45 Polyamide Filmtec
NF270 7.6 40 3-10 45 Polyamide Filmtec

Statistical analysis

In this study, a statistical analysis of residual
errors was performed based on the Root Mean
Square Error (RMSE), the Normalized Root Mean
Square Error (NRMSE) and the Nash-Sutcliffe
Efficiency (NSE) coefficient.

The RMSE is the distance, on average, of a data
point from the fitted line. The NRMSE calculates

the residual variance. The NSE is a normalized
statistic that determines the relative magnitude of
the residual variance (noise) compared to the
measured data variance (information).

RESULTS AND DISCUSSION
RO on synthetic water doped with NaCl
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Performances of RO membranes TMGI10,
TM710 and BW30LE4040 were first compared
using synthetic water doped with NaCl at different
dilutions as shown in table 2.

For a feed water salinity of 2 g L%, the influence

membranes is the lowest, in agreement with the
high permeability of this membrane.

Table 2. Characteristics of the synthetic water doped
with NacCl.

i Salinit _
of pressure on the permeate flux for th_e dlfferept p y pH  CI~(ppm) Na*(ppm)
membranes is shown in fig. 2 (a). An increase in CD)
applied pressure leads, as is to be expected from 2 6.19 789.87 1203.58
equation (4), to an increase in the permeate flux for 4 6.02 146437 2482 396
all three tested membranes. Also, the permeate flux
obtained with BW30LE4040 membrane is higher 6 63  1908.12 3272.22
than that attained with other membranes. Fig. 2 (b) 8 6.44 2440.62 4983.59
shows that the rejection coefficient of CI is greater
. 10 6.62 3017.5 5641.8
than 0.95 for the three membranes for all applied
pressures. Rejection obtained with BW30LE4040
Jv,ms! R, %
1 99 e
—4a— TMGI10 o .//A./A‘L‘
—m— TM710 A o
201 o BW30LE4040 i / 98- /
L]
16 /I/ (b) o)
o/ 7 /
121 //‘{A (a) T —a— TMGI10
o / 96+ —m— TM710
] © —o— BW30LE4040
S — 95 ————
10 15 20 25 30 35 40P,bar 5 10 15 20 25 30 35 40 P, bar

Fig. 2. (a) Variation of permeate flux and (b) rejection coefficient (for CI") with pressure
(for salinity of 2 g L™1)

Fig. 3 shows the permeate flux as a function of
pressure at different salinity concentrations (2, 6
and 10 g L) for (a) TMG10, (b) TM710 and (c)
BW30LE4040, respectively. As salinity
concentration increases, permeate flux decreases for
all three membranes used. Increasing feed
concentration leads to an increase in osmotic
pressure and hence permeate flux reduces (see
equations 4 and 5).

On the other hand, high rejections are obtained
with the three reverse osmosis membranes (greater
than 95%) in concordance with manufacturer's
specifications.

For all previous experiments, optimal values of
coefficients ¢ and P were mathematically obtained
by minimizing the model’s cost function which is
defined as the sum of the squared differences
between predicted and observed values of the
rejection coefficient.
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Figure 4 shows a plot of the rejection coefficient
(CI, salinity concentration of 10 mg L?) as a
function of the permeate flux for (a) TMG10, (b)
TM710 and (c) BW30LE4040. As can be seen,
calculations by the S-K model correctly reproduce
the experimental data. The correlation coefficients
calculated for the membranes TMG10, TM710 and
BW30L4040 were equal to 0.93, 0.85 and 0.85,
respectively. Table 3 summarizes the values of the
parameters ¢ and Ps for all membranes at different
salt concentrations. Increasing feed concentration
leads to a decrease of reflection coefficient ¢ and an
increase of permeate coefficient Ps in major cases.

Table 4 shows the results of the statistical
analysis as described in material and methods
section. The RMES coefficient obtained has a small
value, the NRMSE function is smaller than unity
and the NSE coefficient is very near to 1. This
result demonstrates the good performance of the
model and the optimization  procedure.
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Table 3. ¢ and Ps estimated by the model (CI, salinity concentrations of 10 mg L)

Membrane TM710 TMG10 BW30LE4040
Salinity (mg/l) 2 6 10 2 6 10 2 6 10
o 0979 0.991 00991 0955 0985 0988 0991 0991 0979

Ps (m/s) 1.107 1107 2107 1107 2107 3107 2107 15107 25.107

-1
Jv,ms 1

Jv,ms’ b

164 o (a) 204 (b)
—®— salinity=2g/l —u— salinity=2g/l
—O— salinity=6g/l n 181 —o—salinity=6g/1

—v— salinity=10g/I

14] —A—salinity=10g/l o
/ 164
12
104
¥ membrane; TMGIL0 104 ¢ Membrane (TM710)

10 12 14 16 18 20 22 P, bar 10 15 20 25 30 35 40 P, bar
Jv,ms"
244 ()
2] —m— salinity=2g/I u
—O— salinity=6g/1 ad
2091 —vy—salinity=10g/l

10 15 20 25 30 35 40P,bar

Fig 3. Variation of permeate flux with pressure for three salinity concentations: (a) TMG10 membrane, (b) TM710
membrane, (c) BW30LE4040 membrane

R, % R, %
1.0 o A A 1.04 — - - -
0.8 0.8 1
membrane TMG10 membrane TM710
0.6 (@) 0.6+ )
0.4+ 0.4+
0.2+ 0.2+
0.0 v T v v T v v 0.0 T r r T T r v T - g
0 2 4 6 8 10 12 14 0 2 4 6 g8 10 12 14 16 18 20
Jvx 10% m 5! Ivx 109 m s
R, %o
1.0 [ . o Q o
0.84/
/ membrane BW30LE4040
0.6 (c)
0.4+
|
0.2+

0.0 —— T
0 2 4 6 8 1012 14 16 18 20 22
1

Jv x l()ﬁ. ms”

Fig. 4. Comparison between observed and predicted rejection (of CI') for (a) TMG10, (b) TM710 and (c) BW30LE4040
(feed water salinity of 10 g L)
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Table 4. Results of the statistical analysis

Table 5. Characteristics of the feed water

Membrane RMSE (%) NRMSE(-) NSE (-)
TMG10 0.026 0.030 0.96
TM710 0.030 0.040 0.98

BW30LE40 0.029 0.060 0.99

Ground water treatment by RO and NF

In the second part of this research, ground water
from M’Nasra zone was treated by reverse osmosis
using BW30L4040 membrane, and by
nanofiltration using NF90 and NF270 membranes.
The characteristics of brackish water are shown in
Table 5. Figure 5(a) shows the permeate flux as a
function of pressure. For all membranes permeate
flux increases linearly as pressure increases. The
permeate flux obtained with NF membranes is
higher than that with the BW30L4040 membrane.
NF membranes are more permeable than RO
membranes because of the presence of
nanoporosity in NF while the RO membrane is
dense. Figure 5(b) presents the retention coefficient
of CI" as a function of the applied pressure. The CI
retention with BW30L4040 membrane is the
highest and pressure independent. For NF
membranes, there is an increase in retention with
increased applied pressure. Also, retention is more
important for NF90 membrane than for NF270
membrane.

Application of S-K model leads to reflection
coefficients (o) and solute permeability coefficients
(Ps) shown in Table 6.

404 Jv, m s
] (a)
35 ©  BW30LE4040
e NF90

30; v NF270
| — Linear fit
254
201
1 v
154
104

8 Y 16 ' 20 P, bar

Standards

Parameters Brackish  Moroccan World

water standards Health
Organization
T°C 23 - 25

pH 8.08 6.0-9.2 6.5-8.5
TDS (ppm) 2690 < 1000 < 1000
Na* (ppm) 780.12 100 <200
CI~ (ppm) 1325 350 - 750 <250

Mg? (ppm) 87.50 100 <50
Ca** (ppm) 20 <500 <270
SOZ~ (ppm)  125.88 200 <200

Figure 6 shows a plot of the rejection coefficient as
a function of the permeate flux. Calculated and
experimental rejection coefficients are very close.
Correlation coefficients for BW30L4040, NF90 and
NF270 were equal to 0.91, 0.85, and 0.85,
respectively.

Also, as for synthetic water, statistical indicators
(RMES, NRMSE and NSE) for ground water were
very satisfactory.

Table 6. Model constants ¢ and Ps estimated by the
model

Membrane NF90 NF270 BW30L4040
G 0.925 0.576 0.988
Ps (m/s) 0.14 0.7 0.04
100{ R % (b)
90 o—o/o’_’_’o
20 r/‘——4’/‘
704 —O— BW30LE4040
—e— NF90
604 —w—NF270
— Linear fit
0 '/V’—’—"/.
40 T T T T
8 12 16 20 P, bar

Fig. 5. (a) Variation of permeate flux and (b) rejection coeficient (for CI) with pressure
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CONCLUSION

The aim of this research was to study separation
experiments by nanofiltration (NF) and reverse
osmoses (RO) in a laboratory pilot scale.
Experiments were conducted on synthetic water
doped with NaCl and on groundwater from the
M’Nasra zone (Morocco). Different sizes of
membranes were used (RO and NF membranes)
and their performances and selectivities towards
sodium chloride salt (NaCl) were experimentally
compared.

A first attempt was undertaken to model the
separation tests using Spiegler-Kedem model. The
simulation results were found to be in good
agreement with the experimental data since the
coefficient of determination obtained for the fitted
data was greater than 0.85 in all experiments.
Model results were used to verify the consistency
of the experimental measurements in order to
improve the procedure. The study has shown that to
enhance the output of the model, pilot experiments
must be conducted in a wider range of pressures,
especially at pressures from 5 to 8 bar which
correspond to lower energy consumption.
Simulations (models coefficient) remain valid in
the range of the concentration and experimental
conditions used. Other measurements (made under
different conditions) can be used to test the
robustness of the model. Also, results of this study
are obtained with no information on membranes
characteristics. A detailed knowledge of these
characteristics can improve the predictability of
their  filtration  performance.  Our  future
development may focus on amelioration of the
modeling approach by a better description of the
membranes and the transport mechanism occurring
inside them.
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