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specifity of mycelium-bound ester hydrolases of
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Abstract: In order to improve the activities of mycelium-bound ester hydrolases
of Aspergillus oryzae Cs007, the main production conditions were investigated.
The activities of the ester hydrolases were simultaneously determined by
titration assay and spectrophotometric assay methods, using olive oil and
p-nitrophenyl esters as substrates, respectively. The optimum carbon source
and nitrogen source were olive oil and peptone, at concentrations of 1 and 2.2 %,
respectively. The effects of the carbon source, the nitrogen source and their
concentrations on the production of the enzymes were identical when the enz-
ymes activities were assayed by the two methods. The mycelium-bound enz-
ymes showed hydrolytic activity toward all the tested p-nitrophenyl esters,
triglycerides and fatty acid ethyl esters, but it showed greater preference for
long-chain triglycerides and short-chain p-nitrophenyl esters.

Keywords. ester hydrolases; lipases; carboxylesterases, Aspergillus oryzae;
p-nitrophenyl esters; olive ail.

INTRODUCTION

Ester hydrolases represent a diverse group of enzymes that catalyze the
cleavage and formation of ester bonds. Two typical and important classes of ester
hydrolases are lipases (EC3.1.1.3, triacylglycerol hydrolases) and carboxyleste-
rases (EC3.1.1.1, carboxyl ester hydrolases). Lipases can be distinguished from
other ester hydrolases by the phenomenon of interfacial activation, which is a
unique characteristic for lipases. Furthermore, lipases prefer water-insoluble
substrates, typicaly triglycerides composed of long-chain fatty acids, whereas
carboxylesterases preferentially hydrolyze “simple” esters (e.g. ethyl acetate) and
usually only triglycerides bearing fatty acids shorter than C6.1 The most reported
of the reactions realized by ester hydrolases, especially by lipases or carboxyl-
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2 YAN, LIU and WANG

esterases, are hydrolysis, esterification, alcoholysis, acidolysis, transesterification
and aminolysis. In addition, lipases or carboxylesterases show high regio- and
stereospecificity. These make them attractive biocatalysts for use in detergent
formulation,2-> food ingredients,3-> the pulp and paper industry,3-5 the produc-
tion of cosmetics,4> biofuels production®% and the synthesis of enantiopure
compounds.1347-11 Egter hydrolases widely exist in animals, plants and micro-
organisms. However, the most frequently used ester hydrolases are of microbial
origin, mainly bacterial:3:4.6.11-13 and fungi.1.3-6 Aspergillus oryzae are one of
the common fungal producers of ester hydrolases. In particular, they have the
ability to produce extracellular and intracellular enzymes. A strain of A. oryzae
WZ007 was isolated from soil that produced ester hydrolases showing high ste-
reospecificity, which was used for the resolution of a biotin intermediate,14
a-lipoic acid®® and ethyl 2-(4-hydroxyphenoxy)propanoate.16 In addition, it was
apromising biocatalyst in the synthesis of flavour esters.1” A mutant strain of A.
oryzae Cs007 was obtained by 137Cs gamma radiation of strain WZ007 that dis-
played high mycelium-bound ester hydrolases activity. To further improve pro-
duction by the mycelium-bound ester hydrolases Cs007, the most important fer-
mentation factors, including carbon source, nitrogen source and production time,
were investigated in detail. Then the substrate specificities of the mycelium-
bound enzymes for three typical esters, i.e., p-nitrophenyl (p-NP) esters, trigly-
cerides and straight-chain fatty acid ethyl esters, were investigated. To the best of
our knowledge, most studies of the ester hydrolases from A. oryzae investigated
systems with extracellular enzymes in the fermentation liquid. Mycelium-bound
hydrolases were considered in only a few studies!4-17 and a mycelium-bound
carboxylesterase, responsible for catalyzing ester synthesis in another.18 Myce-
lium-bound enzymes could be conveniently used without additional immobili-
zation. Therefore, it is very important to improve production by such bound
enzymes.

EXPERIMENTAL

Chemicals

p-Nitrophenyl acetate (p-NPA), p-nitrophenyl octanoate (p-NPO) and p-nitrophenyl
pamitate (p-NPP) were purchased from Alfa (Ward Hill, MA). p-Nitrophenyl butyrate
(p-NPB) was purchased from Sigma (St. Louis, MO). Corn oil and soybean oil were pur-
chased from alocal supermarket. All other chemicals were of the highest commercially avail-
able purity.
Microorganism, medium and growth conditions

A. oryzae Cs007, a mutant strain, was obtained by 13’Cs gamma radiation of A. oryzae
WZz007, which was isolated from soil samples and stored in the China Center for Type
Culture Collection with the accession number of CCTCC No. M206105.14 The microorg-
anisms were maintained on potato slant medium consisting of potato 200 g L-1, sucrose 20 g
L1 and agar 20 g L1, Shake flask culturing was performed in a 250 mL Erlenmeyer flask
containing 50 mL of the medium. The basal medium was composed of glucose 10 g L1,
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ESTER HYDROLASES OF A. oryzae 3

peptone 10 g L1, KH,PO, 1 g L1, MgSO, 0.5 g L1, NaCl 0.5 g L1 and gum arabic 4 g L1
with aninitial pH of 5. The basal medium was supplemented with a range of carbon sources,
mainly sucrose, maltose, starch, glycerol, olive ail, soybean oil and corn oil, which were
screened to examine their capacities to support the growth of A. oryzae Cs007 and the
production of enzymes. Each carbon source was added into the basa medium at a
concentration of 10 g L1 instead of glucose. Suspensions of spores of A. oryzae Cs007 with
about 106 spores per millilitre were used as inoculums. The culture was incubated at 30 °C for
48 h on a rotatory shaker maintained at 200 rpm. The fermentation cultures were filtered
through cotton gauze. The mycelia were washed with distilled water two times and used as the
crude mycelium-bound enzymes sample.

Biomass measurement

The amount of biomass was determined by the dry weight of mycelia. The fermentation
cultures were filtered through cotton gauze. The mycelia were washed two times with distilled
water and then dried to a constant weight at 100 °C.

Ester hydrolases activity

Soectrophotometric assay (p-NPA assay). The ester hydrolases activity was assayed with
spectrophotometric method using p-NPA as substrate, according to a modified version of the
Moreau method.1® The reaction mixture consisting of 0.1 mL of 30 mM p-NPA in acetonitrile,
2.8 mL of 50 mM Tris—HCI buffer (pH 7.5) and 20 mg wet-mycelia was incubated at 40 °C
for 3 min. The released p-nitrophenol was measured at 405 nm in a spectrophotometer. One
unit of enzyme activity was defined as the amount of enzyme required to release 1 umol of
p-nitrophenol per min under the assay conditions.

Titration assay (olive oil assay). The titration assay method was used according to the
Watanabe method with some modifications.2% An olive oil emulsion was prepared by mixing
50 mL of olive oil and 150 mL of 4 % poly(vinyl acohol) solution (Mw = 175050, Sino-
pharm Chemical Reagent Co., Ltd., Shanghai, China). The poly(vinyl acohol) solution was
prepared by dissolving poly(vinyl alcohol) in 50 mM phosphate buffer (pH 7.5). Prior to the
assay, the olive oil emulsion was homogenized. The reaction mixture containing 5 mL of olive
oil emulsion, 4 mL of 50 mM phosphate buffer (pH 7.5) and 50 mg wet-mycelia was incub-
ated at 40 °C and 150 rpm for 10 min on a shaker. The enzyme reaction was terminated by
adding 15 mL of ethanol to the reaction mixture. Then the liberated free fatty acids were
titrated with 0.05 M NaOH. One unit of enzyme activity was defined as the amount of enzyme
required to liberate 1 umol of fatty acid per minute under the assay conditions.

Substrate specificity

Hydrolysis of p-NP esters. Substrate specificities of the ester hydrolases of A. oryzae
Cs007 for p-NP esters were determined by a spectrophotometric method'%2! using the
following p-NP esters with different chain length of fatty acids: p-NPA (C2), p-NPB (C4),
p-NPO (C8) and p-NPP (C16). The solutions of p-NPA and p-NPB were prepared by adding
0.1 mL of 10 mM p-NP estersin acetonitrile into 2.8 mL of 50 mM Tris-HCI buffer (pH 7.5).
The solutions of p-NPO and p-NPP were prepared by adding 0.1 mL of solution A (10 mM
p-NP estersin acetonitrile) into 2.8 mL of solution B (2.22 g of Triton X-100 in 500 mL of 50
mM Tris-HCI buffer, pH 7.5). The reaction mixtures consisting of 2.9 mL of p-NP esters
solution and 20 mg wet-mycelia were incubated at 40 °C for the appropriate time.

Hydrolysis of triglycerides and fatty acid ethyl esters. Substrate specificities of the ester
hydrolase of A. oryzae Cs007 for triglycerides and fatty acid ethyl esters were determined by a
previously described titration method.2% Triglycerides, including triacetin and triolein, and
natural olive oil were selected as substrates. Ethyl esters of different carboxylic acid chain
lengths (Cq, C,, Cg, Cg and C1,) were chosen as the substrates.
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4 YAN, LIU and WANG

RESULTS AND DISCUSSION
Effect of carbon source

Asindicated in Table I, a better growth of the strain A. oryzae Cs007 on oils
and glycerol than on carbohydrates was observed. Olive oil gave the best enzyme
production. Similarly, oils as inducers or carbon sources enhanced lipase pro-
duction.22-24 The activities of mycelium-bound ester hydrolases achieved 160.2
and 472.6 U g1 biomass according to the p-NPA assay and olive oil assay, res-
pectively.

TABLE I. Effect of different carbon sources on cell growth and production of mycelium-
bound ester hydrolases of A. oryzae Cs007

Enzymes activity, U g1 biomass

i -1

Carbon source Biomass, g L o-NPA assay Olive oil assay
Glucose 5.0 185 0
Sucrose 7.2 20.6 0
Maltose 5.6 20.2 0
Starch 6.4 28.5 0
Glycerol 84 110.0 100.2
Oliveoil 10.2 160.2 472.6
Soybean ail 9.8 134.3 356.3
Corn oil 10.3 146.7 282.7

Then the optimal concentrations of olive oil for ester hydrolases production
and cell growth were determined. The results are given in Table Il, which
indicates that the biomass increased with increasing concentrations of olive oil.
The mycelium-bound ester hydrolases activities increased with increasing con-
centration of olive oil up to 1 % after which the enzyme activities decreased with
increasing concentration of olive oil. Therefore, 1 % olive oil was used in the
subsequent experiments. Significantly, the optimum carbon source and its con-
centration for the production of enzymes were identical when the ester hydro-
|ases activities were assayed by two methods.

TABLE II. Effect of different concentrations of olive oil on the cell growth and production of
mycelium-bound ester hydrolases by A. oryzae Cs007

Enzymes activity, U g1 biomass
p-NPA assay Olive oil assay

Concentration of olive oil, % Biomass, g L1

0.6 5.6 50.6 134.2
0.8 8.4 104.8 378.3
1.0 10.3 160.2 472.6
12 119 138.4 400.5
14 14.2 121.2 2452
1.6 15.8 70.9 233.6
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ESTER HYDROLASES OF A. oryzae 5

Effect of nitrogen source

Using 1 % olive oil as the carbon source, various nitrogen sources including:
peptone, yeast extract, beef extract, soybean powder, corn powder, ammonium
sulphate and sodium nitrate were selected to investigate growth of A. oryzae
Cs007 and the production of enzymes. Each nitrogen source was added into the
basal medium at a concentration of 10 g L—1 instead of peptone. As indicated in
Table 11, the organic mixed nitrogen sources, especially peptone, yeast extract
and soybean powder, resulted in excellent cell growth. However, the inorganic
nitrogen sources, such as ammonium sulphate and sodium nitrate, could not be
utilized for cell growth. Peptone was overwhelmingly superior to the other nit-
rogen sources for the production of enzymes. In particular, soybean powder was
a good nitrogen source for cell growth, but not a good one for the production of
enzymes, with the mycelium-bound enzymes exhibiting low activity.

TABLE Il1. Effect of different nitrogen sources on cell growth and production of mycelium-
bound ester hydrolases by A. oryzae Cs007

Enzyme activity, U g1 biomass

Nitrogen source Biomass, g L1

p-NPA assay Olive oil assay

Peptone 10.2 160.2 472.5
Y east extract 9.2 45.6 150.1
Beef extract 6.2 38.8 120.6
Soybean powder 9.3 16.0 109.7
Corn powder 6.4 15.0 99.7
Ammonium sulphate 0 0 0

Sodium nitrate 0 0 0

To find the optimal concentration of peptone for cell growth and enzyme
production, various concentrations of peptone from 10 to 30 g L1 were inves-
tigated. The obtained results are presented in Table 1V. The biomass increased
with increasing the concentration of peptone to 18 g L1, reaching a constant
value of about 11.6 g L—1 even though higher concentrations of peptone were
used. Similarly, the mycelium-bound ester hydrolases activities increased with

TABLE IV. Effect of different concentrations of peptone on the cell growth and production of
mycelium-bound ester hydrolases by A. oryzae Cs007

Enzymes activity, U g1 biomass

Concentration of peptone, gLt Biomass, gL-1

p-NPA assay Olive ail assay
10 10.2 160.2 4725
14 11.0 188.5 623.3
18 11.6 363.8 1100.1
22 114 365.5 1150.5
26 11.8 359.7 1018.3
30 115 361.7 970.2
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6 YAN, LIU and WANG

increasing the concentration of peptone to 22 g L—1, achieving a maximum value
of 365.5 U g1 biomass by p-NPA assay and 1150.5 U g1 biomass by olive oil
assay. Thus, 22 g L~ peptone was selected as the optimal concentration for the
production of ester hydrolases of A. oryzae Cs007. The effects of the nitrogen
source and its concentration on the production of the mycelium-bound enzymes
were also identical when the enzymes activities were assayed by the two methods.

Time course of cell growth and the production of ester hydrolases of A. oryzae
Cs007

The time courses of cell growth and production of ester hydrolases of A.
oryzae Cs007 using the optimal medium are depicted in Fig. 1. The maximum
biomass was obtained at 36 h. The activity of the mycelium-bound ester hyd-
rolases showed a sharp increase from 24 to 36 h. The activity of enzymes reached
maximum values at 36 h using the p-NPA assay but attained maximum values at
42 h using the olive oil assay. A further increase in the incubation time did not
lead to increases in the activity of the enzymes and a slow decrease was evi-
denced up to 48 h.

- 1200
< 1000

- 800

1

Enzymes activity, U g~ biomass

-1

- 600

Biomass, g L

- 400

- 200

0 8 12 24 36 42 48 56
Time, h
Fig. 1. Time courses of cell growth (@), mycelium-bound ester hydrolases activity (V) by the
p-NPA assay and (m) by the olive ail assay of A. oryzae Cs007.

SQubstrate specificity

As shown in Table V, the mycelium-bound ester hydrolases of A. oryzae
Cs007 showed a broad range of substrate specificities, with hydrolytic activity
toward all tested p-NP esters, triglycerides and fatty acid ethyl esters. Of the p-
NP esters, the enzymes showed greater preference for those with short-chain fatty
acids. The highest hydrolytic activity was found toward p-NPA, with a specific
activity of 365.5 U g1 biomass. The enzymes showed the lowest hydrolysis of
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ESTER HYDROLASES OF A. oryzae 7

medium- and long-chain p-NP esters, such as p-NPO (C8) and p-NPP (C16).
Similarly, lipases from A. fumigatus?® also showed preference for p-NP esters
with short-chain fatty acids, especially toward p-NPA. For triglycerides and fatty
acid ethyl esters, the highest hydrolytic activity was found towards triolein with
specific activity of 1975.4 U g1 biomass. Moderate enzymes activities were
observed towards the short-chain triglyceride (triacetin) and al the tested fatty
acid ethyl esters. Of the tested fatty acid ethyl esters, ethyl caproate afforded a
relatively high activity with a specific activity of 659.2 U g1 biomass. The
enzymes showed greater preference for long-chain triglycerides (triolein) and
natural oil (olive ail). The preference of ester hydrolases of A. oryzae Cs007 for
long-chain triglycerides may due to the hydrophobic nature of the long-chain
fatty acid, which promotes helix lid opening, making the catalytic residues
accessible to the substrates and exposing the hydrophobic surface of the enzyme.
Thus, the enzymatic activity increased dramatically.26

TABLE V. Substrate specificities of mycelium-bound ester hydrolases of A. oryzae Cs007

Substrate Enzymes activity, U g1 biomass
p-NPA 365.5
p-NPB 238.7
p-NPO 32.9
p-NPP 446
Ethyl formate 394.6
Ethyl acetate 491.3
Ethyl caproate 659.2
Ethyl caprylate 559.1
Ethyl laurate 461.4
Oliveail 1150.5
Triolein 1975.4
Triacetin 395.8
CONCLUSIONS

This work showed the main production conditions and substrate specificities
of mycelium-bound enzymes from A. oryzae Cs007. The main production con-
ditions, including the optimum carbon and nitrogen sources, the optimal concen-
tration of the carbon and nitrogen source and the production time, were opti-
mized as follows. Olive oil and peptone were the optimum carbon and nitrogen
source, and the optimal concentrations of the carbon and nitrogen source were 1
and 2.2 %, respectively. The activity of the enzymes reached maximum values at
36 h using the p-NPA assay and 42 h using the olive oil assay. The mycelium-
bound enzymes showed hydrolytic activity toward all the tested p-NP esters,
triglycerides and fatty acid ethyl esters. However, it was interesting that the enz-
ymes preferred short-chain p-NP esters and long-chain triglycerides.
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U3BOJ
OIITUMHU3AIINJA YCIIOBA ®EPMEHTAIIUJE U CYIICTPATHA CIIELHUOHNYHOCT
ECTAPCKHUX XUJIPOJIA3A U3 Aspergillus oryzae CS007 BE3AHHUX 3A MULIEJTUJYM

HONG DE YAN, HONG CAI LIU u ZHAO WANG

College of Biological and Environmental Engineering, Zhejiang University of Technology,
310014 Hangzhou, P. R. China

HUcnutusanu Cy NPOU3BOOHHU yCJIIOBU Y LHUBY rnodoJsbillaha aKTUBHOCTH €CTapCKUX XHUI-

ponasa u3 Aspergillus oryzae Cs007 BesaHHMX 3a MHULETHjyM. AKTHBHOCTH €CTapCKHUX
XHIposia3a Cy HCTOBpeMeHO onpehrBaHe METOLOM THUTpaLHdje U CHeKTPoGOTOMETPHjCKH,
KopucTehu MaciIHHOBO y/be U p-HUTpPOdeHU1 ecTpe Kao cyncrpare. ONTHManHH H3BOPU
VIJbeHHKa U a30Ta Cy OWIM MACIMHOBO Y/be U NENTOH, y KOHIeHTpauujama 1, ogHocHo 2,2 %.
Hcrtu pesynraTu cy fodujeHH mpuMeHoMm ode meTozie npahema akKTHBHOCTH eH3uMa. EH3umu
BE3aHH 33 MHLENIHjyM Cy HCIIO/BWIN XHIPOJUTHYKY aKTUBHOCT CIIpAM CBHUX TECTHPaHUX
p-HUTPOEHU ectapa, TPUITIHIIEpHAa U eTHI-ecTapa MacHUX KucenuHa. Hajseha akTuBHOCT
je ucrosbeHa crpam LyrojiaHYaHUX TPUITIHIepUa U KpaTKOIaHYaHUX p-HUTPO(DEHU ecTapa.

COoNOOAWNE

A>I>>>>

(TTpumiseHo 1. anpuia, peBuaMpaHo 6. jyna, npuxsaheso 7. jyna 2014)
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Abstract: In the search for an accurate and effective method for the deter-
mination of the fatty acid composition in silkworm pupae oils, five methylation
methods were evaluated for use in the gas chromatographic (GC) quantification
of fatty acid methyl esters (FAMES). These included two one-step acid-catal-
yzed (H,SO, and BF3) and two one-step base-catalyzed (KOH and NaOCHs)
esterification processes, as well as a two-step procedure catalyzed successively
by KOH and H,SO,4. These methods were comparatively adopted to quantify
FAMEs in silkworm pupae oil using GC-MS and GC and then their precision,
stability and average recovery rates were validated. The results indicated that
compared with the four one-step methyl esterification methods, the two-step
methylation effectively improved the synthesis yield of FAMEs, conserved the
agents and eliminated the usage of potential harmful reagents. The proposed
GC method was validated, exhibited good accuracy and precision, and was
successfully applied to the quantification of FAMEs in several varieties of
silkworm pupae oils. The short analytical run time leads to low costs and a fast
chromatographic procedure. In summary, two-step pretreatment had superior
performance, providing technical references for the determination and analysis
of fatty acidsin other ails.

Keywords:. fatty acid; fatty acid methyl ester; gas chromatography; silkworm
pupae oil; two-step methylation.

INTRODUCTION

Recently, much attention has been given to the silkworm (Bombyx mori L.)
pupa as a human food source due to its nutritional value, especially in some
Asian countries.} Silkworm pupae are reported to be 30 % oil and 50 % protein;
thus, approximately 133-270 tons of oil is likely to be available annually in
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10 WANG et al.

China as byproducts of the silk industry.2 Silkworm pupae oil is also a highly
nutritional and exploitable food resource that lowers cholesterol, improves
memory and serves as an anti-oxidant by eliminating free radicals in the body.3
The fatty acid composition of silkworm pupae oil varies according to its variety
and origin, usually consisting of a-linolenic, oleic, linoleic, palmitic, palmitoleic
and other fatty acids, with a total of more than 75 % unsaturated fatty acids
(UFAs) and approximately 20 % saturated fatty acids (SFAS).# Among these
fatty acids, a-linolenic acid, the precursor of n-3 polyunsaturated fatty acids (n-3
PUFAS), is an essential fatty acid that is found in high concentrations in certain
plant ails, such as flaxseed, walnut, and canola oils. The beneficial effects of n-3
PUFAs on normal health and chronic disease, such as the regulation of lipid
levels, cardiovascular disease, and immune function were elucidated.® Benef-
icially for humans, the proportion of saturated, monounsaturated and polyun-
saturated fatty acids in silkworm pupae oil tends strongly to the optimum ratio of
fatty acids recommended by current nutritionists for the human body. As the fatty
acid composition is a mgjor factor that influences the properties of silkworm
pupae ail, the determination of fatty acids content isimportant.

There are severa analytical methods that could be used for the identification
and quantification of fatty acids in oils. These techniques include gas chromato-
graphy—mass spectrometry (GC-MS),8 gas chromatography (GC),’ high-perfor-
mance liquid chromatography—mass spectrometry (HPLC-MS),8 high-perfor-
mance liquid chromatography (HPLC),® high-performance size exclusion chro-
matography (HPSEC),10 nuclear magnetic resonance (NMR),11 Raman spectro-
scopy,12 Fourier transform-infrared spectroscopy (FTIR)13 and near-infrared
spectroscopy (NIR).14 However, GC-MS and GC are the most widely used tech-
niques for the determination of individual fatty acid profiles and contents, res-
pectively, in vegetable and animal oils. Several studies showed that GC-MS,15
and GC with flame ionization detection (GC—FID)16 are also applicable for
investigating the fatty acid profilesin silkworm pupae oil.

The critical processin GC analysis of fatty acids is the required methylation
of the fatty acids to obtain fatty acid methyl esters (FAMEs). Many different
methylation methods are described in the literature but the most commonly used
are those catalyzed by an acid, base or boron trifluoride and methylation with
diazomethane, each of which have advantages and disadvantages and differ in
their applicable range.1’

For the determination of fatty acids in silkworm pupae oil by GC, acid- or
base-catalyzed and boron trifluoride methylation methods were reported. The
advantage of acid-catalyzed and boron trifluoride methylation, in which HoSO4
and BF3 are widely used, is that free fatty acids (FFAs) can be catalyzed for
esterification.18 However, higher temperatures, usualy between 60 and 90 °C,
and longer reaction times, which could affect the compositions of fatty acids,
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GC SILKWORM OIL TWO-STEP METHYLATION 11

easily lead to not only inaccurate results but also the occurrence of side reactions,
loss of the unsaturated FAMEs and isomerization.19 On the other hand, the
advantages of base-catalyzed methylation are mild reaction conditions and fast
reaction rate; however, there are two significant disadvantages. This method
cannot catalyze the methyl esterification of FFAS, and the reaction must be
conducted without water, which would otherwise often lead to saponification. In
general, these methods are not necessarily convenient and must frequently be
optimized for reaction conditions, including the catalyst and temperature. Thus,
an accurate and effective method must be chosen for the methylation of fatty
acidsin silkworm pupae oil.

Silkworm pupae oils are lipid derivatives, so their compositions are very
complex; therefore, an appropriate method is required to analyze their contents
by converting both fatty acid salts and the acyl components in all lipid classes,
such as triacylglycerols, phospholipids, sphingolipids, and waxes, to methyl
esters using an effective esterification procedure. Recently, O'Falon et al. pre-
sented a method to directly methylate fatty acids from muscle tissue, oils, and
feedstuffs in agueous solution that is based on a surprising concept, the addition
of water to the fatty acid methyl ester synthesis reagents.20 Usually, synthetic
methods of FAMES have rigorously avoided water as a matter of standard pro-
cedure. However, by adding water, the dynamics of sample preparation and methyl
ester formation can be revisited, and the idea outcome of the synthesis of
FAMEs is enabled. Although the method described herein requires two steps,
only one reaction tube is required. In summary, the developed protocol can
simply obtain FAMEs from any sample. However, to the best of our knowledge,
no report has been published concerning two-step methylation of fatty acids in
silkworm pupae oil prior to GC analysis.

The aim of this work was to develop a validated method to determine the
fatty acid composition in silkworm pupae oil by GC with two-step methylation.
For this purpose, different varieties of silkworm pupae oils were extracted using
a Soxhlet extractor, analyzed and determined by five methyl esterification
methods, potassium hydroxide-methanol (KOH-MeOH), sodium methoxide—
methanol (NaOCH3—-MeOH), sulfuric acid—methanol (HoSO4—MeOH), boron tri-
fluoride-methanol (BF3—MeOH), and atwo-step methylation.

EXPERIMENTAL

Materials

Varieties of silkworm pupae including 5078, 220, 5082, HK3, and Qingsongxhaoyue
were supplied by the Sericultural Research Institute of the Chinese Academy of Agricultural
Sciences.

The FAME standards, including methyl heptadecanoate (internal standard), methyl
palmitate, methyl palmitoleate, methyl stearate, methyl oleate, methyl linoleate and methyl
linolenate, were purchased from Sigma (St. Louis, MO, USA). Potassium hydroxide,
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12 WANG et al.

methanol, BF;-MeOH (14 %), sodium methoxide, sulfuric acid, n-hexane, petroleum ether,
and all other reagents and solvents were of analytical grade (Sinopharm Chemical Reagent,
Shanghai, China). Water was purified using an Elga Purelab Option-Q purification system
(Elga Labwater, High Wycombe, Buckingham, UK) and had a minimum resistivity of 18.0
MQ cm.

Preparation of silkworm pupae oil samples

Silkworm pupae oil was extracted with petroleum ether using the Soxhlet method.
Approximately 5 g of dried silkworm chrysalis and 80 mL of petroleum ether (6090 °C) were
used in each Soxhlet extraction, which was realized at 80 °C for 8 h. After the extraction
procedure, the solvents were evaporated under vacuum, and the samples were subsequently
stored at 4 °C.

Different methylation methods for FAME synthesis

Two-step methylation. Lipids obtained after the extraction of silkworm pupae samples
were converted to the corresponding FAMEs according to the literature.20 In this procedure,
40 pL of silkworm pupa oil was placed into 10 mL centrifuge tubes to which 0.7 mL of potas-
sium hydroxide (10 M) solution and 5.3 mL of methanol were added. The reaction was
performed at 55 °C for 1.5 h with mixing for 5 s every 20 min. After cooling to room tem-
perature, 0.58 mL of sulfuric acid (10 M) solution was added and the reaction was continued
at 55 °C for 1.5 h with mixing for 5 s every 20 min. After cooling to room temperature, 3 mL
of n-hexane was added and mixed for 5 min. Subsequently, the tubes were centrifuged for
5 min and the extracts were removed for GC analysis.

BF;—MeOH methylation. The methods and conditions of FAME preparation were
realized according to the literature.20 In this procedure, 40 pL of silkworm pupa oil was placed
into 10 mL centrifuge tubes to which 2 mL of boron trifluoride in methanol solution (14 %)
was added. The tubes were reacted at 55 °C for 1.5 h, with mixing for 5 s every 20 min. Then,
2 mL of saturated sodium bicarbonate solution and 3 mL of n-hexane were added, and the
tubes were well mixed. The extracts were removed for GC analysis.

NaOCHz—MeOH methylation. The methods and conditions of FAME preparation were
set up according to the literature.20 Here, 40 pL of silkworm pupa oil was placed into 10 mL
centrifuge tubes to which 2 mL of 0.5 M sodium methoxide solution was added. The tubes
were reacted at 55 °C for 1.5 h with mixing for 5 s every 20 min. Then, 2 mL of saturated
sodium bicarbonate solution and 3 mL of n-hexane were added, and the tubes were well
mixed. The extracts were removed for GC analysis.

KOH-MeOH methylation. The methods and conditions of FAME preparation were set
up according to the literature.2! Here, 40 uL of silkworm pupa oil was placed into 10 mL
centrifugal tubes to which 3 mL of KOH-MeOH solution (0.5 M) was added. The mixture
was heated at 60 °C for 15 min. After cooling to room temperature, 3 mL of n-hexane and
2 mL of distilled water were added and mixed thoroughly. The extracts were removed for GC
analysis.

H,S0,~MeOH methylation. The methods and conditions of FAME preparation were set
up according to the literature.2! In this procedure, 40 uL of silkworm pupa oil was placed into
10 mL centrifugal tubes to which 2 mL of H,SO,~MeOH solution (1 %) was added. The
mixture was heated at 70 °C for 1 h. After cooling to room temperature, 3 mL of n-hexane and
2 mL of distilled water were added and mixed thoroughly. The extracts were removed for GC
analysis.
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Analysis of FAME products by GC-MSand GC

GC-MS analysis was carried out using an Agilent 6890 gas chromatograph with a 5973
MS detector equipped with 60 mx0.25 mm, i.d. 0.25 um/MS DB-WAX capillary column
(Agilent). The following temperature ramp was used: injector at 250 °C, oven initially at 200
°C, held for 1 min and heated to 230 °C (1.5 °C min', then held for 10 min). The character-
ization and identification of FAMESs from silkworm pupae oil was completed in the SCAN
mode with the myz range varied from 35 to 450. The flow rate of the nitrogen as carrier gas
was 1 mL min1; manual injection; the injection volumewas 1 pL.

The fatty acid composition of the FAMEs from silkworm pupae oil was determined
using an Agilent 6820 gas chromatograph equipped with a Supelco capillary column (hp-
innowax, Agilent, 100 mx0.25 mm, i.d. 0.20 um), a flame ionization detector and split
injection port. The initial oven temperature was 200 °C, which was held for 1 min, sub-
sequently increased to 230 °C at 1.5 °C min'! and then held for 1 min. The injector was set at
250 °C, and the detector at 280 °C. Nitrogen was used as the carrier gas at aflow rate of 1 mL
min'L, The split ratio was 50:1, and the sample sizewas 1 L.

Satistical analysis
Triplicate experiments were performed for each parameter investigated. The standard
deviation of the measurements was calculated to check the reliability of the results. Statistical

analysis was performed using the ANOV A method. Significant differences (p < 0.05) between
the means were determined.

RESULTS AND DISCUSSION
Chromatogram analysis of FAME standards

With methyl C17:0 as the internal standard, GC—FID was used to analyze
guantitatively the FAME content in the five types of samples of silkworm pupae
oils. The chromatogram of the FAME sample prepared using the two-step
methylation of the pupae oil from silkworm variety 5078 is shown in Fig. 1 asan
example and the chromatograms of the FAME samples obtained by the single-
step methylation procedures of the oil from the same silkworm variety are pre-
sented in Fig. S-1 of the Supplementary material to this paper. As could be seen,
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Fig. 1. GC chromatogram of FAMEsin pupae il from silkworm variety 5078 prepared by the
two-step methylation procedure. (a, n-hexane; b, methyl palmitate; ¢, methyl palmitol eate;
d, methyl heptadecanoate; e, methyl stearate; f, methyl oleate; g, methyl linoleate;
h, methyl linolenate).
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al the main components of the samples were completely separated. The peaks
were identified by comparison with the peaks of the chromatogram of the six
FAME standards, which is shown in Fig. S-2 of the Supplementary material. All
six FAME components, except for methyl heptadecanoate (internal standard),
were also verified using MS and the obtained mass spectra are presented in Fig.
S-3 (Supplementary material).

In the GC chromatograms, peaks at the same retention time represent the
same compound, and the height and area of peaks directly reflect the content of
each fatty acid methyl ester in the samples that indirectly responded to the effect
of methyl esterification. The retention times of the FAME standards are listed in
Table S| of the Supplementary material. The results indicated that each fatty
acid component in silkworm pupae oil was well separated and the analysis only
took 12.5 min, avoiding thereby such problems as long analysis time and baseline
drift. The short analytical run time leads to low costs and a rapid chromato-
graphic procedure. Generaly, the GC anaysis method resulted in good separ-
ation, meeting both requirements of accuracy and precision.

Calibration curve for individual standards

The internal standard method was chosen as the quantification method to
determine the response factor and concentration of each component present in the
sample; methyl heptadecanoate was chosen as an internal standard. Response
linearity was evaluated using gas chromatography, with a constant amount of the
internal standard and varying amounts of the individual FAME standards. Stan-
dard FAME mixtures at different concentrations were prepared. In each standard
mixture, 0.1 mg methyl heptadecanoate was added that was kept constant for all
sample mixtures. Each sample preparation and subsequent injection and calcul-
ation for each concentration was performed in triplicate to verify the consistency,
reliability and reproducibility of the GC method. The peak areas of the analyte
and internal standard were calculated as the area ratio between the analyte and
internal standard. The area ratio was plotted against the concentration ratio. The
area ratios was calculated from the peak areas, which were automatically gener-
ated by the GC assistant software, and the concentration of each of FAMES was
calculated from the respective linear regression equations given in Table S| of
the Supplementary material to this paper. Table S-1 aso includes the R2 values
and linear ranges for all six components. The results indicated that the six
FAMEs (methyl palmitate, methyl palmitoleate, methyl stearate, methyl oleate,
methy! linoleate and methy! linolenate) had good linearity (R2 > 0.9995) in the
ranges 1-10, 0.05-0.5, 0.25-2.5, 1-10, 0.5-2.5 and 1-10 mg mL~1, respectively.
Thus, the calibration curves for the individual FAME standards could be used to
calculate and analyze the oil samples of silkworm pupae.
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Comparison of the methylation methods for different silkworm pupae oil

The FAME contents of the five varieties of silkworm chrysalis oil that were
obtained using the five methylation procedures are given in Table |I. The results
indicated significant differences among the five methylation methods. Employing
the two-step methylation method always resulted in higher contents of FAMEs
than those using the KOH-MeOH, NaOCH3-MeOH, H>SO4~MeOH, or BF3—
—MeOH methylation procedures (p > 0.05).

TABLE |I. FAME contents (mg mLY) in pupae oil from five varieties of silkworm obtained
using the five methylation methods; a—e: the mean vaues in the same row for FAME contents
in silkworm pupae oil using varying reaction condition are significantly different (p < 0.05)

Component
Variety Method Methyl Methyl pal- Methyl Methyl Methyl Methyl
pamitate mitoleate  Stearate oleate linoleate linolenate
5078 KOH 0.822 0.060 0.234 0.815 0.520 1.453
+0.026C +0.001C +0.025C +0.116° +0.0209  +0.150C
H,S0, 1221 0.099 0.324 1.827 0.651 2288
+0034P 100020 +0003P 00310 +0.0080  +0.052P
BF, 0.626 0.054 0.189 0.918 0.506 1.374
+0.0559¢  +0005¢d 00119  +0.020¢ +0.0158d +0.046cd
NaOCH;  0.517 0.039 0.185 0.835 0.522 0.976
+0.022¢ 00038 +0.006° =+0.039¢d +0007cde 100478
Two-step  1.425 0.128 0.370 2.227 0.741 2.756
+0.0832 +0.0068 00182 00532 +0.033% +00842
220 KOH 0.976 0.067 0.200 1.365 0.536 1.439
+0.113¢ 00069 +0.006° +0.068¢ +0.009¢  +0.072C
H,SO, 1479 0.113 0.270 1.992 0.673 2232
+0.0050 +0003P +0.003¢ +0007° +0.001P  +0.008°
BF, 0.739 0.059 0.167 0.982 0.518 1.349
+0052¢  +0001d +0008P +0.0549 +0.015¢  +0.092d
NaOCH;  0.765 0.099 0.228 1.099 0.487 1.164
+00699¢  +0007¢ +0008¢ +0.098d +0016° +0.851d
Two-step  2.155 0.193 0.344 2.978 0.879 3.314
+0.0802 00128 00108 +0.0918 +0.0182  +0.0862
5082 KOH 0.660 0.044 0.211 1.101 0.495 1.219
+00419  +0004¢ +0002¢d 00649 200109  +0.010d
H,S0,  1.392 0.093 0.367 2.206 0.732 2,662
+0.06180  +0004P +0.014P 004730 100118 +0.0720
BF, 0.505 0.048 0.172 0.796 0.479 1.118
+0.1209¢ 10003de +0003de +0.022¢ +0.0100€ +0.044de
NaOCH;  0.933 0.067 0.277 1.564 0.583 1.780
+0.134C  +0.013¢  +0.019¢ +0.149¢ +0.025¢  +0.158C
Two-step  1.581 0.114 0.402 2.461 0.782 3.075
+0.1282  +0.0028 +0.0042 00108 +0.0082  +0.0302
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Component

Variety Method Methyl Methyl pal- Methyl Methyl Methyl Methyl
palmitate mitoleate  stearate oleate linoleate linolenate

Jingsong KOH 0.727 0.056 0.187 0.959 0.502 1.553
xhaoyue +0055¢d  +0004C  +0.009C +0.059C +0.016C  +0.053C
H,S0, 1138 0.075 0.257 1.400 0.630 2496

+00083 100020 +0.001P 00120 +0.008°  +0.019P

BF, 0.431 _e 0.141 0.584 0.440 1.038

+0.0698 +00058  +0.031€ =+0.023de  +00788

NaOCH;  0.767 0.050 0.185 0.809 0.470 1.320

+0.111¢  +0.008°d +0.005¢d +0.058¢d +0.039d  +0.103d

Two-step  1.385 0.105 0.283 1.742 0.701 3.157
+00232  +00012 00158 00298 +0.0092  +0.0372

HK3 KOH 0.531 0.040 0.157 0.832 0.445 0.913
+0026d  +0006d 00019 00059 00204  +0.001d

H,S0,  0.958 0.066 0.213 1.325 0.562 1.412

+0059P  +0007PC +0.006P +0.090P +0.017°  +0.081P

BF, 0.428 _e 0.135 0.605 0.423 0.674

+0.0149€ +0003¢  +0.025¢ =+0.0020e  +0.023€

NaOCH;  0.871 0.071 0.184 1.259 0.505 1.198

+0.140C  +0.001P +0.038¢ +0.345PC  +0.041C  +0.253C

Two-step  1.101 0.098 0.248 1.723 0.651 1.937
+0.1242  +00072 00182 +0.1668 +0.0282  +0.0782

This result is closely related to the nature of silkworm pupae oil. Thereis a
certain amount of free fatty acid in silkworm pupae oils, more than 2 mg KOH g1.21
In general, FFAs always produce negative effects because their presence causes
soap formation that consumes catalyst and reduces the catalytic effectiveness,22
which leads to an increased solubility of FAMEs in the glycerol layer. Overall,
the effects of KOH or NaOCH3 catalysts were not suited for methylation of the
highly acidic oils. Moreover, BF3 methylation has often been applied to test
neutral components, but its results were affected by reaction time.23 However,
BF3 is not suitable for the transesterification of triglycerides due to its potential
for producing many artifacts.2425 Furthermore, in the presence of sulfuric acid as
a catalyst, the method is suitable for the methylation of FFAs.2l However, the
reactions catalyzed by sulfuric acid are generally time-consuming, require high
temperatures and did not result in complete conversion. In the two-step methyl-
ation, the first step was to hydrolyze fatty acid esters to FFAs under akaline
conditions, and the second step was esterification of the formed FFAsS with
methanol. Although the method consisted of two steps, the whole process was
completed in one container. This methylation method was different from the
others because some water was added to the reaction; water is known to facilitate
the reaction.20 Therefore, for FAME synthesis from silkworm pupae oil, the two-
step methylation was superior among the five tested methods.
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Method validation and precision

The precision of the five methylation methods was evaluated in terms of
repeatability, which was expressed as relative standard deviation (RSD). The
precision in terms of repeatability was obtained at different levels by the analysis
of the FAMEs in pupae oil from silkworm variety 5078. The ANOVA of the
chrysalis oil FAME was calculated using PROCGLM (SAS Ingt. Inc., Cary, NC,
USA).26 The precision test results of FAME content of pupae oil from silkworm
variety 5078 are given in Table S-11 of the Supplementary material. The percent
RSD of the FAME content with the two-step synthetic method ranged from 2.39
to 4.97 %, except for methyl palmitate (5.82 %). The FAME precisions with the
other methods were between 1 and 11 %, while less than 3 % RSD was observed
with the acid catalyst H»SO4. In addition, the methyl linoleate precisions of the
five methylation methods (0.98-4.44 %) were higher than those for the other
FAMEs. The p-values for the five methylation methods were all less than 0.05,
indicating that the difference in the data was significant and that the data were
valid.

Sability

A stability test was conducted on the five methylation methods of the pupae
oil from silkworm variety 5078 after a week, and the corresponding stability
analysis is given in Table S-111 of the Supplementary material. Compared with
the data in Table I, the content of all FAMES produced by five methylation
methods in Table S-I11 were dlightly increased after one week. Using the two-
step method, the contents of C16:0 and C18:3 were increased from 1.425+0.058
mg mL~1 to 1.909+0.009 mg mL—1 and from 2.756+0.084 mg mL~1 to 3.641+
+0.010 mg mL-1, respectively. Thus, there is a possible correlation between the
increase in FAMEs content and the precision of five methyl esterification
methods. However, using the H>SO4—MeOH methylation, the fatty acid content
remained essentially unchanged after a week. For example, the content of C16:0
was just decreased from 1.392+0.061 to 1.302+0.005 mg mL-1 (p < 0.05). Thisis
because the fatty acids easily deteriorate after a few days of unfavorable con-
ditions due to their poor stability.2” Therefore, it was inferred that the samples of
silkworm pupae oil should be determined as soon as possible.

Average recovery

After methyl esterification by the five methylation methods, the FAMEs
standards were added to the samples to achieve 80, 100 and 120 % of the cor-
responding amount in the samples. GC was used to detect the total amount of the
FAMEs, and the recovery rate was calculated. A summary of the average reco-
very rates of FAMES in pupae oil obtained from silkworm variety 5078 using the
five methylation methods is presented in Table S-IV of the Supplementary mater-
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ial. The average recovery rates of FAMEs ranged from 114.30 to 120.66 % for
methyl palmitate, from 80.62 to 116.01 % for methyl palmitoleate, from 100.91
t0 119.96 % for methyl stearate, from 89.36 to 108.77 % for methyl oleate, from
114.40 to 123.31 % for methyl linoleate and from 76.13 to 85.02 % for methyl
linolenate. Except for the recovery rate of methyl linoleate using the HoSO4—
—MeOH methylation (123.31 %), the average recovery rate of methyl linolenate
using the two-step method was the highest (85.02 %), and the average recovery
rates of other FAMEs were tolerable (75-120 %). There were significant
differences in the RSD. The R of the two-step method was lower than those of
the other methods, which indicated that the reproducibility using the two-step
method was more favorable.

Therefore, the results above indicate that FAME formation and GC analysis
using two-step methylation of pupae oil from silkworm variety 5078 had high
average recovery rates, with acceptable values of the RSD percentage. Import-
antly, this method is more effective and has a better reproducibility than the other
methods as water could be used and was not antagonistic to the methylation.
Lengthy preparation times are not required for lyophilization a sample (usualy
takes days) or perform prior organic solvent extractions and no evaporations
(usually hours), which are required to eliminate water in the other fatty acid
methods.20 In addition, the two-step methylation not only improves the FAMEs
yield, but it aso eliminates the potential harmfulness of solvents.

Determination of oil content and fatty acid composition in different silkworm
pupae

The Soxhlet extracted weights of the oils from different silkworm pupae
samples are given in Table Il. Among the five varieties of silkworm pupae, the
oil content of silkworm variety HK3 was the greatest (56.4 %); the least was that
of silkworm variety 220 (27.4 %), while the others were between 30 and 40 %.
Therefore, the result corresponds with those previously reported that the oil con-
tents of different varieties of silkworm pupae were significantly different.2

TABLE Il. Pupae oil weights of five varieties of silkworm

Variety Oil weight, g/5 g of dried silkworm chrysalis*  Qil content, %
5078 1.58 31.6
220 137 27.4
5082 171 34.2
HK3 2.82 56.4
Jingsong x haoyue 1.99 39.8

830 mL petroleum ether, 80 °C for 8 h

In addition, as shown in Table I, the fatty acid contents in the oils from dif-
ferent varieties of silkworm pupae determined by the same methylation proce-
dures were significantly different, suggesting that fatty acid compositions were
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different in different varieties of silkworm pupae. As awhole, the fatty acid com-
ponents in silkworm pupae oil were palmitic, palmitoleic, stearic, oleic, linoleic,
and linolenic whereby the content of linolenic acid was the highest. The contents
of linolenic acid determined using the two-step method were clearly higher than
those determined using the other methylation methods. Among the oils from the
five varieties of silkworm pupae, the content of linolenic acid in the oil from
silkworm variety 220 was the highest (3.314+0.086 mg mL-1).

The obtained results indicate that silkworm pupae oil is a good source of
linolenic acid. As many human diets are deficient in n-3 PUFAS, enrichment of
food products is an aternative to increasing the intake of these fatty acids.2 Thus
the procurement of linolenic acid concentrate from silkworm pupae is important
for pharmaceutical and dietary purposes.

CONCLUSIONS

A quantitative method for preparing FAMESs for assessing the fatty acid
content of silkworm pupae oils using GC with two-step methylation was
developed. Compared with the other four methyl esterification methods (KOH,
NaOCH3, HoSO4, BF3-MeOH methylation), the two-step methylation not only
simplifies the experimenta procedure of FAME synthesis and saves chemicals,
but also eliminates the employment of potential harmful reagents. The proposed
GC—ID method was validated and successfully applied to the quantification of
FAMEs in the oils from various varieties of silkworm pupae. Thus, the devel oped
methodology could be used for the convenient and effective determination of
FAMEsin silkworm pupae oil and other samples.

SUPPLEMENTARY MATERIAL

GC chromatograms of FAMEs, Figs. S-1-S-3, details on statistics, Tables S-1 and S,
aswell as FAME content in silkworm pupae oil, Table S-111, are available electronically from
http://www.shd.org.rs/JSCY/, or from the corresponding author on request.
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U3BOJ
YCIIEINIHU TACHO-XPOMATOTPA®CKHU METO/J 3A OOPEBUBAILE CAJPXKAJA
MACHHUX KUCEJIMHA Y YJbY JIYTKE CBUJIEHE BYBE IIPUMEHOM JBOCTEIIEHOT
METHJIOBAIBLA

JUN WANG!2, WEIWEI WU, XUDONG WANG!, MIN WANG! u FUAN wu12

1School of Biotechnology, Jiangsu University of Science and Technology, Zhenjiang, P. R. China u
2Sericultural Research Institute, Chinese Academy of Agricultural Sciences, Zhenjiang, P. R. China

Y moTpasu 3a yCrelmHUM MeTOfoM onpehrBama MacHUX KHCEJIMHA FaCHOM XpoMarorpa-
dujom (GC) y ymy nyTke cBuieHe dyde, UCIHUTAHO je MET METOZAa METHUIOBama 3a Jodujame
MeTmii-ectapa MacHux kucenuHa (FAME), yxmydyjyhu jenHocreneny ecrepudukanyjy Kara-
nusoBaHy kucenuHoMm (H,SO,4 wmu BF3) mnu 6asom (KOH wnum NaOCH3), kao U IBOCTeneHy
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KarannzoBany npso ca KOH, na H,SO,4. OB nocTynuu MeTUaoBama cy ynopehusaHu y MeTo-
nama GC-MS u GC, a 3aTUM BanuIupaHU Kpo3 MpenusHocT, ctadunHocT u nospahaj. Pesyr-
TaTHU Cy IIOKa3aaH Jia Ce MOCTYIKOM JBOCTENEeHOr MeTHiaoBama moduja sehu mpunoc FAME,
nocTwxe ce Beha cradunHocT U usderaBa ce ynorpeba NMOTEHIMjaaHO LITETHUX peareHaca.
[Tpennoxenu GC MeTop je MUCIO/BHO 3a0BOJbaBajyhy TayHOCT M MPELU3HOCT M YCIEIIHO je
npuMemneH 3a onpehusawe FAME y Hexonuko BapHjeteta yiba cBuieHe Oyde. KpaTko Bpeme
aHAJIMTUYKOT KOpaKka CMamyje TpouKoBe U ydp3aBa xpomaTorpadCky NOCTynak. ¥ 3aK/byuKy,
IBOCTEIIEHO METHJIOBame je uMano dosse mepdopMaHce y OFHOCY Ha jeJHOCTerneHo, OTBapa-
jyhu moryhHOCT nprMeHe oBe MeToZle 3a aHaJIM3y MACHUX KHUCETHUHA U U3 IPYTUX yiba.

(TTpumisero 1. anpuna, pesuaupano 9. jyna, mpuxsahero 11. jyna 2014)
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Fig. S-1. GC chromatograms of FAMESs in pupae oil from silkworm variety 5078 prepared by
different one-step methylation methods. A, KOH-MeOH methylation; B, H,SO,~MeOH
methylation; C, BFz-MeOH methylation; D, NaOCHs;—MeOH methylation. (a, n-hexane; b,
methyl palmitate; c, methyl palmitoleate; d, methyl heptadecanoate; e, methyl stearate; f,
methyl oleate; g, methyl linoleate; h, methyl linolenate).
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Fig. S-2. GC chromatogram of the six FAME standards (a, n-hexane; b, methyl palmitate; c,
methyl palmitoleate; d, methyl heptadecanoate; e, methyl stearate; f, methyl oleate; g, methyl
linoleate; h, methyl linolenate.)
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Fig. S-3. TIC chromatogram and mass spectra of FAMEs in silkworm pupae oil using
GC-MS. A, GC-MS confirmation of FAMEs in silkworm pupae oil; B, mass spectrum of
methyl palmitate, C, mass spectrum of methyl palmitoleate; D, mass spectrum of methyl
stearate; E, mass spectrum of methyl oleate; F, mass spectrum of methyl linoleate; G, mass
spectrum of methyl linolenate (nVz range from 35 to 450).

TABLE S-l. Linear regression equations of the FAME standard curves

Retention Linear range

Standard sample time, min mg mLL Regression equation R?

Methyl palmitate 6.3 1.00-10.00 y=1.0167x—0.0944  0.9996
Methyl palmitoleate 6.6 0.05-0.50 y = 0.8274x—0.0033  0.9999
Methyl stearate 9.2 0.25-2.50 y=1.4751x-0.1339  0.9999
Methyl oleate 9.6 1.00-10.00 y =0.9345x—-0.2010  0.9998
Methyl linoleate 10.6 0.50-2.50 y =1.0387x—0.3547  0.9998
Methyl linolenate 121 1.00-10.00 y=0.8789x—0.1959  0.9998

TABLE S-I. Precision test results of FAME content of silkworm pupae oil obtained using
five methylation methods

Ewagzy?cgter Method  Averagevalue, mgmL? RSD/% SE  t-Vaue p-Value
Methyl KOH 0.822 315 0.0614 1339 0.0055
palmitate H,SO, 1221 276 0.0239 51.03 0.0004
(C16:0) BF; 0.626 876 0.0388 16.15 0.0038
NaOCHg 0.517 423 00126 40.92 0.0006
Two-step 1.425 582 0.0587 2429 0.0017

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



SUPPLEMENTARY MATERIAL 55

TABLE S-I. Continued

Eqa;ttzy?cger Method  Averagevalue, mgmLl RSD/% SE  t-Vaue p-Value
Methyl KOH 0.060 1.02 0.0003 172.63 0.0001
palmitoleate H,SO, 0.099 222 0.0013 7810 0.0002
(C16:1) BF; 0.054 862 0.0033 16.41 0.0037
NaOCH3 0.039 836 0.0019 20.63 0.0023

Two-step 0.128 437 00039 3240 0.0010

Methyl KOH 0.234 10.64 0.0176 13.30 0.0056
stearate H,SO, 0.324 107 0.0024 13245 0.0001
(C18:0) BF; 0.189 566 0.0076 25.01 0.0016
NaOCH3 0.185 311 0.0033 55.86 0.0003

Two-step 0.370 497 00130 2846 0.0012

Methyl oleate ~ KOH 1.220 952 01304 335 00112
(C18:1) H,SO, 1.827 167 0.0216 84.46 0.0001
BF; 0.918 220 0.0586 15.67 0.0040

NaOCHgy 0.835 465 0.0224 37.26 0.0007

Two-step 2.227 239 0.0968 23.00 0.0019

Methyl KOH 0.520 382 0.0219 2380 0.0018
linoleate H,SO, 0.651 0.98 0.0045 144.49 0.0001
(C18:2) BF; 0.506 295 0.0105 48.04 0.0004
NaOCH3 0.522 126 00720 724 0.0186

Two-step 0.741 444 00233 31.84 0.0010

Methyl KOH 1.453 10.30 0.1542 943 0.0111
linolenate H,SO, 2.288 228 0.0368 62.10 0.0003
(C18:3) BF; 1.375 335 0.0872 1574 0.0040
NaOCHg 0.976 479 0.0270 36.20 0.0008

Two-step 2.756 3.05 01153 2391 0.0017

TABLE SHII. FAME content (mg mL1) of silkworm pupae oil after a week obtained using
five methylation methods

Methyl Methyl Methyl Methyl Methyl
Method palmitate pamitoleate  stearate Methyl oleate linoleate linolenate
KOH 1.313+ 0.117+ 0.330+ 2.016+ 0.667+ 2.380+
0.013 0.001 0.004 0.096 0.001 0.002
H,S0, 1.302+ 0.120+ 0.333+ 1.941+ 0.674+ 2.469+
0.005 0.008 0.007 0.014 0.001 0.026
BF; 0.871+ 0.074+ 0.235+ 1.295+ 0.597+ 1.884+
0.015 0.001 0.003 0.002 0.011 0.022
NaOCH3 1.485+ 0.126+ 0.375+ 2.288+ 0.723+ 2.792+
0.027 0.018 0.005 0.042 0.011 0.072
Two-step 1.909+ 0.165+ 0.449+ 2.891+ 0.863+ 3.614+
0.009 0.012 0.015 0.049 0.020 0.010
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TABLE S1V. Average recovery results of FAMEs of silkworm pupae oil obtained using five
methylation methods

Method Fatty acid methyl ester Average recovery, % RSD / %
KOH Methyl palmitate (C16:0) 120.47 0.71
Methyl palmitoleate (C16:1) 80.62 17.17
Methyl stearate (C18:0) 119.96 4.82
Methyl oleate (C18:1) 89.36 8.00
Methy! linoleate (C18:2) 114.84 3.38
Methyl linolenate (C18:3) 77.78 0.67
H,S0, Methyl palmitate (C16:0) 119.02 5.13
Methyl palmitoleate (C16:1) 116.01 9.72
Methy| stearate (C18:0) 119.96 157
Methyl oleate (C18:1) 108.77 3.19
Methyl linoleate (C18:2) 12331 0.48
Methyl linolenate (C18:3) 84.43 5.59
BF3; Methyl palmitate (C16:0) 118.99 2.37
Methyl palmitoleate (C16:1) 102.95 16.36
Methyl stearate (C18:0) 111.54 19.50
Methyl oleate (C18:1) 103.15 11.86
Methyl linoleate (C18:2) 116.25 4.61
Methyl linolenate (C18:3) 77.78 6.09
NaOCH3 Methyl palmitate (C16:0) 114.34 1.62
Methyl palmitoleate (C16:1) 103.86 133
Methy| stearate (C18:0) 100.91 3.62
Methyl oleate (C18:1) 101.74 8.17
Methy! linoleate (C18:2) 115.68 4.66
Methy! linolenate (C18:3) 76.13 7.22
Two-step Methyl palmitate (C16:0) 120.66 0.47
Methyl palmitoleate (C16:1) 112.61 3.24
Methyl stearate (C18:0) 113.64 2.57
Methyl oleate (C18:1) 109.66 3.06
Methyl linoleate (C18:2) 114.40 0.40
Methyl linolenate (C18:3) 85.02 4.47
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Abstract: Fruits and vegetables are known as good sources of numerous bioac-
tive compounds among which polyphenols and dietary fibre are considered
essential because of their protective health effects. The aim of this study was to
characterize the quality of selected plant foods of Serbia regarding the amount
of total phenols, fibres and ratio of certain fractions of fibre. Fifteen samples of
plant foods (green leafy vegetables, fruits and nuts) were evaluated for their
total antioxidant activity, total phenolic content, total, soluble and insoluble
fibre and fractions of fibre: fg-glucans, arabinoxylan, cellulose and resistant
starch. Generally, nuts were the richest sources of fibre and total phenols. How-
ever, when serving size was taken into consideration, it appeared that raspberry
and blackberry were the richest in total, soluble fibre and cellulose. Further-
more, almonds and hazelnuts were particularly rich in insoluble fibre, while
walnuts had the highest polyphenol content. The analyzed plant foods were
poor sources of arabinoxylan and f-glucan. Data on the presence of resistant
starch in cashew nut was the first confirmation that resistant starch could be
found in significant amount in some nuts. The results give rare insight into the
quality of selected plant foods regarding dietary fibre and polyphenols from the
nutritive point of view.

Keywords: total fibre; fractions of fibre; total phenols; antioxidant activity.

INTRODUCTION

The importance of fruits and vegetables in human diet is well established.
Plant foods are low in fats and energy; they are good sources of vitamins, min-
eras and polyphenols and provide a significant amount of fibre. All these com-
ponents are considered to be bioactive ingredients according to a new definition
proposed by Guaadaoui et al.1 These properties make them highly recommended
for daily diet. When consumed in a proper way, fruits and vegetables offer many
health benefits, including reduction of body weight, reduction of the risks of type
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2 diabetes, cardiovascular disease and certain types of cancer.2 The magjority of
noticed health benefits of fruits and vegetables are attributed to their bioactive
ingredients and their specific combinations.

Total dietary fibre (TDF) is one of the bioactive compounds that are respon-
sible for the protective effects of fruits and vegetables In their study, Ramulu &
Rao3 documented a significant amount of total, soluble and insoluble dietary fib-
resin fruits and vegetables. In terms of its chemistry, fibre is not a single defined
compound but a combination of substances, such as cellulose, hemicelluloses,
lignin, arabinoxylans, f-glucan, pectin, etc.4 Different plant foods, even within
the same food category, such as nuts, cereals, fruits, have different profiles of
fibre fractions. Investigation of the profiles of food fibre is important because
soluble and insoluble fibre, aswell asindividual specific fibre fractions, have dis-
tinct physiological effects. Soluble dietary fibre (SDF) reduces plasma glucose
levels in diabetic patients, whereas insoluble fibre promotes laxative effects.®
SDF derived from particular fruits and vegetables decrease serum cholesterol,
thus lowering the risk of cardiovascular disease.b Soluble and insoluble dietary
fibre (IDF) both play rolesin cardiovascular risk reduction.”8

Emerging evidence shows that different fibre fractions also have different
physicochemical and physiological properties, and consequently express different
protective effects. Cellulose is particularly known for its protective role in the
development of colon cancer, while others, such as arabinoxylan and f-glucan,
are effective as agents for reducing postprandia glucose response.® Pectins have
hypolipidemic and hypoglycemic activity.10.11

Another important component of fruits and vegetables are polyphenols. Red
wine, tea, coffee, chocolate and cereals are all sources of polyphenols in daily
diet. Polyphenols exhibited anticancer, anti-inflammatory, antimicrobial, anti-
mutagenic, anti-oxidant, and immunostimulant properties in numerous studies.12

A specific protective combination of polyphenols and fibres was defined by
Saura-Calixto!3 as anti-oxidant dietary fibre (AODF), a natural product capable
of combining the beneficial health effects of TDF and natural anti-oxidants, such
as polyphenols. It seems that dietary fibre can entrap some polyphenols, thus
protecting them from hydrolysis in the upper intestinal area. Such polyphenols
entrapped in TDF easily reach the large intestine where they finaly are fer-
mented together with TDF. The end products of fermentation are metabolites
such as phenylacetic, phenylpropionic, and phenylbutyric acids, which are easily
absorbed and may exert systemic effects.14 The remaining polyphenols that
cannot be fermented and/or absorbed in the large intestine and remain unchanged
may still contribute to a healthy antioxidant environment by acting as free radical
scavengers and counteracting the pro-oxidants derived from food.1® Foods and
natural products that are rich in both fibre and polyphenols are considered to be
of high nutritional and protective significance.
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The objective of the present work was to study the characteristics of the
fruits and vegetables that are produced and used in daily diet in Serbia regarding
their dietary fibre content and profile, as well as polyphenol content and anti-
oxidant capacity. The obtained results may be useful in preparing dietary regimes
for specific health conditions by enabling the best combinations to be chosen
from a broad range of dietary sources of fibre and polyphenals.

EXPERIMENTAL
Plant material

Three independent samples of fresh broccoli, spinach, lettuce, cabbage, pardey, cherry,
strawberry, raspberry, blackberry, blueberry, apple, walnut, ailmond, hazelnut, and cashew
nuts were purchased from three open local markets in Belgrade, Serbia, and used for the
research. The vegetables, fruits (2.0 kg each), and nuts (300 g each) were randomly sampled.
Except for the cashew nuts, the other samples originated from Serbian region.

Preparation of vegetables and fruits samples

Before analysis, the fruit and vegetable samples were washed in deionised water and
dried a room temperature. After remova of occasional stalks from the strawberries,
raspberries and blackberries, and deseeding of the apples and cherries, all fruit samples were
homogenized separately in a blender. Subsequently, the samples were kept at —20 °C until
analysed. The nuts were homogenized immediately after purchase and kept at room tempe-
rature.

Methods

For the analysis of the tota fibre, the fibre fractions, polyphenols and anti-oxidative
activity, reliable methods that were adequate according to their accuracy and precision, and
are usually employed in similar investigations were used.

Determination of total phenolics

About 1 g of homogenized sample was extracted with methanol (50 mL) using a
mechanical shaker for 2 h. The mixture was centrifuged at 10000 rpm for 10 minutes and the
supernatant removed and filtered through Whatman No. 1 filter paper. The clear extract was
used for phenolic content and antioxidant activity evaluation. The amount of total phenolic
content was determined using the Folin—Ciocalteu reagent, as described by Singleton & Rossi
(1965).16 The absorbance was measured at 765 nm against gallic acid as a reference standard.
Five calibration curves were prepared for the working solutions of gallic acid (Acros Organic,
Lot: A0325987) in the concentration range of 1-10 pg mL™L. The least-squares method was
applied to calculate the equations of the lines: y = (0.087+0.001)x + (0.048+0.007), resulting
in a correlation coefficient: 0.9971. The relative standard deviation (RSD) of the slopes was
1.84 %, and for 6 pg GA mL-1, RSD = 1.46 %.

Results are expressed as mg gallic acid equivalents (mg GAE) per 100 g wet weight of
the sample.

Determination of antioxidant activity

The ferric reducing antioxidant power (FRAP) was determined according to Benzie and
Strain.1” Methanol extract prepared in the same way as for determination of the total poly-
phenols was used. The procedure is based on reduction of the yellow-coloured 2,4,6-tri2-
-pyridyl-s-triazine (TPTZ) complex that yields a blue-coloured end product. The reaction is
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performed at pH 3.6 in order to preserve good iron solubility. The reduction was monitored by
measuring the absorbance at 593 nm. A standard curve was constructed using ferrous sulphate
solution. The results are expressed as umol Fe(I1) per100 g wet sample.

Five calibration curves were prepared for the working solutions of FeSO, (Panreac, Lot:
0000491691) in the concentration range of 2001000 pmol L-1. The least-squares method was
applied to calculate the equations of the lines: y = (0.0009+0.001)x + (0.058+0.003), resulting
in a correlation coefficient: 0.9997. The RSD of the slopes was 1.20 %, and for 500 pumol L-1
FeSO,4, RSD = 0.98 %.

Determination of D-xylose including xylan and arabinoxylan

D-Xylose, xylan and arabinoxylan were determined by a spectrophotometric method
using the enzymatic assay kit K-XYLOSE (Megazyme, Bray, Ireland). The assay was per-
formed according to the instruction manual of the kit producer. The measuring procedure is
based on the interconversion of a-D-xylose to f-D-xylose. Interconversion of the - and
S-anomeric forms of D-xylose is catalysed by xylose mutarotase. The S-D-xylose is oxidised
by NAD* to D-xylonic acid at pH 7.5 in the presence of s-xylose dehydrogenase. The amount
of NADH formed in this reaction is proportional (directly correlated) to the D-xylose con-
centration and is measured by the increase in absorbance at 340 nm. The content of arab-
inoxylan is then calculated according to the formula:

Arabinoxylan = Content of D-xylose (g/100 g)x100/62 (g/100 g)

Internal analytic quality control was conducted using reference materials: D-xylose con-
trol (Megazyme, Lot 90401a). The repeatability (RSD) and recovery of the method were 2.0
and 99.2 %, respectively.

Determination of cellulose guide

Cellulose was determined by the official AOAC 950.37method.18 The procedure was
performed by cooking the sample with akaline and acidic agents. Cooking in strong acids
hydrolyses starch and proteins from the sample while alkaline pH hydrolyses the remaining
non-hydrolysed proteins and saponification occurs. Residual raw cellulose was filtered, dried
and weighed. Analytical internal quality control was conducted using reference materials:
T1061 (FAPAS). The repeatability (RSD) and recovery of the method were 2.4 and 98.2 %,
respectively.

Determination of total, soluble and insoluble dietary fibre

Samples were analyzed for soluble and insoluble fraction according to an enzymatic—
—gravimetric procedure (AOAC method 985.29), as described by Prosky et al.1® The method
requires phosphate buffer, pH 6.0 and the following enzymes: heat stable a-amylase, protease
and amyloglucosidase. Hesat stable a-amylase depolymerises starch, protease depolymerises
and dissolves proteins, while amyloglucosidase converts starch into glucose. The total fibre
was calcul ated as the sum of the soluble and insoluble fibre. Analytical internal quality control
was conducted using reference materials. T2454 (FAPAS). The repeatability (RSD) and
recovery of the method were 2.6 and 98.0 %, respectively.

Determination of -glucan

S-Glucan was quantified according to McCleary and Codd®® by a spectrophotometric
method using the enzymatic assay kit K-BGLU (Megazyme, Bray, Ireland). The samples were
suspended and hydrated in a buffer solution of pH 6.5 and then incubated with purified
lichenase enzyme and then filtered. Afterwards, an aliquot of the filtrate is hydrolysed to
completion with purified g-glucosidase. The D-glucose produced was assayed using a glucose
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oxidase/peroxidase reagent and measuring the absorbance at 510 nm. Analytical interna
quality control was conducted using reference materias: S-glucan control (Megazyme, Lot
60301). The repeatability (RSD) and recovery of the method were 2.1 and 98.4 %, res-
pectively.
Determination of resistant starch and starch

Resistant starch was quantified according to McCleary and Monaghan?! by a spectro-
photometric method using the enzymatic assay kit RSTAR (Megazyme, Bray, Ireland). The
samples are incubated in the presence of a-amylase and amyloglucosidase derived from
pancreas for 16 h at 37 °C. By the synergistic action of the two enzymes, the non-resistant
starch was solubilised and hydrolyzed to glucose. After addition of ethanol, the hydrolysate
was centrifuged. The resistant starch (RS) was obtained as a pellet, while the supernatant was
used for measurement of the soluble non-resistant starch. The pellet was dissolved in 2 M
KOH and the solution was neutralized with acetate buffer. Using amyloglucosidase, the RS
was subsequently quantitatively hydrolyzed to glucose, which was, in turn, assayed with
glucose oxidase/peroxidase reagent (GOPOD). The absorbance was measured at 510 nm. The
soluble non-resistant starch was determined from the supernatant at the same wavelength as
the resistant starch. This method offers the results that most approximately reflect the pro-
portion of resistant starch and non-resistant starch in vivo and thus could be physiologically
relevant. Analytical internal quality control was conducted using reference materias: Resis-
tant Starch Control (Megazyme, Lot: 50904). The repeatability (RSD) and recovery of the
method were 2.4 and 97.2 %, respectively.
Satistical analysis

The analyses were performed in triplicate. The results are presented as the mean values
with the standard deviations.

RESULTS AND DISCUSSION

In this study, 15 samples belonging to 3 food groups, i.e., fresh fruit, green
leafy vegetables, and nuts, were investigated for the presence of total dietary
fibre, the fibre fraction profile and antioxidant capacity. These food groups were
chosen for investigation as they are highly recommended for everyday diet. The
analyzed fibre fractions were cellulose and arabinoxylans from the insoluble
fibre, and p-glucan and resistant starch from the soluble fibre. Data on their
presence in plant foods are scarce or non-existent, especially when it comes to
food of Serbian origin. Pectins are an important part of fruit fibre, and infor-
mation on their content and profile in Serbian fruit was previously published.22
All the selected plant foods were of Serbian origin, except for the cashew nuts.

The results for the contents of fibres are presented in Table I. Although the
samples between the groups differed in their water content, the results are pre-
sented on a fresh weight basis since it is much easier to use such data to calculate
the fibre intake necessary for achieving the desirable physiological effects.

In general, al the analyzed samples proved to be significant sources of
dietary fibre. The total fibre contents were within the wide range of 1.09 to 14.88
g 100 g1. As expected, the total fibre content was the highest in nuts, then in
fruits and green leafy vegetables.
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TABLE I. Total, soluble, insoluble and fractional dietary fibre contents (g per 100 g fresh
weight) in the analysed samples; n.d. — non detected; data are expressed on the original weight
basis and presented as mean £ SD of three independent determinations. All values are given
on afresh weight basis

Sample Arabinoxylan Cellulose p-glucan RS  SDF IDF TDF Moisture
Green leafy vegetables
Spinach 0.02 0.90 n.d. nd. 078 203 281 9262
+0.01 +0.16 +0.21 +0.35 +0.26 *1.02
Parsley 0.08 1.39 n.d. nd. 132 204 336 9071
+0.03 +0.21 +0.13 #0.29 +0.23 *0.98
Lettuce 0.05 0.90 n.d. nd. 020 091 109 9584
+0.02 +0.12 +0.03 +0.17 +0.12 +1.01
Cabbage 0.05 1.05 n.d. nd. 072 167 239 9279
+0.02 +0.10 +0.15 +0.19 +0.17 +0.89
Broccoli 0.07 1.26 n.d. nd. 085 209 294 9107
+0.03 +0.13 +0.21 #0.22 +0.22 #1.32
Fruits
Apple 0.11 0.49 n.d. nd 060 166 226 86.72
(with skin) +0.03 1+0.11 +0.13 +0.10 +0.12 +2.18
Blueberry 0.07 0.79 n.d. n.d. 0.8 211 290 85622
+0.04 +0.09 1+0.21 #0.17 +0.19 143
Blackberry 0.11 1.93 n.d. nd 177 336 513 8814
+0.04 +0.19 +0.23 #0.26 +0.25 =*1.65
Raspberry 0.15 121 n.d. nd. 288 262 550 8539
+0.03 +0.22 +0.27 +0.21 +0.24 +0.99
Strawberry 0.14 0.71 n.d. nd 106 114 220 90.25
+0.05 +0.26 +0.10 #0.17 #0.14 +1.58
Cherry 0.08 0.64 n.d. nd. 109 102 211 8394
+0.03 +0.10 +0.15 #0.18 #0.17 *1.76
Nuts
Almond 0.53 3.64 0.05 016 101 1387 1483 4.78
+0.18 +0.23 +0.02 +0.05 #0.10 1045 +0.28 =+0.63
Hazelnut 0.44 2.67 0.04 017 137 809 946 339
+0.13 +0.43 +0.02 +0.06 +0.32 *0.51 042 =+0.76
Cashew 0.21 1.02 0.02 093 09 421 516 397
nuts +0.10 +0.20 +0.01 #0.23 026 *0.29 *0.27 =+0.48
Walnut 0.45 129 0.03 007 104 642 746 343
+0.11 +0.36 +0.01 +0.03 +0.23 +0.53 +0.39 +0.64

Samples from the nut group were particularly rich in insoluble fibre, but
contained soluble fibre as well (the ratio of IDF to SDF was from 4:1 to 14:1).
Such a dominance of IDF in nuts was previously reported.23 The IDF was the
dominant fibre fraction in the analyzed fruits and vegetables. The descending
sequence of the IDF content in the analyzed fruits was as follows: blackberry >
raspberry > blueberry > apple > strawberry > cherry. The lowest SDF fraction in
TDF was found in apple (26 %), whereas the highest was measured in raspberry

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



FIBRES AND POLYPHENOLS IN FOOD 27

(52 %). Similar amounts of total fibre and IDF to SDF ratios were found in fruits
collected from markets in North Carolina area, USA.24 Among the green leafy
vegetables, |ettuce was the poorest source, while parsley and broccoli were the
best sources of total, SDF and IDF. The green leafy vegetable samples examined
in the present study demonstrated higher IDF and TDF contents than the vege-
tables of Canadian origin analyzed by Mongeau and Brassard.2®> IDF and SDF
have different physiological properties and their balanced intake is of great
nutritional importance. Since several studies found that the daily diets in Euro-
pean countries?® and in Serbia?’ especially are low in SDF, the obtained data on
the SDF content in the selected plant foods is important as an indicator for
choosing appropriate food for increasing SDF.

The majority of published data reports the total, IDF and SDF fibre content
of fruits and vegetables, while particular fibre fractions are hardly ever men-
tioned. Since individual fibre fractions often have specific and unique physiol-
ogical effects, it is important to investigate fibre profile of regularly consumed
foods. In the present study, several fibre fractions were investigated that were not
previoudly studied in fruits and vegetables of Serbian origin: cellulose, arabi-
noxylan, f-glucan and resistant starch. Cellulose, classified as an insoluble fibre,
was found in high percentages in all samples. Among the nuts, the highest cel-
lulose content was detected in almonds (3.64 g 100 g-1), while blackberry was
the richest in cellulose (1.93 g 100 g1) in the fruit group. Parsley was the best
source of cellulose in the green leafy vegetable group. The cellulose portion in
nuts was about 20 % of the TDF, in fruits 2040 %, and 40 % in green leafy
vegetables, except for lettuce in which cellulose comprised up to 80 % of the
TDF. Besides the common physiological properties ascribed to IDF, cellulose
was specifically accredited as a protective agent in colon cancer.8 Arabinoxylan
is another insoluble fibre fraction, but unlike cellulose, it was present in very
small quantities in 100 g of analyzed samples — from several milligrams in the
fruits and vegetables to half gram in the nuts. Arabinoxylans are supposed to
have influence on postprandial glucose response and insulin sensitivity.28 The
best dietary sources of arabinoxylans, according to the literature, are cereals?®
and the present results show that fruits, vegetables and nuts are not appropriate
for increasing the daily intake of arabinoxylan.

Two fractions of soluble fibre, resistant starch and $-glucan, were analyzed
for the first time in the chosen plant foods. The analyzed fruits and vegetables
have low levels of starch, thus no resistant starch was detected in them, but it was
found exclusively in the nuts. Resistant starch is defined as “the sum of starch
and the products of starch degradation not absorbed in the small intestine of
healthy individuals’.30

Starch is not a major component in amonds, hazelnuts and walnuts but
cashew nuts are rich in starch. The starch contents in the analyzed nuts were as
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follows: 10.11+1.42 ¢g/100 g in cashew nuts; 2.51+0.22 ¢g/100 g in hazelnuts;
1.35+0.31 ¢/100 g in amonds; 0.97+0.34 ¢g/100 g in walhuts (the results not
shown in the table). Consequently, the values for resistant starch decreased in the
same manner: the highest content was measured in cashew nut, the lowest in
walnuts. Resistant starch share in total fibre was 1-18 %. Resistant starch has
been proven to induce satiety, and intake of 15 g/day increased insulin sen-
sitivity.30.31 The obtained results confirmed that the analyzed fruit, vegetables,
and nuts are generally not good sources of resistant starch, while the evidenced
presence of resistant starch in cashew nut is the first confirmation that resistant
starch could be found in significant amounts in some nuts.

f-Glucans are considered to be a very important class of fibres with proven
hypocholesterolemic and hypoglycemic effects, but the analyzed fruits and vege-
tables contained no S-glucans.

The total polyphenol contents of the fruit, vegetable and nut samples were
estimated using the Folin—Ciocalteu method and methanol as the extraction sol-
vent. In the group of green leafy vegetables, by far the highest content was
measured in broccoli, berries had the highest content in comparison with apples
and cherries among the fruits and within the nut group, walnuts had 3.5-5 times
more polyphenols than other analyzed nuts. The differences in polyphenol
content that could be found in the literature largely depended on the plant family,
genus and species, but were also dependent on the type of the used extraction
agent and standards, which makes comparison of the present results with those of
other authors difficult. Wu et al .32 used acetone/water/acetic acid as an extraction
solvent for fruit and nut samples purchased from 12 cities in United States. The
results presented herein are in agreement with those of this previous study, with
the exception for walnuts, where alower content detected. However, in the vege-
table group, lettuce had a higher phenolic content compared to previous stu-
dies. 3233

A broad spectrum of methods has been developed to measure antioxidant
capacity. The methods are based on various anti-oxidative mechanisms, such as
scavenging and inhibition of free radicals or chelating metallic ions which would
otherwise lead to free radical formation. The FRAP test is based on electron
transfer detection34 and the assumption that the reducing capacity of a sample is
directly proportional to its anti-oxidative capacity. The FRAP assay was used in
the reported study to evaluate the anti-oxidant capacity of the analyzed fruits and
vegetables and the results are given in Table Il. As expected, al samples had
high antioxidant capacity. In the group of green leafy vegetables, the highest
FRAP value was found for spinach (1.61 mmol Fe2* 100 g1), then broccoli
(1.20 mmol Fe2* 100 g-1), while cabbage showed the lowest FRAP value (0.36
mmol Fe2* 100 g-1). In the group of fresh fruits, blueberries had the highest anti-
oxidant capacity (FRAP value 4.98 mmol Fe2* 100 g-1), and apples the smallest
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(0.98 mmol Fe2* 100 g1). By far the highest FRAP value among all the anal-
yzed samples was found for walnuts (13.24 mmol Fe2* 100 g1).

TABLE Il. Total antioxidant capacity and total phenolics in the analyzed samples; data are
expressed on the original weight basis and presented as mean + SD of three independent
determinations. All values are given on afresh weight basis

Samples Total phenolic content Antioxidant capacity (FRAP)
P mg GAE 100 g1 mmol Fe?* 100 g1
Green leafy vegetables
Spinach 230+23 1.61+0.34
Parsley 190+ 78 1.10+0.04
Lettuce 140+54 0.42+0.09
Cabbage 170+39 0.36+0.12
Broccoli 37667 1.20+0.41
Fruits
Apple with skin 103+43 0.98+0.33
Blueberry 310+£76 4.98+0.51
Blackberry 259423 3.54+0.61
Raspberry 262+41 2.98+0.23
Strawberry 30554 2.69+0.37
Cherry 198+38 1.9740.32
Nuts
Almond 408+49 0.54+0.21
Hazelnut 772+03 0.90+ 0.34
Cashew nuts 269+87 0.24+0.09
Walnut 1456+235 13.24+1.99

Berry fruits are known for their high contents of phenolic acid and flavo-
noids, such as anthocyanins,3> hence they demonstrate high antioxidant acti-
vity.36 The present results for the antioxidative capacity obtained by the FRAP
method for the berry fruit samples were in overall agreement with previous
reports and the deviations that were found may be the consequence of the distinct
geographic region and the atitude from where the cultivar samples origin-
ated.37.38

Fruits and vegetables are proven sources of multiple bioactive compounds,
among which dietary fibre and polyphenolic antioxidants are of great importance.
These two classes of plant ingredients and their physiological effects are usually
studied separately. Saura-Calixto!3 was the first to combine the protective pro-
perties of fibre and polyphenols and to introduce the concept of anti-oxidant
dietary fibre (AODF) — a natural product capable of combining the beneficial
health effects of DF and natural antioxidants, such as polyphenols. Although this
expression is not used for natural products but for functional ingredients derived
from natural plant sources, it brought attention to the importance of combined
and interrelated effects of these bioactive compounds. Epidemiological studies
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suggest that regular consumption of fruits and vegetables is negatively associated
with the risk of several serious chronic diseases.3940 Five to seven daily portions
or a minimum of 400 g of fruit and vegetables was proposed as population
goals.41:42 Simultaneously, several recommendations for individual phytonutrient
intake, such as fibre and polyphenols, was also proposed. It is considered
beneficial to consume >25 g day—1 of dietary fibre;43 6 g day—1 of arabinoxylan;
5 g day—1 cellulose* and >1 g day—1 of total polyphenols?® as a part of ordinary
daily diet. Similarly, the intake of 1 g SDF is considered important, since each
additional gram of SDF in the diet was found to decrease serum total and LDL
cholesterol concentration by 0.03 mmol L—1.46 One of the aims of this study was
to evaluate the potential of selected plant foods as combined sources of anti-
oxidative polyphenols and dietary fibre. These data could help in reaching dietary
recommendations by choosing the best combinations from broad range of fibre
and polyphenol dietary sources.

The best dietary sources of fibre and polyphenols among the analysed fruits
and vegetables, expressed per average portion of original food item, arelisted in
Table Ill. The portion sizes were estimated according to the Dutch and Swiss
dietary guidelines?2 since no estimates of Serbian standard portions exist. The
criterion used for inclusion in the list of best dietary sources (Table I11) was
based on the potential of the analyzed plant foods to contribute in a significant
way to the recommended intake of bioactive plant ingredients.

TABLE I1ll. The best dietary sources of fibre and polyphenols among analysed fruits and
vegetables (in descending order, expressed per one portion); 1 portion of fruit and vegetables,
100 g; 1 portion of nuts, 30 g. Serving size from Agundo, 20052

Polyphenol +total

Total fibre? Solublefibre? Insoluble fibre Cellulose®  Polyphenols® fibre
g/portion g/portion g/portion g/portion mg GAE/portion  (g/portion)/(mg
GAE/portion))
Raspberry Almond  Blackberry Walnut Raspberry
ga‘;?be”y (2.9) (4.2) (1.9) (437) (5.5/ 262)
Bléckberr Blackberry Hazelnut  Raspberry Blueberry (310) Blackberry
(5.1) y (1.8) (2.4) (1.2)  Strawberry (305) (5.1/259)

Cherry  Blackberry (3.4) Almond Raspberry (262) Blueberry

Bz'gebe”y (11)  Raspbery (26) (L1) Blackberry (259)  (2.9/310)
,(AI' ) 445 Strawberry  Blueberry (2.1) Parsley Broccoli Broccoli
Alman t( 9 ) Broccoli (14) (376) (2.9/376)
zag nu Pardey (2.2) Broccoli Hazelnut Spinach
é - S)I o (13) Pardey (13) 232) (2.81230)
il Cg’“( > 23) 2.0) Cabbage  Spinach Hazelnut

) : inach 11 230 2.8/232
Spinach (2.8) 8?2.0) (1.1 (230) ( )
8Contributes > 2.5 ¢ / portion; Peontributes > 1 g/portion; Ccontributes > 2 g/portion; deontributes > 1 g/portion;

€contributes > 200 mg GAE/portion; fcontributes: polyphenol > 200 mg GAE/portion and total fibre > 2.5
g/portion
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When dietary goal is increasing the total, IDF, and cellulose intake, the best
choices among the analyzed food would be berries, almonds, parsley, and bro-
ccoli. The best dietary choices for SDF would be berries, cherries, and parsley.
Although walnuts have by far the highest polyphenol content, when the com-
bination of polyphenols and total fibre is considered, other plant foods could be
of more importance. The best sources of combined polyphenols and total fibre
was shown to be berries, hazelnut, broccoli, and spinach.

CONCLUSIONS

Based on the results presented in this paper, it is evident that daily con-
sumption of 400 g of the analyzed fruits and vegetables would provide the
quantity of dietary fibre and polyphenols that could be expected to give positive
physiological effects. The combination of 100 g each of raspberry, blackberry,
broccoli and spinach, per example, ensures an amount of 16.4 g day—1 TDF,
approximately 1.2 g day—1 polyphenols, and 5.3 g day~1 cellulose. These are pre-
cisely the quantities that are being recommended for protective purposes.

In conclusion, the obtained data clearly demonstrate that no single food
contains each and all the non-nutritive components relevant to human health. The
analyzed plant foods of Serbian origin are rich sources of polyphenols and total,
insoluble and soluble fibres, while some specific fibre fractions, such as arabino-
xylans, S-glucans and resistant starch were only present in insignificant amounts.
The analysis of individua fibre fractions should be encouraged, with aim of
ensure proper and more knowledgeable food combinations that would help to
supply adiet with the necessary ingredients. Possible synergistic effects of poly-
phenols and fibres are not well known and need further investigation in well-
designed clinical studies.
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U3BOJ
IMMPO®WJT BTAKAHA U CAOPXAJ ITOJIMGEHOJIA Y OJAEPAHOM BORY U [IOBPRY

MAPTAPUTA OOEBCKA, CJIABAHA IIOFAJUR nu BPMXXHWTA HOPREBUR
Yuuseepsuitiewi y Beoipagy, @apmaveyiicku paxyniteni, Kattiegpa 3a dpomaitionoiujy, beoipag

Bohe u nosphe je nosHato kao godap U3BOp OpPOjHUX OMOJIOLIKH aKTUBHUX jEeNUBEHA Y
Koje cranajy u monugeHoNy U IWjeTHa BIakaHa. 32 OBe CACTOjKe MOCTOje JOKA3H JIa MOBOJBHO
YTUUY Ha CMameme PU3NKa O] HEeKHWX BpCTa KaHlepa, nujaberec, roja3HOCT U XUIEPTEH3Hjy.
Llum oBoT paja 01O je oa ce MpoBepy KBAJTUTET OU/BHUX HAMUPHHUIIA Ca Halller Mogpy4ja y 1mo-
ey KOJMMYMHE YKyNHUX (eHosa, BlakaHa M OfHOcCa NojefuHHMX (paxudja BrakaHa. I1eT-
HAEeCT y30paKa 3eJIeHOT JTHCHATOr moBpha, Boha M jesrpacTor Boha je HCIIUTHBAHO Ha YKYIHY
AaHTHOKCUIAHTHY aKTMBHOCT, YKYIaH cafgpxaj (eHosa, ykynHa, pacTBOp/bUBA U HEPACTBOP-
JpUBa BiakHa U cnenehe dpakuuje BmakaHa: f-IaykaH, apadMHOKCHIAH, LIENy03a U Pe3uc-
TeHTaH ckpod. Jesrpacro Bohe je dumo HajdoratHje y BlakHUMa U YKynHUM (eHonuMa, mehy-
THM KaZa je y3era y 003up BenWuuHa nopuuje, Hobruuacro Bohe je duno Hajdomu U3BOP YKy-
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ITHUX, PAaCTBOPJ/BUBUX BJlaKkaHa U 1IeTyJio3e, JeUHULU U DagemMu cy Hajoobl U3BOP HEPaCTBOP-
JBUBUX BJIaKaHAa, JOK Cy OpacH OCTaad HajOosbH u3BOp monvdeHosna. Y aHaTU3UpaHUM OUsb-
HUM HaMHUDHHLlaMa HHUCy HaheHe 3HauajHMje KOIW4YMHE apabMHOKCWIaHa U f-TiykaHa. I1o-
IaTak O MPUCYCTBY PE3UCTEHTHOr CKpoba y MHAMjCKUM Opacuma je TpBa MOTBPIA [ja Pe3uc-
TEHTaH CKpod MOXe Ja ce Hahe y 3HauajHOj KOMUYMHM Yy je3rpacTom Bohy. OBHU pe3ynTaTty gajy
penak npuKas JUjeTapHOTr 3Hayaja Boha u mospha koje ce xoHsymupa y Cpbuju y cmuciy
cazp’kaja BlakaHa U nonugeHona.
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Abstract: Two Cu(ll) complexes of an ionic liquid based Schiff base 1-{ 2-[(2-
-hydroxybenzylidene)amino] ethyl} -3-methylimidazolium hexafluorophos-
phate, were prepared and characterized by different analytical and spectro-
scopic methods such as elemental analysis, magnetic susceptibility, UV-Vis,
IR and NMR spectroscopy, and mass spectrometry. The Schiff base ligand was
found to act as a potential bidentate chelating ligand with N, O donor sites and
formed 1:2 metal chelates with Cu(ll) salts. The synthesized Cu(ll) complexes
were tested for their biological activity.

Keywords: ionic liquid based Schiff base; salicylaldehyde; Cu(ll) complexes;
1-(2-aminoethyl)-3-methylimidazolium hexafluorophosphate.

INTRODUCTION

lonic liquids (ILs) are defined as organic salts formed by the combination of
bulky organic cations with a wide variety of anions, that are generaly liquid at
room temperature.1 I1Ls are made up of large ions that are held together by elec-
trostatic interactions. Due to these interactions, the properties of ILs are consi-
derably different from those of molecular liquids.? ILs have been widely studied
as alternatives to volatile organic solvents for organic synthesis in homogeneous
as well as biphasic processes.3> Such compounds have received attraction in
synthetic chemistry in recent years due to their excellent characteristics, such as
low vapor pressure, inflammability, high thermal and chemical stability, out-
standing solubility and the possibility of easy recycling, etc.6.” Based on these
properties, ILs have emerged as a novel class of compounds that have been
employed in many fields, such as electrochemistry, organic synthesis, catalysis,
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gas separation, etc. The use of ionic liquids has also received much attention as
eco-friendly reaction media in organic synthesis.>8 The hydrophobicity/hydro-
philicity of ionic liquids can be altered by manipulating the structures of the cat-
ions and anions.® In recent years, a number of ionic liquids have been identified
as solvents for the dissolution of biopolymers such as cellulose, starch, wood,
lignin, feather, wool, etc.10-17 Recently, many workers have focused on the
preparation and application of functionalized ionic liquids (FILs) for specia
tasks, such as those carrying hydroxyl, amino, sulfonic acid or carboxyl groups
and so on.18-24 The FILs have shown great promise not only as alternative green
solvents, but also as reagents or catalysts in many organic transformations.2®

Among many potential organic compounds, Schiff bases are widely emp-
loyed as ligands in coordination chemistry.26 These ligands are readily available,
versatile and, depending on the nature of the starting materials (primary amines
and carbonyl precursors), they exhibit various denticities and functionalities.2”
Schiff bases and their complexes are widely applied in biochemistry, material
science, catalysis, encapsulation, activation, transport and separation phenomena,
hydrometallurgy, etc.2829 Schiff bases have been reported to show a variety of
biological actions, such as antibacterial, antifungal, herbicidal, clinical and anal-
ytical activities by virtue of the azomethine linkage.30:31 Schiff base metal com-
plexes have been the subject intensive study due to their industrial and biological
applications.32-37 Salicylaldehyde and its derivatives are useful carbonyl
precursors for the synthesis of alarge variety of Schiff bases with wide variety of
interesting properties. Hence in this study, an attempt was made to synthesize an
ionic liquid grafted Schiff base 1-{2-[(2-hydroxybenzylidene)amino]ethyl}-3-
-methylimidazolium hexafluorophosphate, and its Cu(ll) complexes. The syn-
thesized compounds were characterized by various analytical methods and tested
for their biological activities.

EXPERIMENTAL
Materials and measurements

All the employed reagents were of analytical grade and used as received without further
purification. 1-Methylimidazole, 2-bromoethylamine hydrobromide and potassium hexaflu-
orophosphate were procured from Sigma—Aldrich, Germany. Salicylaldehyde, CuCl,-2H,0,
Cu(NOs),-3H,0 and all other chemicals were purchased from SD Fine Chemicals, India. The
IR spectra were recorded in KBr pellets using a Perkin-Elmer Spectrum RX | FT-IR spec-
trometer, operating in the region 4000 to 400 cmrL. The proton NMR spectra were recorded at
room temperature on an FT-NMR Bruker Avance Il 400 MHz spectrometer using DM SO-dg
and D,0 as solvents. The chemica shifts are given in ppm downfield of internal standard
tetramethylsilane (TMS). The melting points were recorded using the open capillary method.
Elemental microanalyses (C, H and N) were realized using a Perkin—Elmer (Model 240C)
analyzer. The Cu-content was determined by atomic absorption spectroscopy (AAS) emp-
loying a Varian SpectrAA 50B instrument using a standard Cu-solution from Sigma-Aldrich,
Germany. The mass spectra were recorded on an Agilent 1100 LC equipped with an MSD
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trap. The purity of the Schiff base and its complexes were confirmed by thin layer chromato-
graphy (TLC) on silica gel plates and TLC visualization was realized by UV-light and iodine.
The antibacterial activities (in vitro) of the synthesized ligand and the complexes were studied
by the disc diffusion method against commonly known bacteria, viz.,, Bacillus subtilis and
Escherichia coli with respect to the standard drug ampicilin.

Physical, analytical and spectral data of the prepared compounds are given in Sup-
plementary material to this paper.
Synthesis of ionic liquid 1-(2-aminoethyl)-3-methyli midazoliumhexafl uor ophosphate
([2-aemim] PFg)

The amino functionalized ionic liquid was prepared by following literature procedure.38
In a typical experiment, a mixture of 1-methylimidazole (4.10 g, 0.05 mol) and 2-bromo-
ethylamine hydrobromide (10.25 g, 0.05 mol) in 25 mL of acetonitrile was heated with
constant stirring at 80 °C for 4 h. On completion of the reaction, the solvent was removed by
digtillation and the residue was recrystallized from ethanol to afford the hydrobromide
[2-aemim]Br as a white solid. Then KPFg (9.20 g, 0.05 mol) was added to the hydrobromide
[2-aemim]Br in 20 mL of CH3;CN/H,O (1:1, V/V). The solution was left for 24 h at room
temperature and then NaOH (2.00 g, 0.05 mol) was added for neutralization. The solvents
were evaporated under vacuum. This was followed by the addition of CH3OH (2 mL) and
CHCI3 (10 mL). The precipitated KBr was filtered off and the solvents were evaporated. The
obtained yellow oil was washed successively with chloroform (3x10 mL) and diethyl ether
(3x10 mL). After drying for 6 h under vacuum at 80 °C, the expected ionic liquid was
obtained.

Synthesis of the ionic liquid-grafted Schiff base

Theionic liquid based Schiff base ligand (L) was synthesized by slight modification of a
literature procedure.3® A mixture of salicylaldehyde (1.22 g, 10 mmol) and [2-aemim]PFg
(2.71 g, 10 mmoal) in 10 mL methanol was stirred at room temperature for 1 h. After com-
pletion of the reaction, as indicated by TLC, the reaction mixture was diluted with MeOH (10
mL). The precipitate was then filtered and dried to afford the expected ligand as a pale yellow
solid in good yield.

Synthesis of Cu(ll) complexes of the ionic liquid-based Schiff base

To a solution of ligand, LH (0.50 g, 1.30 mmol), in EtOH (20 mL), copper sdlts, viz,
CuCl,-2H,50 (0.11 g, 0.65 mmol) or Cu(NO3),-3H,0 (0.17 g, 0.65 mmol) were added and the
reaction mixture was refluxed for 8 h at 25 °C until the starting material was completely
consumed as monitored by TLC. On completion of the reaction, the solvent was evaporated
and the reaction mixture was cooled to room temperature. The precipitate was collected by
filtration, washed with C,H5OH (10 mL) and dry ether (10 mL) triply, and further dried in a
desiccator to obtain the complex 2 as a deep green powder and complex 3 as a dark green
powder.

Antibacterial activity

The newly synthesized Cu(ll) complexes along with the ligand were tested against the
gram-negative bacterium Escherichia coli ATCC 69905 and the gram-positive bacterium
Bacillus subtilis ATCC 6633. Stock solutions of compounds were prepared by dissolving the
compounds in distilled water and seria dilutions of the compounds were prepared in sterile
distilled water for different concentrations to determine the minimum inhibition concentration
(MIC). The concentrations of the tested compounds were 31.25, 62.5, 125 and 250 pug mL1in
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comparison to the standard drug ampicillin. The nutrient agar medium was poured into 0.5 mL
culture containing Petri plates. Then the well diffusion technique®®4l was performed. Petri
plates were incubated at 37 °C for 24 h.

RESULTS AND DISCUSSION

All the isolated compounds were found to be air stable and were charac-
terized based on elemental and different spectroscopic analyses. The data are
given in the Supplementary material to this paper.

Infrared spectra of the Schiff base ligand and its complexes

The IR spectra of the free Schiff base and its Cu(ll) complexes are presented
in Figs. S1-S-3 of the Supplementary material. In order to obtain conclusive
insight concerning the coordination mode of the ligand (LH) to the metal ion and
the structure of the meta complexes, the main IR bands were compared with
those of the free ligand. The IR spectrum of the ligand showed a strong broad
band at 3430-3151 cmrl; this band was attributed to the hydrogen bonded
—OH of the phenolic group with -N=C group of the ligand (OH---N=C).4243
This band was absent in the spectra of the complexes due to the involvement of
the phenolic —OH group in coordination to the metal ion. A new band in the
range of 3449.07 cm! appeared in case of Cu(ll) complex 2 and this was
assigned to coordinated water molecules in the complex,#4 although in case of
the complex 3 no such band was observed in this region. This indicated the
absence of coordinated water molecules in its structure A weak band at 3101-
2923 cm 1 in the spectrum of the ligand was assigned to H-C(=N) stretching
vibrations. The involvement of deprotonated phenolic moiety in metal complexes
was confirmed by the shift of (-CO) of LH stretching band at 1465.5 cm1 to
lower frequency region of 1448-1445 cm1 for the complexes 2 and 3, res-
pectively. In the spectrum of the ligand, a band corresponding to the azomethine
group (-C=N) was found at 1640 cnm1. On complexation, this band shifted to a
lower wave number range of 1628-1622 cm—L. This indicated the involvement of
N-atom of the azomethine (-C=N) group in complex formation*>46 and the band
at 844.5-842.49 cmr1 in the spectra of the complexes 2 and 3 were assigned to
P—F stretching frequency.

Therefore, the IR spectral data indicated that the coordination of ligand to
metal ion occurred through the N-atom of the azomethine (—C=N) group and the
O-atom of phenolic (O-Ar) group. Assignment of the proposed coordination sites
was further supported by the appearance of medium bands at 634-620 cm—1 and
548-558 cm1 due to M—O and M—N stretching frequencies, respectively.47:48

Mass spectra

The mass spectra of the compound [2-aemim]PFg and the ligand, LH,
showed molecular ion peaks (m/z) at 126.20 and 231, which correspond to M*,
[CeH1oN3] T and M+1, [C13H16N30 +1]* peaks, respectively. The observed mass
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spectra confirmed the formation of the proposed ligand. Again the mass spectra
of the Cu(ll) complexes 2 and 3 showed molecular ion peaks (m/z) at 557 and
523, respectively. These molecular ion peaks were assigned to
Cu(CogHz4Ng04)2" and M"+2 (where M"” = Cu(CogH3gNgO2)2*) peaks, respect-
ively. These peaks support the proposed structure of the complexes and con-
firmed the MLy stoichiometry for the complexes. It is assumed that the Cu(ll)
complex 2 had an octahedral coordination site with two water molecules occupy-
ing two axial positions;, however, the Cu(ll) complex 3 has square planar geo-
metry. The different molecular ion peaks, appeared in the mass spectra of the
complexes, were attributed to different fragmentations of the metal complexes by
successive rupture of different bonds in order to form stable ions. The fragment-
ation patterns of the complexes 2 and 3 are shown in Figs. 1 and 2, respectively.
The mass spectra of the ligand and complexes were in good agreement with the
structure as revealed by elemental analyses and spectral analyses.

o
~o H ~o HN o N o)
| | A~
7 6 5 4

Fig. 1. The mass fragmentation pattern of the Cu(ll) complex 2. m/z: 1, 557; 2, 439; 3, 427; 4,
397; 5, 304; 6, 290 and 7, 250.

1H-/13C-NMR spectroscopy

The IH-NMR spectra of ligand and complexes were recorded in DM SO-dg
and the spectra showed well-resolved signals as expected. The 1H-NMR spec-
trum of the ligand showed a singlet at 6 3.82 ppm (3H, s, CH3), atriplet at 6 3.99
ppm (2H, t, CH»), atriplet at 6 4.52 ppm (2H, t, CH5), amultiplet at 6 6.85-7.42
ppm (4H, m, Ar-H), asinglet at 6 7.67 ppm (1H, s, NCH) and a singlet at 6 7.33
ppm (1H, s, NCH). The spectrum of the ligand showed a sharp singlet a ¢ 8.56
ppm assignable to the proton of the azomethine group (-CH=N-), presumably
due to the effect of the ortho-hydroxyl group in the aromatic ring. A sharp singlet
in the downfield region at 12.56 ppm is attributed to the hydroxyl proton. The 13C-
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Fig. 2. The mass fragmentation pattern of the Cu(ll) complex 3. m/z 1, 523; 2, 507; 3, 491; 4,
427; 5, 413; 6, 333; 7, 333; 8,231 and 9, 231.
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-NMR spectra of the ligand and complexes were recorded in DMSO-dg as
solvent. The number of signals of sharp peaks represents the number of carbons
of the compound that are chemically non-equivalent. The spectra exhibited the
azomethine, C=N carbon at ¢ 159.91 ppm and the phenolic, C-OH carbon at ¢
161.29 ppm. The chemical shifts of the aromatic carbons appeared at 137.31,
135.59, 123.75 and 122.41 ppm. The magnetic moment measurement of both the
Cu(ll) complexes, in which the electronic configuration is d, showed that these
complexes are paramagnetic (the observed magnetic moments of Cu(ll) complex
2 and complex 3 were 1.89 and 1.72 up, respectively) and their 1H-NMR spectra
displayed only the broad signals assignable to the akyl group as al of these
proton signals are in close proximity. However, asignal for the Cu(ll) center was
not detectable.4®

Antibacterial activity

The newly synthesized Cu(ll) complexes along with the ligand were tested
against the gram negative bacterium E. coli and the gram positive bacterium B.
subtilis using the well diffusion technique.4041 No clear inhibition zone sur-
rounding the well were formed against the ligand and its Cu(ll) complexes (inhi-
bition zones against E. coli are shown in Fig. 3), whereas CuCl»-2H,0 and
Cu(NO3)2-3H20 showed antibacterial activities with clearly defined well diame-
ters at a concentration of 250 ug mL—1 against the bacteria selected for this study.
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Fig. 3. Inhibition zones for anti-bacterial activities:
A: for 1-{2-[(2-hydroxybenzylidene)amino]ethyl} -
-3-methyimidazolium hexaflurophosphate (1); B: for
the Cu(ll) complex 2; C: for CuCl,-2H,0; D: for
CU(N03)23H20 @a nst E. Coli.

CONCLUSION

In this paper, the synthesis, characterization and biological activities of the
synthesized ionic liquid based Schiff base and its two Cu(ll) complexes were
reported. The complexes were formed in 1:2 (metal:ligand) ratio, as confirmed by
the spectral analysis. The results of different analytica and spectroscopic anal-
yses revealed that the complexes have different coordination geometries. The
Schiff base ligand acts as a bidentate ligand and binds to metal ions through the
phenolic oxygen and the azomethine nitrogen Again the synthesized ligand and
the complexes showed no antibacterial activities against two commonly known
bacteria, viz., B. subtilisand E. cali.

SUPPLEMENTARY MATERIAL

Physical, analytic and spectral data of the prepared compounds and their IR spectra are
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author
on request.
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U3BOJ
KOMIUIEKCH BAKPA(II) CA ITH®OBOM FA30M JOBMJEHOM U3 JOHCKE TEHHOCTHU
[1-{2-((2-XUOPOKCUBEH3WINIEH)AMUHO)ETWI}-3-METUWINMUA30/INJY M]PFg:
CHUHTE3A, KAPAKTEPU3ALIMJA U BUOJIOIIKA AKTUBHOCT

SANJOY SAHA!, DHIRAJ BRAHMANZ AND BISWAJIT SINHA?

Department of Chemistry, Kalimpong College, Kalimpong-734301, India u “Department of Chemistry,
University of North Bengal, Darjeeling-734013, India

CuHTreTH3oBaHa Cy gBa komruiekca dakpa(ll) ca ludosom Hazom nodujeHoM U3 joHCKe
TeqHocTH, 1-{2-[(2-xunpokcrdeH3wInLeH)aMUHO]eTH}-3-MeTUIIMMUIa30IHjyM-XeKkcadiryo-
podocdaTta. JobujeHN KOMIUIEKCH Cy OKapakTepHCaH! IPUMEHOM Pa3IMYNTUX aHATUTHUYKUX
U CIIEKTPOCKOIICKMX METOJa, Kao LITO Cy eleMEeHTapHa MHKpOaHa/W3a, MarHeTHa CyCLel-
tudunHoct, UV-Vis, IR 1 NMR cnexrpockomnuja u maceHa ciekTpomeTrpuja. [I[puMeHOM 0BUX
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metoza yTepheHo je na ce [lludosa 6a3za duneHTaTHO KOOPIMHY]je MpeKko aToMa a30Ta ¥ aToma
KHCEOHHKA, IPH YeMY HACTajy KOMIUIEKCH Y KOjUMa Cy IBa MOJIEKYJIa JINTaHga KOOPOUHOBAaHA
3a Cu(II) jou. [Topen Tora, UCIUTHBAHA je HUOMOIIKa aKTUBHOCT KomIuiekca dakpa(ll).

(ITpumsbeHo 1. dedpyapa, peBunupaHo 1. jyna, mpuxsaheno 21. jyna 2014)
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biological activities
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PHYSICAL, ANALYTIC AND SPECTRAL DATA OF THE PREPARED COMPOUNDS
[2-Aemim]| PFg. Yidd: 67 %; ydlow oil; Anal. Calcd. for CgH12FgN3P: C,
57.11; H, 9.59; N, 33.30 %. Found: C, 57.02; H, 9.42; N, 32.88 %; FT-IR (KBr,
cm1): 3412, 3086, 2896, 1581, 1452, 1175, 847; 1H-NMR (500 MHz, D0, 6 /
/ ppm): 3.25 (2H, m, NH>—CH>), 4.12 (3H, s, CH3), 4.49 (1H, t, N-CH>), 4.52
(1H, t, N—CH>), 7.68 (1H, s, NCH), 7.75 (1H, s, NCH), 8.63 (2H, s, NH>), 8.99
(1H, s, N(H)CN); 13C-NMR (400 MHz, D50, 6 / ppm): 35.34, 41.04, 53.36,
122.30, 123.29, 136.87; ESI-M S (m/z (relative abundance, %)): 126.20 (92.6), M*.
LH (). Yield: 65-70 %; yelow solid; m. p.: 132-133 °C, Anal. Calcd. for
C13H16N3OPFg: C, 40.81; H, 4.19; N, 10.99 %. Found: C, 41.61; H, 4.29; N,
11.20 %; FT-IR (KBr, cm1): 3430.12, 3151.5, 2923.9, 2866, 1640, 1616.2,
1569.9, 1508.2, 1465.50, 1278.31, 1167.87, 837, IH-NMR (500 MHz, DM SO-dg,
o/ ppm): 3.89 (3H, s, CH3), 4.01 (2H, t, J =, CH>), 4.48 (2H, t, CH)), 6.79—
—6.85 (4H, m, Ar-H), 7.66 (1H, s, NCH), 7.76 (1H, s, NCH), 8.56 (1H, s, N=CH),
9.12 (1H, s, CH), 12.56 (1H, s, OH); 13C-NMR (400 MHz, DMSO-dg, 5 / ppm):
36.92, 43.54, 51.45, 116.25, 121.56, 122.41, 123.75, 124.62, 130.67, 135.59,
137.31, 159.91, 161.29; ESI-MS (nvVz (relative abundance, %)): 231 (30.6), [M+1].
Cu(ll) complex (2). Yield: 75 %; green solid; m. p.: 139-141 °C; Anal.
Calcd for CogH34CuF12NgO4P2: C, 36.82; H, 4.04; N, 9.91 %. Found: C, 36.12;
H, 3.92; N, 9.39 %; FT-IR (KBr, cm1): 3449.5, 1628, 1545, 1445, 1136, 842.49,
634, 548; ESI-M S (m/z (rel ative abundance, %)): 557 (29.5), [M+2].
Cu(Il) complex (3). Yield: 77 %; green solid; m.p.: 145-147 °C; Anal. Calcd
for CogH3pCuF12NgO2P2: C, 38.46; H, 3.72; N, 10.35 %. Found: C, 38.01; H,

* Corresponding author. E-mail: biswachem@gmail.com
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3.69; N, 10.11 %; FT-IR (KBr, cnm1): 3152, 3093, 2867, 1622, 1505, 1448,
1100, 844.5, 620, 558; ESI-M S (m/z (rel ative abundance, %)): 523 (28.6), [M+2].

THE IR SPECTRA OF THE FREE SCHIFF BASE AND ITS Cu(ll) COMPLEXES
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Fig. S-1. IR spectrum of 1-{ 2-[(2-hydroxybenzylidene)amino]ethyl} -3-methyimidazolium
hexafluorophosphate (1).

2

2

2

bl

prl

pal

pil

Transmittance, %

139

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 200 600 2000
‘Wavenumber, cm-!

Fig. S-2. IR spectraof Cu(ll) complex 2.
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Synthesis, crystal structure and propertiesof [Co(L),](ClOy,),
(L = 1,3-bis(1H-benzimidazol-2-yl)-2-oxapr opane)
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Abstract: The reaction of 1,3-bis(1H-benzimidazol-2-yl)-2-oxapropane (L)
with Co(ClQ,4),:6H,0 in absolute ethanol yielded the bis[1,3-bis(1H-benz-
imidazol-2-y1-kN3)-2-oxapropane] cobalt(2+) diperchlorate chelate complex
([Co(L)5](ClOy),, 1). Complex 1 was characterized by elemental analysis,
magnetic moment and molar conductivity measurements, thermogravimetric
analysis, FT-IR, UV—Vis and mass spectrometry, and its solid-state structure
was determined by single crystal X-ray diffraction. According to the elemental
and thermogravimetric analysis data, no water either coordinated or uncoor-
dinated is present in 1. Complex 1 has 1:2 M:L ionic characteristic according to
the molar conductivity value. In the complex, the distances between the cobalt
and the ethereal oxygen atoms (Col-02: 2.805(3); Co2-01: 2.752(2) A) show
semi-coordination bonding and the Co(ll) ion is six-coordinated with a N4O,
ligand set, resulting in a distorted octahedron.

Keywords:. bis-benzimidazole; oxapropane; cobalt(ll) perchlorate; semi-coordi-
nation; X-ray diffraction; spectroscopy.

INTRODUCTION

Bis-benzimidazoles are to be known strong chelating agents coordinating
through both of the C=N nitrogen atoms. In addition, they have polymer-forming
characteristics as typical multidentate ligands.12

Complexes of bridged bis-benzimidazole ligands with transition metals were
examined as potential models of the structure of the metal-binding sites in metal-
loproteins, such as hemerythrin, hemocyanin, tyrosinase or azurin.3-10

The crystal structure of 1,3-bis(1H-benzimidazol-2-yl)-2-oxapropane (L)
was reported by Chen et al.1l Moreover, the crystal structures of some metal
complexes of L were reported. For example, Cu(l1)-dipicrate,12 Zn(11)-diperchlo-
rate,13 various Cu(ll) salts,14 Co(Il)-dipicrate, > Mn(ll)-dipicratel® complexes

* Corresponding author. E-mail: atavman@istanbul.edu.tr
doi: 10.2298/J5C140415081T
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were studied, as well as Cu(ll) perchlorate mixed complex with bipyridinel?
complexes. In addition, Ni(ll) and Zn(I1) complexes of 1-benzyl derivative of L,
1,3-bis(1-benzylbenzimidazol-2-yl)-2-oxapropane, were reported.18.19 Matthews
et al. synthesized and characterized a series of asymmetric benzimidazolyl-2-
oxapropane derivatives and their Cu(ll), Zn(I1), Cd(I1), Hg(ll) and Ag(l) com-
plexes.20 Co(11)21 and Cd(11)22 complexes of 1,3-bis(1-ethylbenzimidazol-2-yl)-
-2-oxapropane was also reported. CoCl, complex of L was used in the
polymerization of butadiene as co-catalyst in combination with
methylaluminoxane (MAO) and it was shown to catalyze the polymerization
with high selectivity.23 In most of the above mentioned complexes, the ligands
acted as tridentate.

In this study, the crystal structure of the Co(ClOg)> complex of L, big1,3-
-bis-(1H-benzi midazol - 2-yl-kN3)-2-oxapropane] cobal t(2+) diperchlorate
(C32H2gNg010Cl>Co, 1, Fig. 1), is reported. The structure of 1 was also char-
acterized by elemental analysis, molar conductivity, FT-IR, UV-Vis, mass spec-
trometry and thermogravimetric analysis.

H H Fig. 1. Chemical diagram of the title compound.

EXPERIMENTAL

Elemental analysis data were obtained using a Thermo Finnigan Flash EA 1112 analyzer.
The molar conductivity was measured on a WTW Cond315i conductivity meter in DMF at 25
°C. The magnetic moment measurement was realized on a Sherwood Scientific MK1 appa-
ratus at room temperature by the Gouy method. The UV—Vis spectra were performed on a
Perkin Elmer Lambda 25 UV/Visible spectrometer in ethanol (104 mol L™1). The FT-IR spec-
trawere recorded in KBr disks on a Mattson 1000 FT-IR spectrometer. Thee spray ionization-
-mass spectrometry (ESI-MS) analysis was performed in the positive ion mode using a Ther-
mo Finnigan LCQ Advantage MAX LC/MS/MS instrument. The thermogravimetric (TG)
study was redlized on a Shimadzu TG-60WS instrument, at a heating rate of 10 °C min't
under adynamic air atmosphere at a flow rate of 50 mL min'L,

Synthesis of L

The ligand was synthesized from a 1:2 mole ratio of diglycolic acid (also known as 2,2-
-oxydiacetic acid), 1.34 g, 0.01 mol) and o-phenylenediamine (2.16 g, 0.02 mol) in 5.5 M HCI
(20 mL) according to the literature.17.24
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Synthesis of [ Co(L),] (ClO,),

The ligand, L (0.209 g; 0.75 mmol), and Co(ClO,),-6H,0 (0.275 g; 0.75 mmol) were
dissolved separately in absolute ethanol (10 mL). Then the solutions were mixed and refluxed
for 2 h. (After mixing the solutions, a purple turbidity formed). The mixture was filtered and
the filtrate was kept at room temperature after the volume was reduced to 10 mL. Purple crys-
tals suitable for X-ray diffraction studies were formed after 3 days. The crystals were filtered
and dried at room temperature (0.232 g, yield: 76 %).

Crystallography

The diffraction measurements were performed at 20+1 °C on a Rigaku RAXIS RAPID
imaging plate area detector using graphite monochromated Mo-Ka radiation (2= 0.71070 A),
with the distance between the crystal and the detector being 127.40 mm (Istanbul University
Advanced Analyses Laboratory, Turkey). For the structure solution, 127754 reflections were
collected, 6775 were unique (R,;; = 0.050); equivalent reflections were merged. An empirica
absorption correction was applied that resulted in transmission factors ranging from 0.57 to
0.84. The data were corrected for Lorentz and polarization effects. The structure of 1 was
solved by SIR92%5 and refined with CRY STALS.28 The non-hydrogen atoms were refined
anisotropically. H atoms were treated as riding, with C-H = 0.95(6) A and Uj,(H) =
= 1.2Ug(C) and were constrained refined. All calculations were performed using the
Crystal Structure?” crystallographic software package.

RESULTS AND DISCUSSION
General properties

Elemental analysis showed that the composition of 1 is [Co(L)2](ClOg)o.
Complex 1 is 2:1 electrolyte according to the molar conductivity data (126 S m?2
mol-1) in DMF.28 Thermogravimetric analysis data and elemental analysis
showed that there are no coordinated or uncoordinated water in the structure of 1.
It started to decompose at about 250 °C and decomposed exactly above 550 °C to
CoO (the weight percentage of CoO in the title compound is 9.1%, Fig. S-1 of
the Supplementary materia to this paper). The considerable weight loss near 300
°C should be due to the decomposition of the 1,3-bis(1H-benzimidazol-2-yl)-2-
-oxapropane ligand.

In the FT-IR spectrum of 1, a strong band at 1115 cnm2 could be assigned to
the stretching vibrations of the uncoordinated perchlorate anion, v(ClI=0). In
addition, the medium band at 627 cmr1 is due to the v4 mode of the perchlorate
anion.2%-31 The new broad medium band at 698 cm2 in the IR spectrum could
be attributed to the v(Co-N) coordination band.32

Compound 1 shows three absorption bands in the visible region with max-
ima at 558, 526 and 456 nm. The 558 and 526 nm bands may be assigned to
4T19(F) = 4T14(P) and 4T1g(F) — #Axy(F) transitions, respectively, indicating a
distorted octahedral geometry. The 456 nm shoulder may be due to ligand to
metal charge transfer transitions.32,33
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The observed magnetic moment value for 1 at room temperature, ug = 4.12
uB, is near the range reported for distorted octahedral Co(ll) complexes having
three unpaired electrons (high spin).33.34

In the ESI-MS spectrum, the molecular ion peak of 1 is appears at m/z
835.90 (19.2 %) as [(M+23)-2]* (sodiated molecular ion). The m/z 614.7 frag-
ment is due to [CoL (L—H)]* ([C32H28C0oNgO5]*) and its intensity was 100 %.
Furthermore, a fragment at m/z 279.7, corresponding to the ion peak of the
ligand, was determined with an intensity of 18 %.

Crystal structure of 1

The details of the X-ray data collection, structure solution and structure
refinements are given in Table I. Compound 1 crystallizes in the monoclinic
system with space group P2/n. Selected bond distances and angles are listed in
Table S| and selected torsion angles are given in Table Sl in Supplementary
material. The ORTEP 3 view of the molecular structure of the title compound is
given in Fig. 2; a crystal-packing diagram of 1 is given in Fig. S-2 of the
Supplementary material. Crystallographic data has been deposited with the Cam-
bridge Crystallographic Data Base as CCDC reference number 836316 for the
[Co(L)2](ClO4)2 complex.

TABLE |. X-Ray crystallographic data for 1

Emplrlcal formula C32H28C|2CON8010
Molecular weight, g mol-1 814.46
Color, habit Purple, chunk
Crystal system Monoclinic
alA 19.448(2)
b/A 9.6228(6)
clA 20.471(2)
V/A3 3576.6(6)

B (© 110.999(4)
Space group P2/n

Z value 4

dege/ g cm3 1512
H(Mo-Koy) / el 6.97
F(000) 1668.00
Index ranges, h, k, | —23<h<23,-11<k<10,-24<l<24
Arange for data collection, ° 2.7-25.0
No. observations (I > 3o(1)) 5899

No. variables 516
Residuals: R (1 > 35(1)) 0.094
Residuas: R, (I > 3o(1)) 0.053
Goodness of fit indicator 1.161
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The coordination cations ([Co(L)2]2*) are stabilized by wesk z-- - stacking
between the benzimidazole rings. In addition, no inter- or intramolecular hyd-
rogen bonding was detected.

The ligand (L) is potentialy tridentate of NON-type. In many complexes
described in the literature, L acted as tridentate towards the metal ions coordi-
nating through the ethereal oxygen atom and the C=N nitrogen atoms. Some of
the found M—O bond lengths were as follows. Zn-O, 2.35;13 Mn-O, 2.38;16
Ni—O, 2.10;18 Cu-0, 2.53;17 Cd-0, 2.54 A.22 However, in the present study, the
distances between the cobalt and the ethereal oxygen atoms [O1-Co2: 2.752(2)
and Co1-02: 2.805(3) A] are longer than in a coordination bond. Metal-ligand
interactions with such long distances are often viewed as semi coordination.3536
Likewise, the bending of the oxygen atoms towards the cobalt atom supports
semi-coordination. Thus, L acted as tridentate towards Co(ClOg)> in this study
and the Co(l1) ion is six coordinate with a N4O> ligand set from two ligands and
the complex is distorted octahedral.

Fig. 2. A molecular drawing of the title compound. H atoms are omitted for clarity.

CONCLUSIONS

In this study, bis[1,3-bis(1H-benzimidazol-2-yl-kN3)-2-oxapropane]cob-
alt(2+) diperchlorate was synthesized and recrystallized from ethanol as single
crystals suitable for X-ray study. The complex was characterized by elemental
analysis, magnetic moment and molar conductivity measurements, thermogravi-
metric anaysis, and FT-IR, UV-Vis and mass spectrometry. The molar con-
ductivity of 1 measured in DMF falls within the range of values typica for 2:1
electrolytes. The room temperature magnetic moment value, ug, of 4.12 up falls
within the range of values typical for high spin octahedral Co(ll) complexes. The
thermogravimetric analysis data showed that there was no coordinated or uncoor-
dinated water molecule in compound 1, which was supported by elemental anal-
ysis. In addition, the structure of 1 was determined by X-ray diffraction. The dis-
tances between the cobalt and the ethereal oxygen atoms (Col-02: 2.805(3);
Co2-01: 2.752(2) A) indicate semi-coordination bonding. According to these
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data, the chelate complex 1 has four five-membered Co—N-C—CH»>—O rings, and
the Co(ll) ion has a distorted octahedral geometry with four nitrogen and two
oxygen atoms from two ligands.

SUPPLEMENTARY MATERIAL

Analytical, conductivity, magnetic and spectral data, as well as TGA data and packing
diagram of the title compound are available electronically from http://www.shd.org.rs/JSCY/,
or from the corresponding author on request.
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U3BOJ
CHHTE3A, KPUCTATHA CTPYKTYPA U CBOJCTBA [Co(L);](Cl0y4),
(L=1,3-BUC(1H-BEH3UMHUJA30JI-2-UJT)-2-OKCAIIPOIIAH)

AYDIN TAVMAN u CIGDEM SAYIL
Department of Chemistry, Faculty of Engineering, Istanbul University, Avcilar, 34320, Istanbul, Turkey

Y peakuuju 1,3-6uc(1H-den3umugason-2-un)-2-okcanponana (L) ca Co(ClOy4),-6H,0 y
ancojyTHOM €TaHONy HoOWjeH je xenaTHH kommiekc ouc[1,3-duc(1H-5eHsnmupason-2-ui-
kN3)-2-oxcanponan]kobant(2+)-gunepxnopar, [Co(L),](Cl04), (1). OBaj kommmekc je
OoKapaKkTepucaH NOMOhy eleMeHTalHe aHalv3e, Mepema MarHeTHOI MOMEHTa W MoJapHe
MTPOBOJIJBUBOCTH, TepMorpaBumMeTtpHjcke aHamuse, FT-IR, UV-Vis u MaceHe criekTpoMeTpHje.
Kpucranna cTpykrypa komiuiekca 1 je ogpehena meromom pudpakuuje X-3paxa. Ha ocHOBY
TEPMOTPaBUMETPHUjCKE U eleMeHTalHe aHaiau3e HaheHo je ma y xommiekcy 1 Hema Koop-
IOVHOBAaHWX U KPUCTAJIHHUX Mojekyna Boje. Ha OCHOBy Mepema MOJapHE MTPOBOIBUBOCTH
3aKk/pyuyeHo je ma cy y xomiuiekcy 1 xobant(Il) v nuranz; KOOPOMHOBAHH Y MOJICKOM OIHOCY
1:2. Ha ocHOBy naMepeHux pactojawma usmely Co(II) joHa U aTOMa KMCEOHHKA y aKCHjaTHOM
nosnoxkajy (Co1-02: 2,805(3); Co2—01: 2,752(2)) Moxe ce 3aK/byUUTH [ia je Y OBOM CIIy4dajy
MPUCYTHA MaplyjasHo-KoopIuHaTUBHA Be3a U ma je Co(ll) jon xexcakoopzauHoBaH ca N4O,
JIMTaHOHUM CHCTEMOM, Kao U To Jja koMIuiekc 1 uma nedopmucaHy oKkTaefapCcKy TeOMeTpHjy.

(ITpumsbeHo 15. anpuna, peBugupaHo 26. jyna, mpuxsaheno 28. jyna 2014)
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SUPPLEMENTARY MATERIAL TO
Synthesis, crystal structure and properties of [Co(L),](ClO,),
(L = 1,3-bis(1H-benzimidazol-2-yl)-2-oxapr opane)
AYDIN TAVMAN* and CIGDEM SAYIL

Department of Chemistry, Faculty of Engineering, Istanbul University,
Avcilar, 34320, Istanbul, Turkey

J. Serb. Chem. Soc. 80 (1) (2015) 45-51

IR DATA FOR THE LIGAND

1,3-Bis(1H-benzimidazol-2-y1)-2-oxapropane (L). IR (KBr, cm™): 3049m,br,
2947m, 2846m, 2744m, 1625m, 1590m, 1457s, 1432s, 1336s, 1272s, 1232s,
1103s, 1038m, 923m, 748s, 433m.

ANALYTICAL, PHYSICAL AND SPECTRAL DATA OF THE TITLE COMPOUND

Big[ 1,3-bis(1H-benzmidazol -2-yl-kN3)-2-oxapr opane] cobal t(2+)-diperchlo-
rate (1). M.p.: 234 °C; Anal. Calcd. for C3H2sCl,CoNgOso: C, 47.19; H, 3.47; N,
13.76 %. Found: C 46.78, H 3.62, N 13.54 %; IR (KBr, cm™) 3273 (NH
stretching), 3080m (CH stretching of aromatic ring), 2933 (—CH_— stretching),
1630m (C=N stretching), 1604m (C=C stretching), 1484m, 1462s, 1399m,
1283m, 1115s (CI=O dtretching of perchlorate anion), 1088s, 1046s (C-O
stretching of ethereal bridge), 1009m, 745s (out of plane bending CH of aromatic
ring), 698m (Co-N stretching), 627m (ClI=0 v, stretching mode of perchlorate),
584w; MS (m/z, (relative abundance, %)): 835.90 (19.2, [(M+23)-2]",
{814.45+23 = 837.45}); 279.7 (11.8, [ML+1]" for the ligand); 614.7 (100,
[Co(L)2-1]"); 714.1 (26.5, [2L+Co+ClO,]"); 484.6 (16.7, [L+Co+ClO4]"); UV—
-Vis (MeOH, Ama / NM): 558w, 526sh, 476sh, 280m, 274s, 268sh, 246s,br, 218s,
212s; Molar conductivity (DMF, 25 °C): 126 S m* mol™. Magnetic moment,
Met / UB: 4.12.

* Corresponding author. E-mail: atavman@istanbul.edu.tr
S10
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TABLE S-l. Selected bond lengths and angles

Bond lengths, A
Co(1)-N(5) 2.034(2) Co(1)-N(7) 2.032(4)
Co(2)-N(2) 2.028(2) Co(2-N(3) 2.053(4)
Co(1)-0(2) 2.805(3) Co(2)-0(2) 2.752(2)
0(2)—C(24) 1.431(5) 0O(2)—C(25) 1.435(5)
N(2)-C(2) 1.408(5) N(2)-C(7) 1.333(4)
C(1)-C(2) 1.396(5) C(7)—C(8) 1.474(5)
Bond angles, °

N(5)—-Co(1)-N(7) 114.3(2) N(2)-Co(2)-N(3) 112.9(1)
O(1)—Co(2)N(2) 162.3(6) 0O(2)—-Co(1)-N(5) 155.7(2)
C(8)-0O(1)—C(9) 113.1(3) C(24)-0(2)—C(25) 112.1(3)
C(2-N(2)—Co(2) 131.0(2) C(7)-N(2)—Co(2) 123.6(3)
C(10)—N(3)—Co(2) 125.1(4) C(16)—N(3)—Co(2) 129.6(2)
C(23)-N(5)—Co(1) 123.8(3) C(8)-C(7)-N(1) 125.2(3)
C(8)—C(7)-N(2) 122.5(3) O(1)-C(8)—C(7) 104.0(3)
C(10—C(9)-0(2) 108.6(3) N(4)—C(10)—-C(9) 122.5(3)
0O(2)—C(24)-C(23) 104.7(3) C(26)—C(25)-0(2) 109.2(3)

TABLE S-l1. Selected torsion angles (°)

N(7)—Co(1)—N(5)—C(20) _ 149.9(3) N(7)—Co(1)—N(5)—C(23) —21.8(3)
N(5)-Co(1)-N(7)-C(26)  59.9(4) N(5)-Co(1)-N(7)-C(27) —116.7(4)
N(2)-Co(2)-N(3)-C(10) —66.7(3) N(3)-Co(2)-N(2)-C(7)  34.0(4)
C(9)-O(1)-C(8)-C(7)  -154.7(3) C(8)-O(1)-C(9)-C(10)  73.9(3)
Co(1)-N(7)-C(26)-N(8) -177.1(3) 0(2)-C(25)-C(26)-N(8) 150.5(4)
Co(1)-N(7)-C(27)-C(28) —4.6(7) Co(1)-N(7)-C(26)-C(25) 3.3(6)
N()-C(7)—C(8)-O(1)  -134.3(4) Co(1)-N(7)-C(27)-C(32) 177.6(3)
N(5)-C(23)-C(24)-0(2) —37.8(4) N(2)-C(7)-C(8)-O(1)  44.2(6)
0(2)-C(25)-C(26)-N(7)  —29.9(6)
100+
80 /_/
4 60
o
S 401
=
20 1 J

0 T T T T T 1
100 200 300 400 500 600
Temperature, °C
Fig. S-1. TGA curve of the title compound.
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Fig. S-2. A packing diagram of the title compound (view b).
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A theoretical study on the mechanism of the reaction between
azacyclopropenylidene and oxirane

YING JNG! and XIAOJUN TANZ*
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and 2College of Biological Science and Technology, University of Jinan, Jinan, Shandong,
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Abstract: The reaction mechanism between azacyclopropenylidene and oxirane
was systematically investigated employing the second-order Mgller—Plesset
perturbation theory (MP2) method to understand better the reactivity of aza-
cyclopropenylidene with the three-membered ring compound oxirane. Geo-
metry optimization, vibrational analysis, and energy property for the involved
stationary points on the potential energy surface were calculated. The energies
of al the species were also further corrected by CCSD(T)/6-311+G* single-
point calculations. The calculational results showed that there are two possible
reaction pathways. From the kinetic viewpoint, the first pathway is primary.
From the viewpoint of thermodynamics, the second dominates.

Keywords. azacyclopropenylidene; oxirane; reaction mechanism; MP2 method.

INTRODUCTION

Much attention has recently been paid to carbon chain molecules containing
heteroatoms (N,18 0,910 S11-13 gnd Sj14-16) due to their astrophysical abun-
dance and interesting spectroscopic properties. A typical example is cyanopoly-
acetylenes, HCon+1N, in which HC11N is one of the largest carbon chain mole-
cules observed in interstellar medium.1? In contrast to HCon+1N cyanopoly-
acetylenes, systematic studies on HCoN molecules containing an even number
of carbon atoms were relatively scarce. Despite this, HCo,N molecules and their
geometrical isomers are still very important, as they are good candidates for
astrophysical observations by microwave and infrared spectroscopy due to their
rather large dipole moments. An exciting fact is that HCoN was observed in
interstellar space.18 Many experimental and computational methods were utilized
in studies on the structures and the relative energies of some isomers of this
system. Numerous studies revealed that many isomers of HCoN molecules of

* Corresponding author. E-mail: chem.2001@163.com
doi: 10.2298/JSC140509056J
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54 JNG and TAN

similar energies exist with different kinds of geometries (linear, bent or cyclic) or
different multiplicities (singlet or triplet).1930 |nostroza et al. characterized
quasi-linear triplet, bent singlet, and cyclic singlet HCoN isomers and determined
their molecular properties in a series of highly accurate ab initio level of theory
investigation.2” In addition, the cyclic HCoN isomer was found to be an inter-
mediate between the interconversion of the bent HCCN and an unknown bent
HCNC on the hypersurface of neutral, anionic, and cationic species where bar-
riers are feasible.31 The most stable singlet state of the HC,N molecule is named
azacyclopropenylidene and its structure, which was confirmed by spectroscopy
and calculation, is displayed in Scheme 1.

140.7%
138.0°
137.8°
138.0¢

0.141°
0.140° 0.130°
0.1422 N o 0.130°
0.1399¢ 0.1314°  Scheme 1. Geometrical parameters for azacyclopropenyl-
0.1294°  jdene calculated at diverse levels. The bond lengths are in
4 nm and the bond angle in degree (a2 B3LYP/6-
0.139° 0.1436° -311++G*%28 b MP2/6-311++G*%;28 ¢ QCISD(T)/
0.142° 0.1409¢ /D95**;21 d: CCSD(T)/cc-pVTZH).

In 1998, matrix generations of singlet azacyclopropenylidene and singlet
bromocyanocarbene (BrCCN) were researched by Maier and co-workers.32 Casa-
vecchia et al. reported the dynamics of areaction of nitrogen atom with an unsat-
urated hydrocarbon by combining crossed molecular beam experiments and ab
initio molecular orbital calculations. They found that azacyclopropenylidene is
one of the products of the reaction of nitrogen atom with C>H> in the upper
atmosphere of Titan.33 Thus, azacyclopropenylidene seems to be a good candi-
date for astrophysical detection, considering these various possible formation
pathways and its large dipole moment.34

Computation of HCoN molecules would be very helpful in the elucidation of
the reactivity and kinetic stability of these molecules, but less attention has been
paid to the reactivity of azacyclopropenylidene with active species containing
small ring compounds until now. In the present study, a comprehensive theore-
tical investigation of the reaction mechanism between azacyclopropenylidene and
oxirane was performed by employing the second-order Maller—Plesset perturba-
tion theory (MP2) method in order to understand better the reactivity of azacyclo-
propenylidene. To the best of our knowledge, this study is the first report of the
reaction mechanism between azacyclopropenylidene and small ring compounds.
The present results will enrich the available data for the relevant azacyclopro-
penylidene chemistry and discuss the possibility of the formation of larger mole-
cules by means of azacyclopropenylidene in interstellar space.
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CALCULATION METHOD

The MP2 method in combination with 6-311+G* basis set was employed to locate all the
stationary points along the reaction pathways. Frequency analyses were performed to confirm
the nature of the minima and transition states. Moreover, intrinsic reaction coordinate (IRC)
calculations were also performed to validate further the calculated transition states connecting
reactants and products. Additionally, the relevant energy quantities, such as reaction energies
and barrier heights, were corrected with zero-point vibrational energy (ZPVE) corrections.

To further refine the calculated energy parameters, single point energy calculations were
performed at the CCSD(T)/6-311+G* level of theory based on the stationary points optimized
at the MP2/6-311+G* level of theory. As summarized in Table |, both levels gave consistent
results for the calculated reaction profile of the insertion reaction. For the sake of simplicity,
mainly the energetic results at the CCSD(T)//MP2/6-31+G* level are discussed below if not
noted otherwise.

All the calculations have been performed using the Gaussian 98 program.3>

TABLE |. The calculated relative energy (in kJ mol-1) with respect to the isolated reactants at
the MP2/6-311+G* level of theory considering the ZPVE corrections; the data in the brackets
refer to the results at the CCSD(T)//MP2/6-311+G* level of theory considering the ZPVE
corrections

Pathway Relative Energy
TS IM
171.0(173.2) —273.4(-255.6)
Pathway (1) TS1 P1
-87.8(-93.3) -181.3(-186.0)
Pathway (2) TS2a IM2a TS2b P2
8.9 (19.3) -126.0(-124.9) -57.8(-60.8) —260.0 (—255.8)

RESULTS AND DISCUSSION

The two proposed possible reaction pathways for the insertion reaction
between azacyclopropenylidene and oxirane are displayed in Scheme 2. The
geometric parameters for the reactants (azacyclopropenylidene (R1) and oxirane
(R2)), transition states (TS), intermediates (IM), and products (P) involved in

N/'c':.\\H
o—c”
— | | pathway (1)
n o H,C——CH,
C + P1 aH
— N
=
C/ \N H,C——CH, o—c/c/
L
|| pathway (2)
H2C_CH2

P2

Scheme 2. The two proposed reaction pathways for the insertion reaction between
azacyclopropenylidene and oxirane.
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pathways (1) and (2) are shown in Fig. 1. Correspondingly, the calculated rel-

ative energies for the available stationary points are summarized in Table I. The
corresponding reaction profileisillustrated in Fig. 2

Hl HL
2\C0.1303 2
Hi 01406\ } 610 0.1426 \0 1292
02086 15501455 g
C)137.8 AN o 1C 00-1418c16‘§§0.1500
0.143 -
0.1409/ {0 1310 3 \ 4 0.1435 b1823 /! 0 1951 0.1460 ‘0 1518
. 35 .
1551y H% 01467 "% 3 77.7 CIAI/H 917 g
0.1422 - 61.9 H 4 0.1469 \ 4 0.1539 \
R1: azacyclopropenylidene  R2: oxirane TS IM
0.1260 M
1333, N.Q1358 e
2
0.1338 z@_—\ 0&13550/1670
Cl 01064
o.14so‘ 0.1513 0.1470‘ ‘0.1505
225 o . o
4 0.1537 \ < 01542 \H
TS1 P1
01275 H* 52'0 . 83.8
2c7 C2) A3V 0.1247 H
0.1450 oMl G2 N
0.146 g('{l 0.1538 \\N/H 01454/ ‘//_leﬁl 0.1318 c—N’
N -
021411 ~\"0.1435 092421 1 1397 o ¢ 01866 00-1404C/1672
60.8
0.1462 0.1460 0.148 0.1462
W (‘:0'1514 IR ‘Col.lllsw X J‘C887 0'1/?07 ‘917 CO'Ills:l
I ooy =l
H( 0.1543 \: HH4 0.1540 HH H4 0.1538 \H 4 0.1 \H
TS2a IM2a TS2b

P2
Fig. 1. Optimized structures of the reactants (azacyclopropenylidene and oxirane), transition
states (TS), intermediates (IM), and products (P) in reaction pathways (1) and (2) at the
MP2/6-311+G* level of theory, in which the bond lengths and bond angles

arein nm and degree, respectively.

TS  com—

1732/ 3

100 - 'P 2

T ! by ‘:ix ,{J
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-2004
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te
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[

3 M T P2
-255.6

'
Fig. 2. Reaction profile for the reaction between azacyclopropenylidene and oxirane at the
MP2/6-311+G* level of theory.
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Insertion process to form a spiro intermediate IM

Thefirst intermediate IM in the reaction between azacyclopropenylidene and
oxirane was formed via a barrier of 173.2 kJ mol—1. The calculated unique imag-
inary frequency of the transition state TS in the insertion process is 727i cm1 at
the MP2/6-311+G* level of theory.

Asshownin Fig. 1, in the TS, the distance of C1-0 is 0.2086 nm, and C1-C#
is 0.1951 nm. The distance of O—C# in the R2 fragment of the TS has been
elongated significantly to 0.1823 nm. Thus, in the transition state TS, two new
bonds C1-O and C1-C# are to form and the O—C# bond is to break simultane-
ously. In other words, insertion of the C1 atom of the R1 fragment into the O-C#
bond of the R2 fragment is the process that resulted the formation of a spiro
intermediate IM. Moreover, as shown in Fig. 3, these changes can be further vali-
dated by IRC calculations based on the TS.

o] %

@
-100 »

AE [ kJ mol!

-2004 @ @

e —
3 2 4 0 4.3 3
Reaction coordinate, amu'? Bohr

Fig. 3. IRC of TS and geometry evolution.

Qualitatively, the insertion process could be explained from the frontier
molecular orbital theory since the frontier orbitals (e.g., HOMO) of a chemical
species are very important in defining their reactivity and determining the way in
which the molecule interacts with other species.36 As displayed in Fig. 4, the
weak strength of the C-O bond can be deduced from the HOMO of oxirane.
Obviously, the O-C3 bond (or O—C# bond) is characterized by = antibonding
orbital. As for azacyclopropenylidene, the activity of C! site could be deduced
from the C1 atom having the largest contributions to the components of the whole
HOMO. Therefore, C1 atom in azacyclopropenylidene could insert into the C-O
bond of oxirane rather than into the C—C bond.

As shown in Fig. 1, C2 and N adopt sp? hybridization in the IM. Compared
with the isolated azacyclopropenylidene, the bond length of C2-N in the IM is
shortened by 0.0018 nm. The angle of CINCZ in the IM is 60.9°, which is dec-
reased slightly by 1.0° relative to that in isolated azacyclopropenylidene. There-
fore, the ring-tension of the R1 fragment in the IM is larger than that of the iso-
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lated R1. Due to the existing large tension in the three-membered ring, the C1-C2
bond in the IM will break. Through the ring-opening step at the C-C bond, the
IM can transfer to product P1, which is designated as pathway (1). On the other
hand, through H-transfer step and subsequent ring-opening step at the C-N bond,
the IM can turn into product P2, which is designated pathway (2). Therefore, the
IM is the common intermediate for pathway (1) and pathway (2).

Fig. 4. The calculated HOMO orbitals for azacyclopropenylidene and oxirane.

Pathway (1): ring-opening process to form a carbene product

As mentioned above, the first step of pathway (1) is the formation of the IM.
Through cleavage of the C1-C2 bond, the second step of pathway (1) is the
conversion of the IM to P1 via TS1, where the barrier is 162.3 kJ mol-1. The
calculated only imaginary frequency of the transition state TS1 is 359 cmL. IRC
calculations were performed based on the calculated TS1 to investigate the inter-
actions between intermediate IM and product P1 in the pathway (1) process (see
Fig. 5).

As shown in Figs. 1 and 5, the angle of CINC?2 in TSI increases continu-
ously along with the reaction. Simultaneously, the bond distance of C1-C2
increases along with the reaction process, implying the breakage of the three-
-membered ring involving CINCZ,

In P1, al the non-hydrogen atoms are located approximately on the same
plane. The N atom adopts sp? hybridization and the bond length of C1-N is
0.1261 nm, which is shorter than that of a normal C=N double bond. Moreover,
the distance of N-C2 (0.1260 nm) is shorter than that of a normal N-C single
bond. Furthermore, the C2 atom has a pair of lone electrons, making P1 exhibit
the carbene characters. Therefore, from a thermodynamics viewpoint, P1 is not a
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stable product, which can be demonstrated by the calculated energy (—186.0 kJ
mol-1).

0-

-504

AE / kJ mol”
=)
b

-1504

-— e

T 2 4
Reaction coordinate, amu'? Bohr

Fig. 5. IRC of TS1 and geometry evolution.

Pathway (2): H-transfer and ring-opening processes to form an allene product

The second step and the third step of pathway (2) are an H-transfer process
to form the spiro intermediate IM2a, and a ring-opening process to form the
allene product P2, respectively.

The second step of pathway (2) is hydrogen transfer from C2 to the adjacent
N, resulting in the conversion of IM into IM2a via TS2a. IRC calculations were
performed based on the calculated TS2a and TS2b in the pathway (2) process
(see Fig. 6). Here, the calculated barrier is 274.9 kJ mol-1 and the imaginary
frequency of TS2ais 1281i cmrL. In details, as shown in Figs. 1 and 6, the dis-
tance of C2-H1 in TS2a is elongated to 0.1275 nm, and the distance of N-H
reaches 0.1450 nm, indicating that the H1 atom can transfer from C2 to N.

As M, IM2ais a spiro intermediate. However, the bond between C2 and N
in IM2ais asingle bond, whereas it is a double bond in IM. Therefore, there are
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Fig. 6. Selected bond lengths and relative energy changes aong the reaction coordinates
based on the IRC of TS2a (left) and TS2b (right).
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two unpaired electrons in the C2 atom. In other words, IM2a has the character of
an active carbene and can convert into a more stable configuration.

The third step of pathway (2) is a ring-opening process to form the allene
product P2. Through cleavage of the C1-N bond, IM2a is converted into P2 via
TS2b, where the barrier is 64.1 kJ mol—1. The calculated only imaginary fre-
quency of the transition state TS2b is 429i cm1. As shown in Figs. 1 and 6, the
bond distance of C1-N in TS2b lengthens and the angle of C1C2N increases
along with the reaction process, implying breakage of the three-membered ring
involving C1C2N.

In P2, the bond length of C1-C2 is 0.1318 nm, which fallsin the range inter-
mediate between C=C and C=C bond lengths. Similarly, the bond length of C2-N
(0.1247 nm) is between C=N and C=N bond lengths. The three atoms, C1, C2 and
N, are almost in the same line (the angle of C1C2N is 167.2°). Therefore, P2 has
the typical structure of an alene. Along the reaction profile, P2 is the most stable
species, which is exothermic with the value of 255.8 kJ mol—1 compared with
those of the reactants.

CONCLUSIONS

In this study, the mechanism of the reaction between azacyclopropenylidene
and oxirane was systematically investigated employing the MP2/6-311+G* level
of theory. It isfound that there are two pathways, denoted (1) and (2), which lead
to the formation of two ultimate products, P1 and P2, respectively. The first step
of the reaction is the formation of a common intermediate IM. The barrier heights
of the rate-determining steps in reaction pathway (1) and (2) are 173.2 and 274.9
kJ mol—1, respectively. Therefore, the reaction pathway (1) is the most favorable
channel from the kinetic viewpoint. On the other hand, the corresponding two
products P1 and P2 were stabilized by about 186.0 and 255.8 kJ mol—1 relative to
the reactants, respectively. Therefore, the most favorable product P2 should be
confirmed from the thermodynamic viewpoint.
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Abstract: In this paper, a facile synthesis of water-soluble curcumin nano-
crystals is reported. Solvent exchange method was applied to synthesize cur-
cumin nanocrystals. Different techniques were used to characterize the struc-
tural and photophysical properties of the curcumin nanocrystals. It was found
that the nanocurcumin prepared by this method had good chemical and phy-
sical stahility, could be stored in the powder form at room temperature, and
was freely dispersible in water. It was established that the size of curcumin
nanocrystals varied in the range of 20-500 nm. Fourier transform infrared
spectroscopy and UV-Vis analyses showed the presence of tetrahydrofuran
inside the curcumin nanocrystals. Furthermore, it was found that the nanocur-
cumin emitted photoluminescence with a yellow—green color.

Keywords. curcumin nanocrystals; atomic force microscopy; transmission elec-
tron microscopy; Raman spectroscopy; photol uminescence spectroscopy.

INTRODUCTION

Curcumin is a natural yellow—orange dye extracted from the rhizomes of the
plant Curcuma longa L. Commercialy available curcumin is a mixture of three
curcuminoids, namely, curcumin, demethoxy- and bisdemethoxy-curcumin, the
latter two amounting to nearly 30 % in samples labeled “pure’.l It shows a
remarkable range of pharmacological activity, including antioxidant, anti-inflam-
matory and anticancer activity.2~/ The anticancer potential of curcumin is medi-
ated through the inhibition and modulation of several intracellular signaling path-
ways, as confirmed in various in vitro and in vivo cancer studies. Biomedical
application of curcumin requires improvement of its bioavailability and its tar-
geting capacity toward cancer tissue. Due to the low bioavailability of curcumin,

* Corresponding author. E-mail: biljatod@vincars
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64 MARKOVIC et al.

numerous approaches were undertaken,89 i.e., nanoparticle-based drug delivery
in which curcumin is encapsulated in liposomes,10 solid lipid microparticles,
such as bovine serum albuminll and chitosan,12 or complexed with phospho-
lipids!3 and cyclodextrin.14

Various types of nanoparticles, such as polymer nanoparticles, polymeric
micelles, liposome/phospholipid, nano-/microemulsions, nanogels, solid lipid
nanoparticles, polymer conjugates, self-assemblies, etc., are suitable for the deli-
very of the active form of curcumin to tumors.2® Previous studies showed that
nanocurcumin has improved anticancer effects as compared to normal curcumin
formulations.16 Bhawana et al. demonstrated that the water solubility and anti-
microbia activity of curcumin markedly improved by particle size reduction
down to the nano range.l’ Recently it was demonstrated that curcumin nano-
particles under aqueous conditions exhibited similar or a much stronger antipro-
liferative effect on cancer cells compared to normal curcumin in dimethyl sulfox-
ide (DMS0).18 Raghavendra et al. showed that aqueous-based nanocurcumin
(nanoparticles of curcumin) impregnated gelatin cellulose fibers (NCGCFs) has a
superior performance over curcumin impregnated gelatin cellulose fibers.19 The
activity of curcumin liesin its ability to scavenge active oxygen- or nitrogen-free
radicals.6.7,.20-22

Curcumin is practically insoluble in water but soluble in both polar and non-
polar organic solvents. It belongs to the group of A-diketones and exhibits tauto-
merism between enol- and keto-structures (Fig. 1). The relative contributions of
the keto and enolic tautomers as well as their cis or trans form depend on factors
such as solvent characteristics, temperature, polarity and substitution on the
curcumin.23-25 The enol form is characterized by a strong intermolecular hyd-
rogen bond.

HO OH
‘/\\lo

0
| | |
a) cH, o OH CH,
HO l OH
0 7 X l 0 .
| | Fig. 1. Structure of the a) enol and b)
b) CH, 0 © CH;  keto form of curcumin.

In solution, curcumin can form intermolecular H-bonds with the solvent
molecules and this strongly influences its physicochemical properties in both the
ground and excited states.26 The spectral properties of curcumin show a solvent
polarity dependency. Curcumin dissolved in thirteen different solvents (cyclo-
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hexane, ethanol, hexane, dichloromethane (DCM), 1,2-dichlorobenzene (DCB),
1,4-dioxane, tetrahydrofuran (THF), methanol, acetonitrile, n-butyronitrile
(nBN), dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF))
showed a double-exponential decay function with a short-lived component in the
picoseconds time scale.2”

Different methods have been applied to synthesize nano-sized curcumin:
solvent-based processes, which include emulsification-solvent evaporation,28
emulsification-solvent diffusion, and precipitation methods.2930 Margulis et al.
demonstrated a method employing turbulent co-mixing of water with a curcumin-
loaded emulsion using manually operated confined impingement jet mixers.3!
Another approach for increasing the rate of dissolution of curcumin is by inc-
reasing its surface area. This can be achieved by decreasing the particle size by
methods such as milling and grinding.17

This paper describes facile synthesis of curcumin nanocrystals (nanocur-
cumin) by means of a solvent exchange method that was previously used regul-
arly for nanoCgg synthesis.32 THF was used to dissolve curcumin before mixing
with water. THF is water-miscible organic liquid with low viscosity. This organic
solvent transfers their charge to curcumin molecules. This organic solvent is
intercalated inside curcumin crystal lattice, thereby improving water solubility.
The aim of this paper was to obtain a stable water-soluble nanocurcumin colloid
and further investigate its structural and photophysical properties.

EXPERIMENTAL

For the preparation of nanocurcumin colloid, an ethanol extract of commercially
obtained curcumin was used. By applying a previously described solvent exchange method,32
the dried ethanol extract was dissolved in fresh THF of HPLC purity (Carlo Erba, Milan,
Italy) at a concentration of 1.33 mg mL-1. After purging the mixture with argon to remove any
dissolved oxygen, an equal amount of MiliQ water was then added to the THF/curcumin
filtrate under continuously stirring. The more volatile THF was subsequently removed from
the solution using a rotary evaporator at 45 °C. MiliQ water was added four times more and
evaporated to the initial volume. The obtained solution was filtered through a 0.45 um nylon
filter and stored in the dark. After gravimetric estimation, the concentration of the nano-
curcumin was adjusted to 0.38 mg mL-1,

The nanocurcumin colloid was characterized by transmission electron microscopy
(TEM), atomic force microscopy (AFM), Raman spectroscopy, Fourier transform infrared
spectroscopy (FTIR), UV—-Vis spectrometry and photoluminescence (PL) spectroscopy.

Transmission electron microscopy imaging was performed on a TEM Philips CM200
microscope operated at 200 kV. Samples were prepared by drop casting a dispersion of nano-
curcumin onto a carbon-coated 300 mesh copper grid.

AFM measurements were performed using a Quesant microscope operating in the
tapping mode in air a room temperature.33 Curcumin dissolved in THF and nanocurcumin
colloid were deposited on mica substrates by spin coating and imaged after drying. The
freshly cleaved mica had a very small roughness (the mean roughness was 0.12 nm) favoring
the formation of aggregates which appeared during drying of the thin layer of colloid due to
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capillary forces. To reduce aggregation on the substrate, a higher dilution was employed.
Standard silicon tips (purchased from NanoAndMore) with a constant force (40 N m'l) were
used. The accuracy of the AFM mean diameter determination was improved by decon-
volution. The mean diameter of the investigated particles was determined using Gwyddion
software.3*

The UV-Vis spectra of nanocurcumin suspensions were scanned within the wavelength
range of 200-500 nm using an Avantes UV—-Vis spectrophotometer. All UV-Vis measure-
ments were performed at 20 °C and automatically corrected for the suspending medium,
which was water.

For the FTIR analysis, a nanocurcumin suspension was dried on silicon wafers until thin
films were formed. The FTIR spectra were measured at room temperature in the spectra
range from 400 to 4000 cml on a Nicollet 380 FT-IR, Thermo Electron Corporation
spectrometer operating in the ATR mode.

Raman spectra of the nanocurcumin colloid on glass were obtained from a DXR Raman
microscope (Thermo Scientific) using 532 nm excitation line from a diode pumped, solid state
laser. The laser power was 5 mW. 50x Objectives were used to focus the excitation laser light
on the right spot of the investigated samples. The spot size of laser beam was 0.7 um. The
spectral resolution was 0.5 cmL. The acquisition time was always 100 s (10x10 s).

The photoluminescence spectra of nanocurcumin deposited on SiO,/Si were recorded at
room temperature on a Fluorolog-3 Model FL3-221 spectrofluorometer system (HORIBA
Jobin—Yvon). The emission spectra were measured utilizing a 450 W xenon lamp as the exci-
tation source.

RESULTS AND DISCUSSION
Surface mor phology of curcumin nanocrystals

Transmission electron microscopy and atomic force microscopy were used
to visualize the structure and morphology of the curcumin nanocrystals. The
shape and size of the curcumin nanocrystals were determined by AFM. A top
view AFM image of curcumin nanoparticles dispersed in THF is presented in
Fig. 2a, while AFM image of curcumin nanocrystals dispersed in water and
corresponding histogram of nanocurcumin diameters are presented in Fig. 2b. As
can see from Fig. 2a, the curcumin nanoparticles dissolved in THF had a bagel
shape, while the curcumin nanocrystals were spherical. Based on surface analysis
the average size of the curcumin nanocrystals was 250 nm. It was aso esta-
blished that about 25 % of the nanocurcumin crystals had a diameter smaller than
100 nm, while 41 % of the nanocurcumin particles had a diameter smaller than
150 nm (Fig. 2d).

TEM micrograph and electron diffraction pattern of nanocurcumin are
presented in Fig. 2c. Average size of nanocurcumin based on calculations on
large-scale TEM micrographs is about 200 nm. From an electron diffraction
image (inset in Fig. 2c), it could be concluded that the nanocurcumin had a
crystal structure.

The solubility processis the first step during interactions between polycryst-
dline curcumin powder and an organic solvent. Curcumin polycrystals obtain charge
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Fig. 2. @ Top-view AFM images of curcumin dissolved in THF and b) water soluble
curcumin nanocrystals and the corresponding surface profile; ¢) bright field TEM micrograph
and corresponding electron diffraction pattern of the water-soluble curcumin nanocrystals and

d) particle size distribution.

from several thousand THF molecules depending on the size of polycrystal.
Tetrahydrofuran is positioned along boundaries of the monocrystals and around
the curcumin particles. The nanocurcumin colloid was stabilized electrostatically
which was confirmed by its precipitation in 1 wt. % solution. Other authors syn-
thesized curcumin nanoparticles with a narrower particle distribution (2-40 nm)17
but they used a solvent whose LDsg value was lower than that for THF (the
amount of atoxic agent sufficient to kill 50 % of a population of animals, usually
within a certain time; the LDsg value for dichloromethane is 1.6 g kgt compared
to 2-3 g kg1 for THF).35 Average diameter of nanocurcumin produced by sol-
vent exchange method was larger than that produced by the milling and grinding
technique due to particle aggregation. In previous investigations concerning
nanoCg, it was shown that THF itself is not toxic as it was completely unable to
generate reactive oxygen species (ROS) and did not affect cell viability even at
the concentrations >100-fold higher36 than its estimated residual presence (10 %)
in the nanoCgp.3’ The solubility of nanocurcumin can be improved significantly
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by using polymers such as poly(vinyl pyrrolidone) (PVP), poly(ethylene glycol)
(PEG) but the disadvantage of this method is that it requires the addition of
considerable amounts of surfactants to prevent coalescence during particle for-
mation.38

FTIR spectra of curcumin nanocrystals

The composition of the prepared nanocurcumin colloid was investigated by
FTIR spectroscopy — Fig. 3a. A detailed study on the vibrational spectra of cur-
cumin was reported earlier by Kolev et al.3° The FTIR spectrum of curcumin
shows characteristic absorption bands at 2852 and 2922 cm1 that represent sp3
—C-H dtretching while the band at 3011 cm? is due to sp2 —-C—H stretching
vibrations. Broad band at 2540 cm! is due to —O—H stretching vibrations while
the broad band between 1980 and 2020 cm! could be assigned to —C=C-
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Fig. 3. @ FTIR and b) Raman spectra of nanocurcumin.
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asymmetric stretch. The broad band between 1680 and 1730 cmL corresponds to
the —-C=0 asymmetric mode. The band between 1520 and 1610 cm1 could be
assigned to —C=C- in ring while the broad band between 1400 and 1440 cor-
responds to —CH3 deformations and the bands at 1030, 1270 and 1160 cm1 stem
from —C-O- stretching vibrations. The band at 964 cm! originates from -C-H
bending vibrations.

FTIR analysis of the nanocurcumin colloid revealed two absorption bands at
about 2852 and 2922 cm1, which reflect the presence of strained C—H covalent
bonds. The shape and position of the two bands matches perfectly the strongest
bands of atetrahydrofuran liquid film according to the IR spectrum presented in
the Spectral Database for Organic Compounds.40 Since these two bands do not
overlap with typical IR bands of nanocurcumin positioned in the range from 500
to 1800 cmL, tetrahydrofuran molecules are inserted into interstitial positions of
curcumin nanocrystals.

Raman spectra of curcumin nanocrystals

Raman spectroscopy was used in earlier studies for the characterization of
curcumin.3® The Raman spectrum of nanocurcumin is shown in Fig. 3b. The
peaks at 756 and 793 cm1 seen in Fig. 3b stem from out-of-plane C—-C—H bend-
ing vibrations while the peak at 910 cm? originates from in-plane C-C—H bend-
ing vibrations. The peaks at 1168, 1440 and 1468 cmL could be assigned to in-
plane —CH3 bending vibrations while the peak at 1370 cm2 originates from in-
plane C-O-H bending vibrations. The peak at 1533 cm! stem from —-C=0
stretching vibrations and the peak at 1584 originates from —C—C— stretching vib-
rations. The peak at 1613 cm~1 stems from —C=0 stretching vibrations.

Absor ption spectra of curcumin nanocrystals

The visible and ultraviolet spectra of organic compounds (such as curcumin)
represent transitions between electronic energy levels. These transitions are
generally between a bonding or lone-pair orbital and an unfilled non-bonding or
anti-bonding orbital. The absorption bandwidth could indicate the degree of
agglomeration.4! The UV-Vis spectra of curcumin dissolved in ethanol and THF
aswell as of nanocurcumin are presented in Fig. 4aand b, respectively. The UV—
—Vis spectra of curcumin dissolved in ethanol and THF (Fig. 4a) overlap while
the UV—Vis spectra of curcumin dissolved in THF and nanocurcumin differ (Fig.
4b). As can be seen, there is one peak at 427 nm that could be assigned to low-
-energy n—n* excitation of the chromophore (this peak is typical for curcumin
dissolved in organic solvent such as tetrahydrofuran — curve 1) and one shoulder
at 279 nm. Asfor nanocurcumin, there is avery broad absorption band at 410 nm
and a shoulder (weak absorption band) at 283 nm — curve 2. A blue shift to 410
nm and broadening of the absorption peak at 427 nm due to effect of water were
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registered. The intensity of the absorption peak at 410 nm was also significantly
reduced. The evolution of absorption peak at 410 nm for the n—n* transitions of
curcumin in water as well as the decreasing intensity indicate a change in the
tautomeric form of the keto—enol—enolate group in curcumin. The broadening of
absorption band at 410 nm was caused by aggregation of the nanocrystals.
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Photoluminescence spectra of curcumin nanocrystals

A photoluminescence spectrum of nanocurcumin is presented in Fig. 4c.
Under excitation of 405 nm, there are two PL peaks at 547 and 595 nm, and their
intensities decreased rapidly. One of the possible explanations for the multiple
peaks could be variation in the size of the crystallites, and the emission would
have come from a statistical average of the crystalites. The solvent polarity
affects (the effect of THF) intramolecular charge transfer, which influences the
fluorescence emission. Polar solvents also shift the emission to longer wave-
length due to the stabilization of the excited states.42

CONCLUSIONS

In this paper, a facile synthesis of water-soluble curcumin nanocrystals was
presented. It was established that the most important features of synthesized
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colloid were: the average size of the photoluminescent curcumin nanocrystals
was around 250 nm and their long-term stability. Due to very low toxicity of
tetrahydrofuran, nanocurcumin colloids could be applied in nanomedicine.
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U3BOJ
CHHTE3A BOOJOPACTBOPHUX HAHOKPUCTAJIA KYPKYMHUHA

30PAH M. MAPKOBI/IT11, JOBAHA P. HPEKOJ]PABALli, JOPATAHA II. TOI]_II/IT11, HWBAHKA [I.
XOHL[HAJTHEP—AHTYHOBI/I'EZ, MOMMUP C. MI/IJ'IOCAB]])EBI/IE1, MHPOCJIAB [. I[PAMI/I'FL/-\HI/II—I1
u BUJbAHA M. TO,E[OPOBI/IE—MAPKOBI/IE1

IHHClTlullelTl 3a Hyxaeapue nayxe ,Bunua“, Ynueep3suitiewi y beoipagy, Muxe Anaca 12—14, 11001 Beoipag u
Z(DaKynmem 3a Qusuuxy xemujy, Ynugep3suiteit y Beoipagy, Ciuygeniticku Tpi 14—16, 11000 Beoipag

Y pany je npuka3aH HOBM HAYMH CHHTE3€ HAHOKPHUCTa/la KypKyMHHAa NDUMEHOM METOJE
HM3MEHE pacTBapaya. 3a UCIUTHBAKE CTPYKTYPHUX U POTO(PHU3NYKHUX 0COOMHA HAaHOKpHUCTaIa
KypKyMHHa KopullheHe Cy paslIUuYMUTE TeXHUKEe KapakTepusaudje. YTBpheHO je nma Koioup
HAaHOKYpKyMHHa IPUITPEMJ/bEH OBUM IOCTYIIKOM MMa JoOpy DU3NYKY U XEeMH]jCKy CTaOUIHOCT
U JIa ce JaKo pacTBapa y Bomu. [IpuMeHOM MHUKpOCKOMUje aToMCKe cuie yTBpheHo je na je
BeTMYMHA HAaHOKPHUCTajla KypKyMHuHa Ouna y omncery on 20-50 nm. dypujeosa uHdpaupBeHa
u UV-Vis cnexTpockonyja cy nokasase NpUCyCTBO TeTpaxuapodypaHa yHyTap HaHOKpHUCTala
KypkymHHa. Takohe je yTBpheHO fa HAHOKYPKYMHH eMHTYje (OTOTYMHUHECLIEHIH]Y Y XKyTO-
-3€7I€H0j 0071aCTH CIEKTpa.

(ITpumsbeHo 19. aBrycra, peBupgupaHo 12. HoBemdpa, npuxsaheHo 21. HoBembpa 2014)
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Abstract: Electrochemically deposited Zn—-Ni—Co alloys under various depo-
sition conditions were investigated using atomic absorption spectroscopy for
the determination of the chemical composition, atomic force microscopy for
surface morphology analysis, and electrochemical impedance spectroscopy for
determination of corrosion properties. The influence of the ratio of the aloying
elements, [Co%*]/[Ni2*], in a chloride deposition solution, as well as the depo-
sition current density, on the chemical content, morphology and corrosion pro-
perties of the ternary alloys was studied. The plating solutions used were with
the same overall metal concentration, free of additives and the deposition was
realized at room temperature. It was shown that the deposition of the ternary
aloy coatings was of anomalous type and that the ratio of nickel to cobalt ions
in the plating solution, as well as the deposition current density, had a signi-
ficant influence on the chemical composition and corrosion stability of these
coatings. The presence of both Ni and Co was beneficial for their corrosion sta-
bility. It was shown that morphology and porosity were important factorsin the
corrosion stability of these coatings. The coating deposited from the solution
with higher [Co2*]/[Ni?*] ratio at 8 A dm2 was made up of the smallest crys-
talline aggregates, had a small surface roughness and porosity, and was with
quite uniform distribution of agglomerates and it exhibited the best corrosion
stahility.
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INTRODUCTION

Alloy electrodeposition is widely used in the production of new materias
that require some particular mechanical, chemical and physical properties. It was
shown that zinc aloys could provide improved corrosion resistance compared to
pure zinc in the protection of ferrous-based metals. The most common zinc aloys
are zinc—nickel,1-3 zinc—cobalt4% and zinc-iron.”8 Compared with Zn the
Zn—Ni and Zn—Co binary alloys give corrosion protection and physical properties
significantly superior to those obtained with pure zinc deposits. However, the
binary Zn aloys, that provide good aloy properties, often have a rough, non-
uniform and unattractive finish, so additives often have to be used in the plating
solutions.

Therefore, it would be interesting to combine the properties of Zn—Ni and
Zn—Co dloys in one aloy, which could be accomplished via the electrodepo-
sition of ternary Zn-Ni—Co alloys. There are severad literature data on Zn—Ni—Co
ternary alloys. Younan® and Eliaz et al.10 studied the deposition of such ternary
aloys in the presence of additives (sodium dodecy! sulfate,® sulphanilic acidl0
and gelatinel®) and showed the increased corrosion stability with respect to the
corresponding binary alloys: the corrosion rates of Zn—Ni—Co coatings were 7-10
times lower than binary Zn—-Co and Zn—Ni alloys. Younan showed that the
increased corrosion stability of Zn—Ni—Co deposits is not only due to the for-
mation of a high nickel y-alloy phase, but also to the codeposition of Co, which
caused a change in a crystal orientation and resulted in a finer grain size.9
Namely, Zn—Ni aloy coatings with 13-17.8 % Ni were a y-phase Zn1Nis solid
solution with (330) and (411) crystal orientation. Upon incorporation of Co, the
crystal orientation of the y-phase changed to (442) and (600), and with increasing
Co content, e-Zn(OH)» was also formed.

Higher corrosion resistance of ternary alloys was also determined by other
authors,11-14 for alloy coatings deposited from sulfate solutions, mainly at high
temperatures. Since it was shown in previous work1516 that Zn-Ni and Zn-Co
alloys deposited from sulfate plating baths had lower corrosion stability as com-
pared to binary alloys deposited from chloride bath, the aim of this work was to
investigate Zn—-Ni—Co codeposition from a simple chloride plating solution. Dif-
ferent ratios of aloying elements were tested in order to determine whether
greater Ni or Co contents in the alloy coatings would be beneficial for better
corrosion protection. The plating baths used were free of additives and deposition
was performed at room temperature since the aim of the work was to investigate
only the influence of different cobalt to nickel ratiosin the solution.

EXPERIMENTAL
Electrodeposition of Zn-Ni—Co alloys

The Zn—Ni—Co alloys were deposited galvanostatically, at various current densities, from
chloride baths of the following composition (pH 4.5+0.1): 0.38 mol dm3 ZnCl,; 0.24 mol dm'3
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H3BO3; 3.85 mol dm3 KCl and either 0.34 mol dm= NiCl,-6H,0 and 0.04 mol dm3
CoCl,-6H,0, or 0.20 mol dm3 NiCl,-6H,0 and 0.18 mol dm3 CoCl,-6H,0, at 25 °C. The
employed electrolytes were prepared using p.a. chemicals and double distilled water.

The working electrodes were Zn—-Ni—Co alloys deposited on: i) steel panel (20 mmx20
mmx0.25 mm), for electrochemical measurements. electrochemical impedance spectroscopy
(EIS) and open circuit potential (Ey,) measurements and atomic force microscopy (AFM)
analysisand ii) Pt panel for determination of the chemical composition.

Prior to each electrodeposition the steel substrates were pretreated by mechanical clean-
ing (polishing successively with emery papers of the following grades: 280, 360, 800 and
1000) and then degreased in a saturated solution of sodium hydroxide in ethanol, pickled with
a 1:1 hydrochloric acid solution for 30 s and finally rinsed with distilled water. The Pt panel
was pretreated by mechanical polishing with a polishing cloth (Buehler Ltd.), impregnated
with awater suspension of alumina powder (0.3 um grade) and then rinsed with pure water in
an ultrasonic bath.

The counter electrodes were: i) a zinc panel, placed parallel to a steel panel and ii) a Pt
spiral wire for the EIS measurements.

The reference electrode used in all experiments was a saturated calomel electrode (SCE).
Chemical composition and surface morphology

The chemical compositions of the Zn—Ni—Co alloys were determined by atomic absorp-
tion spectrometry (AAS-PY E Unicam SP9, Philips).

The structura characterization was performed by atomic force microscopy, with a
NanoScope 3D (Veeco, USA) microscope operated in the tapping mode under ambient con-
ditions. Etched silicon probes with a spring constant 20-80 N m1 were used.

Electrochemical measurements

The electrochemical measurements were performed in 3 % agueous NaCl solution using
a Gamry Reference 600 potentiostat/galvanostat/ZRA. A classic three-electrode cell arrange-
ment was used. The working electrode was a coated steel panel situated in a specia holder.
The counter electrode was a platinum mesh with a surface area considerably greater than that
of the working electrode. The reference electrode was a saturated calomel electrode (SCE).
The cell assembly was located at a Faraday cage to prevent electrical interferences. The elec-
trochemical impedance spectroscopy measurements were performed at the open-circuit poten-
tial (OCP), over afrequency range from 100 kHz to 10 mHz, using a 10 mV amplitude sinus-
oidal voltage. The impedance spectra were analyzed using the Gamry Elchem Analyst fitting
procedure. The corrosion stability was aso evaluated by determining the time to the appear-
ance of red rust. The plated specimens (10 wm thick) were immersed in a 3 % aqueous NaCl
solution and the open circuit potential was measured daily.

RESULTS AND DISCUSSION
Chemical composition of Zn—Ni—Co alloys
In order to define the composition of ternary aloys, three variables of
composition should be fixed. The manner in which the composition of the plating
solution is varied is very important.1’ The most convenient way is to keep the
total metal content of the solution and one of the metal-percentages constant. In

this manner, the chemical content of a ternary alloy then becomes a function of
the metal percentage of one of the other two metalsin the solution.1? In this work
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the Zn content was held constant in both the examined plating solutions and the
ratio of two aloying elements, Co and Ni, was varied. The influence of the
deposition current density on the chemica content of Co, Ni and Zn in the
Zn-Ni—Co dlloys, determined by AAS, is shown in Figs. 1 and 2 for aloys
deposited from plating solutions with different Co2* to Ni2* ratios. It can be seen
that chemical content of the alloying elements depends on both the ion ratio in
the plating solution and the deposition current density. Namely, the aloys
deposited from a solution with [Co2*]/[Ni2*] = 0.12 contained a significantly
greater amount of Ni as compared to Co (Fig. 1), whereas the differences among
contents of Co and Ni were smaller for the alloys deposited from a solution with
[Co2*]/[Ni2*] = 0.90 (Fig. 2). The total content of alloying elements, Ni and Co,
was greater for alloy coatings deposited from the bath with higher cobalt to
nickel ion ratio and it varied depending on the deposition current density.
Namely, in this plating solution, the Co content in the aloy deposit increased
with increasing deposition current density until 5 A dm—2 but a further increase in
current density resulted in adecreased Co content (Fig. 2).

50 -

—u—Co
45 L —%—Ni CRL-Ni
L Ty
35¢
© 30+
= 25¢F
E 20+
% 15 L
*\\\* ke
1or T CRL-Co  Fig. 1. Dependence of the Co and Ni
S eIt TTgTTTTg oI P contents in Zn-Ni—Co alloys on the
0 . . : . ' ' deposition current density for alloys
0 2 4 6 8 19 12 deposited from the solution with

Jj!Adm” [Co2*)/[Ni2*] = 0.12.

The ratio of each alloying element to the total amount of metal cationsin the
plating solution is shown in Figs. 1 and 2 by composition reference lines (CRL)
for both Co and Ni. Brennerl? classified the electrodeposition of Zn with ele-
ments of the iron group as anomalous, when zinc, which is the less noble metal,
deposits preferentially and the content of alloying element in the deposit is
smaller than in the plating solution. The amount of Zn in ternary alloys does not
change much with the deposition current density and in both plating solutions it
was well above the CRL lines, which being =52 %, suggesting preferential Zn
deposition (see Fig. S-1aand b in the Supplementary material to this paper).
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Fig. 2. Dependence of the Co and Ni
contents in Zn-Ni—Co dloys on the

0- . . . . . . deposition current density for alloys
0 2 4 6 , 8 10 12 deposited from the solution with
Jj/Adm [Co?*]/[Ni2*] = 0.90.

Since the contents of both Co and Ni were below their corresponding com-
position reference lines and the zinc content was considerably above its CRL,
and bearing in mind that Zn is less noble than both Co and Ni, it could be con-
cluded that the two alloying elements form an anomal ous plating system with Zn.

In one plating solution the ratio of the aloying elements, Co and Ni ions,
was 0.12, whereas the ratios of these metals in the deposits were in the range
0.25-0.38, depending on the deposition current density. In the other plating
solution, where ratio of the alloying elements was 0.90, their ratio in the deposit
was even higher, ranging from 1.2 (at low and high current densities) to 2.3 (at
intermediate current densities). In both cases, the ratio of Co and Ni in the
deposit was much higher than their ratio in the plating solution, suggesting that
these elements could have a synergistic beneficia effect in their codeposition and
incorporation in a deposit. Eliaz et al. studied partial current densities for the
deposition of Zn—Ni—Co aloys in the presence of gelatine and evidenced a
mutual synergistic catalytic effect of Ni on Co.10

Corrosion protection

Since Zn alloys are mainly used in corrosion protection, their corrosion
stability was determined by electrochemical measurements. The results of elec-
trochemical impedance spectroscopy, a technique commonly used in corrosion
testing of Zn aloy coatings,1:10.18,19 gre shown in Fig. 3a and b. Nyquist plots
for the impedance of the Zn-Ni—Co deposits obtained from the solution with
higher ratio of alloying elements, at different current densities, after 60 min of
exposure to 3 % NaCl solution are shown in Fig. 3a. All EIS plots were charact-
erized by two semicircles. According to the literature, 101920 the time constant in
the high frequency range relates to the presence of a porous oxide layer, while
the second time constant, in the lower frequency range, accounts for a pseudo-
-barrier layer of aloy coating. The smallest impedance values, suggesting the
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smallest resistance, were obtained for the Zn—Ni—Co alloy coating deposited at

the highest current, 10

A dm=2, having 9.8 % Co and 8.3 % Ni. Higher

impedance was determined for coatings deposited at smaller current densities.
The overall impedance of the alloy coating deposited at 3 A dm2 (with 11.2 %
Co and 6.2 % Ni) was two times greater than that for the coating deposited at 10
A dm2 with asmaller Co content and a higher Ni content.

The influence of the [Co2*]/[Ni2*] ratio in the plating solution on the
corrosion stability of Zn-Ni—Co aloysis shown in Fig. 3b, for coatings deposited
at 8 A dm2. As can be seen, the differences in the corrosion stability were more

dependent on the plating

solution composition than on the current density. Depo-
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sition from the solution with higher ratio of the aloying elements, with 14 % Co
and 7.8 % Ni, resulted in the ailmost three-fold increase in the overall impedance,
as compared to the aloy with only 2.9 % Co and 11.3 % Ni. This could be the
result of the differences in the chemical composition of the alloy coatings
deposited from the different plating solutions. Namely, the overall content of the
aloying elements in the deposits were greater when they were obtained from the
solution with their higher ion ratio, as well as greater Co content.

The corrosion protection was analyzed by electrochemical impedance spec-
troscopy and the EIS data were fitted by the appropriate equivalent electrical
circuit (Fig. 3c), having two time constants, (Ryx, Cox) and (Rg, Cq). The ele-
ments of the equivalent electrical circuit are: Rg — the electrolyte resistance, Ry
— the oxide layer resistance, Ry — the resistance of the alloy coating with cor-
rosion products, and CPEg, and CPE are the constant phase elements, which are
related to the capacitance of the oxide layer and aloy coating with corrosion
products, respectively. The time constant related to the charge-transfer resistance
and double layer capacitance (Rq, Cg)) were not used in the equivalent electrical
circuit. This time constant indicates that the corrosion processes on the steel
substrate on initial exposure to a corrosive agent was negligible compared to the
time constant related to the alloy coating, (Ry, Cg). Thus, the whole corrosion
process, at this early stage, was characterized by the properties of the alloy
coating and the time constant (Ry, Cg), and the oxide layer. The fitting of
experimental data enabled the determination of Ryy, Cox, Ry and Cy4 for the aloy
coatings and the results are shown in Figs. 4 and 5. The capacitance C5 was
determined in the Gamry Instruments Echem Analyst and also calculated using
the proposed method from the literature.21

As can be seen from Figs. 3 and 4, the impedance of the thin, porous oxide
layer was significantly smaller than the impedance of the inner pseudo-barrier
layer on the alloy surface. The Ry values of the Zn—Ni—Co alloys deposited from
the solution with low [Co2*]/[Ni2*] ratio, with around 3 % Co and 9-13 % Ni,
were up to six times lower (indicating lower corrosion stability) than the alloy
coatings deposited from the other plating solution, which containing a greater
amount of Co and asmaller amount of Ni (9-16.5 % Co and 6-8 % Ni).

For the alloy coatings deposited from the solution with the low ratio of the
aloying elements, the highest alloy coating resistance was determined for the
ones with the same chemical content (2.9 % Co and 12 % Ni) deposited at 8 and
10 A dm—2 (822 and 905 Q cm?), while much higher resistances were found for
alloy coatings deposited from the solution with high ion ratio at 3 and 8 A dm2,
having greater Co and smaller Ni amounts (11.2 % Co, 6.2 % Ni and 14 % Cao,
8.3 % Ni, respectively) (2640 and 2710 Q cm?).

The resistances of the corresponding binary alloy coatings were 800 Q cm?
for Zn-Ni (with 12.0 % Ni) and 450 Q cm? for Zn—Co (11.3 % Co), deposited at
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8 A dm=2 from the plating solutions free of one of the alloying element (Co and
Ni, respectively). Hence, the ternary alloy coatings provided either comparable or
greater corrosion stability, depending on both the deposition current density and
the deposition solution.
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The values of alloy coating capacitances, Cy, are shown in Fig. 5. One to
two order of magnitude higher C4 values were determined for alloy coatings
deposited from the solution with the lower aloying ion ratio, having asmaller Co
content. The smallest capacitances were determined for coatings deposited at 3
and 8 A dm2 from the solution with [Co2*]/[Ni2*] = 0.90, suggesting they were
less porous. The capacitances of the corresponding binary aloy coatings were 20
uF cm2 and 310 puF cm2 for Zn-Ni and Zn—Co alloys, respectively.

Based on the EIS plots and results shown in Figs. 4 and 5, it could be
concluded that the higher content of either of the alloying element was not solely
responsible for providing higher corrosion stahility, as indicated by the high Ry
and low Cg4 values, for coatings deposited from both the plating solutions. The
highest corrosion stability (highest Ry and lowest C4 values) was observed for
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the Zn-Ni—Co (14 % Co, 8.3 % Ni) aloy deposited at 8 A dm—2 from the bath
with a high [Co2*]/[Ni2*] ratio.
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- 20000
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501 ‘_I_I Zn-Ni—Co alloys deposited at dif-
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2 3 4 5 ,8 D0 from the solution with [Co?*]/
Jup! A dm /[Ni2*]: 0.12 and 0.90.

The long-term protection was evaluated by following the change in the open
circuit potential with time of exposure to a 3 % NaCl solution. The time depen-
dence of Eqcp for steel coated by Zn—Ni—Co aloys deposited from different
plating solutions at different current densities was analyzed (see Fig. S-2 of the
Supplementary material). The potentials of al the Zn—Ni—Co alloys were more
negative than the Eqcp value of the steel base; hence, these ternary alloy deposits
offered sacrificial cathodic protection. The open circuit potentials of the alloys
deposited from the solution with [Co2*]/[Ni2*] = 0.12 were more negative (lower
than —1020 mV vs. SCE) as compared to those deposited from the solution with
the higher ion ratio (=720 mV vs. SCE). The alloy coatings deposited from the
latter solution have greater overall amounts of aloying elements and, conse-
quently, a nobler Eqcp. The Eqcp Values of steel coated with Zn-Ni—Co alloys
increased with time of immersion and eventually reached the steel Eqcp, Which
represents loss of the deposit and the start of a steel corrosion process. Deposits
obtained from the solution with the lower ion ratio reached the steel Eqcp more
rapidly. The alloy coating deposited at 1 A dm2 (3.2 % Co, 12.8 % Ni) reached
the steel Eqcp already after 3 days, whereas the ones deposited at 3, 5 and 8 A
dm—2 (=3 % Co, 10.5-12 % Ni) lasted longer, 7-9 days. Among the coatings
obtained from the solution with [Co2*]/[Ni2*] = 0.90, red rust appeared first on
the alloy deposited at 10 A dm2 (9 days). The longest time to red rust appear-
ance (24 days), indicating the best corrosion stability, was observed for the
Zn-Ni—Co alloy deposited from this plating solution at 8 A dm2.

The differences in corrosion stability among coatings could be the due to the
greater overall content of the alloying elements, as well as the greater Co content,
in deposits obtained from the solution with their higher ion ratio. It was shown
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that the chemical content of all the alloy coatings analyzed in this work was
sufficient to provide better corrosion protection with respect to the protection
offered by binary coatings. However, the results shown so far suggest that the
chemical content of the alloys was not the only factor governing good corrosion
stability.

Surface mor phology

Homogenous and coherent coatings were obtained from both plating solu-
tions up to a current density 10 A dm2. Already at 12 A dm2, the deposits were
not so uniform and powdery at the edges. The differences in surface morphol ogy
of some of the electrodeposited Zn—Ni—Co alloys could be seen from the atomic
force microscopy (AFM) images shown in Figs. 6 and 7. A large crystal agglo-
meration of hexagonal type, ranging from 900-1500 nm, could be seen in Fig. 6a
for the deposit obtained from the plating solution with [Co2*]/[Ni2*] = 0.12 at 5
A dm2. A larger Co content in the plating solution, at the same current density,
resulted in a deposit having a different shape of crystal agglomerations (Fig. 6b).
They were smaller (500-700 nm), more narrow and flat and thus, more densely
packed.

(b)

Fig. 6. 3D and 2D AFM images and height profiles of the Zn-Ni—Co alloy deposited at
5 A dm2 from the solution with [Co?*]/[Ni2*]: &) 0.12 and b) 0.90.

Higher current densities modified the morphology of the aloys, decreasing
the surface roughness, in both plating solutions. A smooth surface with large
agglomerations, ranging from 1.3-1.7 um, could be seen in Fig. 7afor the alloy
deposited at 8 A dm2 from the solution with the smaller Co to Ni ratio. Large
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agglomerations with high roughness no longer existed, suggesting the inhibition
of vertical agglomeration growth on the surface. The deposit was composed of
large, flat agglomerates that are not closely packed and hence, it does not seem
very compact. The surface morphology of aloy deposited at 8 A dm2 from the
plating solution with [Co2*]/[Ni2*] = 0.90 was more compact and smoother, as
can be seenin Fig. 7b, with agglomerates of smaller size, i.e., 750-800 nm.

(b)

Fig. 7. 3D and 2D AFM images and height profiles of the Zn-Ni—Co alloy deposited at
8 A dm2 from the solution with [Co?*]/[NiZ*]: &) 0.12 and b) 0.90.

The distribution of sizes of the agglomerates, determined from AFM images
(not shown), indicated that the average agglomerate size of all deposits varied
greatly with the [Co2*]/[Ni2*] ratio in the plating bath. Smaller agglomerates
were observed for the alloy coatings deposited from the solution with the greater
ion ratio and greater overall amounts of alloying elements. In addition, the
homogeneity of agglomerates size distribution for these samples was also greater.

It is well known that Zn alloys corrode preferentially, thus providing sacri-
ficial protection of steel. The protection mechanism for both Zn-Ni and Zn—Co
aloy coatings was suggested by Lambert and confirmed by Short.2223 Namely,
at the beginning of exposure to a corrosive agent, i.e., during the early stage of
corrosion, zinc, as aless noble metal, dissolves preferentially, providing galvanic
protection of steel. Consequently, a dezincification process occurs, resulting in
enrichment of the alloy surface layer with aloying elements. The dezincification
of the Zn—alloy coating leads to an improved barrier layer, which reduces the
corrosion rate. This, in turn, leads to a shift in the corrosion potential to more
noble values. With further exposure to a corrosive agent, a layer of corrosion
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products forms on the surface that acts as a protective, barrier layer. It was shown
that the layer of corrosion products on Zn-alloys in a chloride-containing
environment is mainly made up of zinc hydroxychloride, Zns(OH)gCl.425.26 |t
has a very low solubility, 10-14.2 27 providing a pseudo-passive layer that enables
high protective ability. If porosity of this pseudo-barrier layer were smaller, the
corrosion protection would be improved.

The more densely packed morphology of the alloy coatings obtained from
the plating solution with greater Co2*]/[Ni2*] ratio, with a greater amount of Co
and considerably smaller crystal agglomerates, resulted in a less porous deposit.
The smaller porosity was indicated by AFM images and confirmed by the at least
order of magnitude smaller capacitances (Fig. 6). Eliaz et al.10 also found that the
minimal corrosion rates of Zn—Ni—Co alloy coatings neither corresponded to the
highest content of the more noble element (iron-group metal) in the coating nor
to the highest thickness of the coatings. They showed that the coatings with the
lower corrosion resistance were those with a higher degree of porosity. Hence,
the chemical content was not the sole factor determining the corrosion stahility of
theternary alloy coatings examined in this work.

Hence, it could be concluded that the chemical content and surface pro-
perties, such as homogeneity, agglomeration size and their distribution, depend
on the plating solution, as well as on deposition current density. The agglo-
merates obtained from the plating solution with a smaller ion ratio were larger,
with considerable differences in size, with respect to the ones deposited from the
plating solution with the higher ion ratio. More compact alloy coatings, with a
uniform distribution of agglomerates, are deposited from the solution with the
higher ion ratio, especially at 8 A dm—2. Hence, the pseudo-passive layer of the
corrosion products formed on the surface of this aloy was more compact, with a
higher resistivity and a smaller permeability (reflected by the smaller capacitance
values), which, in turn, resulted in improved corrosion stability.

CONCLUSION

Ternary Zn—Ni—Co alloy coatings were successfully deposited from chloride,
additive free, plating solutions. Based on the presented results, it could be
concluded that the ratio of nickel to cobalt ions in the plating solution and
deposition current density had a significant influence on the chemical compo-
sition, morphology and corrosion stability of Zn—Ni—Co electrodeposited alloys.

The contents of both Co and Ni are below their corresponding composition
reference lines and the zinc content is considerably above its CRL, so the two
aloying elements form an anomalous plating system with Zn. The ratio of Co
and Ni is much higher than their ratio in the plating solution, in all examined
deposits, suggesting that these elements could have a beneficial synergistic effect
in their codeposition and incorporation in a deposit.
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It was shown that the ternary alloy coatings provide either comparable or
greater corrosion stability, depending both on the deposition current density and
the deposition solution. A higher impedance of the ternary alloys deposited from
the solution with the greater [Co2*]/[Ni2*] ratio was determined. These deposits
also showed significantly smaller capacitances, suggesting improved corrosion
stability. The longest time to red rust appearance, indicating the best corrosion
stability, was observed for the Zn—Ni—Co alloy deposited from this plating
solution at 8 A dm=2.

Homogenous and coherent coatings were obtained from both plating solu-
tions up to a current density of 10 A dm2. Smaller crystalline aggregates were
formed by deposition from the solution with the higher [Co2*]/[Ni2*] ratio, i.e.,
in deposits with the greater Co content. In addition, the homogeneity of the size
distribution of the agglomerates for these samples was also greater and the cor-
responding corrosion stability was higher. It is assumed that more compact alloy
coatings with uniform distribution of agglomerates, which were deposited from
the solution with the higher ion ratio, especialy at 8 A dm2, resulted in an imp-
roved corrosion stability.

SUPPLEMENTARY MATERIAL

Figures S-1 and S-2 aong with corresponding discussion are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
TPOJHE Zn—-Ni-Co JIETYPE: AHOMAJTHO TAJIOXKEBE U KOPO3UOHA CTABUMJTHOCT

MWIOPAL B. TOMWE', MUWIOLI M. TETPOBUR, CJIABKA CTAHKOBUER®, CAFbA Y. CTEBAHOBUR®
1 JEJIEHA B. BAJAT®

1YHusep3uu76w y Hctiounom Capajesy, Texnonowsu ¢paxyniieii 3soprux, Kapaxaj 66, 36oprux, Peiiydnuxa
Cpucka, BuX, Institute of Materials Research and Engineering, A*STAR (Agency for Science, Technology and
research) 3 Research link, Singapore 117602, Department of Mechanical Engineering, National University of
Singapore, Singapore 117576, 3Texuonomxo—meu7aﬂypmxu paxynitewi, Ynueep3uitieii y beoipagy,
Kapneitujesa 4, 11120 Beoipag u *UXTM — Leninap 3a enexwwipoxemujy, Ynueepsutiewi y beoipagy,
Hbeiowesa 12, Beoipag

Y oBoMm panmy cy npoyuyaBaHe Zn—Ni—Co jerype eneKkTpOXeMHjCKU TaloKEHE 110J] pasiin-
YUTHUM YCJI0BUMa. XEMHjCKH cacTas je ogpehusan AAS texuukom, mopdonoruja AFM ananu-
30M a Kopo3noHa crabunHocTt mpumeHoM EIS. McniuTrBaH je yruuaj ogHoca nervpajyhux ene-
Mmenata, [Co2+]/[Ni?t], Yy XJIOPUAHOM PACTBOPY 3a TalOXEHe, Ka0 U TyCTHHE CTpYyje Taso-
JKera, Ha XeMHjCKH cacTaB, MOPGOJIOTHjY U KOPO3HOHY TOCTOjaHOCT jerypa. Kopuurhenu cy
PacTBOpH Ca UCTUM YKYIIHMM Cafip’kajeM MeTasa, 0e3 Jofaraka, ¥ TalOKEHme je BPIIEHO Ha
codHoj TemnepaTypu. [lokasaHo je na je Tanmo)kewe TPOjHUX Jierypa aHOMalaHO U J1a OBHOC
jOHa HHK/IA U KodasTa y pacTBOPY 3a TalOXKewhe, Kao U T'YCTHUHA CTpYje TaI0XKeHwa, UMajy 3Ha-
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YyajaH yTHIAj Ha XeMHjCKH CacTaB U KOPO3WOHY CTAaOWIHOCT OBUX Jierypa. 3ajeSHUYKO IpHU-
cyctBo Ni u Co je umasio moBo/baH yTHIIAj HA KOPO3HOHY MOCTOjaHOCT jerypa. [lokasaHo je na
cy mopdororyja 1 NOPO3HOCT IIpeBaKa jerypa Beoma BaKHU (DakTOpH KOju YyTUUy Ha HU-
XOBY KODO3MOHY cTabuiaHOCT. [IpeBnaka nodujeHa TalokKemeM U3 pacTBopa ca BehuM OfHO-
coM joHa nerupajyhux efemeHara rycTHHOM cTpyje on 8 A dm™ ce cacTojana of MawHX arpe-
raTa KpUCTaJTHUX 3pHA, OWia je Mame XpanaBoCTH U TIOPO3HOCTH U MoKa3asa je Hajsehy kopo-
3UOHY CTaOUITHOCT.

(TTpumiseHo 28 aBrycra, peBuaupaHo 31. okrodpa, npuxsaheno 13. Hoemdpa 2014)
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The Zn content in the ternary alloys for deposition solutions with different
[Co2*]/[Ni2*] ratios, along with the corresponding CRL s indicate that the amount
of Zn does not change much with the deposition current density (Fig. S-1a and b)
and in both plating solutions it is well above the CRLSs, suggesting preferential
Zn deposition.
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Fig. S-1. Dependence of Zn content in the Zn—Ni—Co alloys on deposition current density for
alloys deposited from the solution with [Co%*]/[Ni2*]: &) 0.12 and b) 0.90.
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The long-term protection was evaluated by following the change in the open
circuit potential with time of exposure to a 3 % NaCl solution. The time depen-
dence of Eqcp for steel coated with Zn-Ni—Co alloys deposited from different
plating solutions at different current densities is shown in Fig. S-2. The open cir-
cuit potential of bare steel surface in 3 % NaCl is marked with alinein Fig. S-2
(640 mV vs. SCE).

-0.6
-0.74
-0.8 1
-0.9 4

-1.04

E/Vvs. SCE

-1.14

-0.55

-0.60

S
=2
Ln

E/V vs. SCE
&5

075 >

t/ days

Fig. S-2. The dependence of E, for Zn-Ni—Co alloys deposited on steel from solution with
[Co?*]/[Ni2*]: @) 0.12 and b) 0.90.
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Abstract: By using the linear sweep voltammetric technique, a phenanthroline
(Phen) and zinc(ll) (Phen—Zn(l1)) complex was used as the electrochemical
probe for the determination of double-stranded (ds) DNA. In pH 9.0 Britton—
—Robinson (B-R) buffer solution, Phen can interact with Zn(I1) to form a stable
electroactive [Phen—Zn(11)] complex, which had a sensitive second order deri-
vative polarographic reductive peak at —1.300 V (vs. SCE). After the addition
of dsDNA into a solution of Phen—Zn(Il) complex, the reduction peak current
decreased with a negative shift of the reduction peak potential and without the
appearance of new peaks. The results showed that a new supramolecular
complex was formed via interaction of the Phen—Zn(l1) complex with dsDNA.
The conditions of interaction and the electrochemical detection were carefully
investigated. Under the optimum conditions, the decrease in the reduction peak
current was directly proportional to the dsDNA concentration in the range of
0.4-18.0 mg L1 with the linear regression equation: Alp"/nA = 349.48 +
+84.647(c/mg L) (n = 13, y = 0.991) and a determination limit of 0.20 mg L1
(30). The relative standard deviation (RSD) for 10 parallel determinations of
10.0 mg L1 dsDNA was found to be 2.03 %. The method was successfully
applied to the detection of synthetic samples with satisfactory results.

Keywords: phenanthroline; zinc; DNA; interaction; linear sweep voltammetry.

INTRODUCTION

The interaction of small molecules with double-stranded (ds) DNA has been
widely investigated in recent years because of the specific functions of dsDNA in
life processes. Some interactions could damage the structure of dsDNA and inf-
luence the replication of dsDNA.L In addition, the investigations could be used
for the design of new drugs targeted on dsDNA.2:3 Generally speaking, small
molecules, such as dyes,4% drugs’® and metal coordination compounds,10-13
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can bind to dsDNA in three ways, i.e., electrostatic binding, intercalation and
groove binding.14-16 The quantitative determination of DNA is also important in
biocanalytical chemistry and clinical tests. Various analytical methods for the
detection of DNA, such as spectrophotometry,17—19 fluorometry,20.21 |ight scat-
tering technique,22:23 etc., have been established based on the interaction of small
molecules with dsDNA. However, most of these methods suffer from low sen-
sitivity, high costs or complicated procedures. Compared with the above methods,
the electroanalytical method has some advantages. Such as cheaper and smaller
devices, wider linear range and lower detection limits.24 In addition, as the
electrochemical reaction occurs at the electrode interface, only a small amount of
sample is required in the detection procedure. Wang et al.2> established an
electrochemical equation for examining the interaction of irreversible redox com-
pounds, such as bis-benzimidazole derivative (Hoechst 33258) with dsDNA
using cyclic voltammetry and other electrochemical techniques. Palecek et al.26
studied the interaction between the anticancer drug mitomycin C and DNA by
cyclic voltammetry on a hanging mercury drop electrode, which resulted in a
decrease in the voltammetric signal. Jiao et al. used some organic dyes, such as
toluidine blue,2’ rhodamine B28 and malachite green,2° for the detection of
dsDNA based on the formation of electroinactive complexes on mixing a mixture
of dsDNA with the dyes in solution. Bard et al.3031 reported the interaction of
metal chelates of tris (1,10-phenanthroline) cobalt (111) with DNA in an agueous
medium and established a redox current equation for the intercalator—DNA
complex. Moreover, some polarographic methods for the detection of dsDNA
were established using electroactive dyes, such as pyronine B,32 phenosafra-
ning,33 neutral red3# and brilliant cresyl blue.3°

Phenanthroline (Phen) is a heterocyclic organic compound that is often used
as a bidentate ligand in coordination chemistry. Phen reacts with most metal ions
to yield strong stable metal complexes, such as with cobalt(I11)30 and cop-
per(11).36 It was employed in the determination of zinc(ll) by polarography.37.38
Experimental results indicated that the Phen—Zn(I1) complex had a sensitive pol-
arographic reduction peak at —1.300 V (vs. SCE) on a dropping mercury working
electrode. After the addition of dsDNA into a Phen—Zn(l1) complex solution, a
large decrease in the reduction peak current and a negative shift of the reductive
peak potential appeared, which indicated that Phen—2Zn(I1) complex could interact
with dsDNA to form a supramolecular complex in the mixture solution. In this
study, the phenanthroline (Phen) and zinc complex was investigated as a new
polarographic probe for dsDNA detection.

EXPERIMENTAL
Apparatus and reagents

All the polarographic determinations were performed on a model JP-303 polarography
(Chengdu Apparatus Factory, China) with the second order derivative linear sweep polaro-
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graphy. A conventiona three-electrode system, which was composed of a dropping mercury
working electrode (DME), a saturated calomel reference electrode (SCE) and a platinum wire
auxiliary electrode, was used throughout. A pHS-25 acidimeter (Shanghai Leici Instrument
Factory, China) was used for the pH value measurement and all the experiments were
performed at 25+1 °C.

A stock solution (1.0 g L1) of double-stranded (ds) herring sperm DNA (Sigma, USA)
was prepared by dissolving it in doubly distilled water and storing at 4 °C.3%4! The skeleton
of dsDNA isvery stable and apart from strong acids and high temperature, other environments
cannot destroy it.42 Experiments showed that the Ayg; of the dsSDNA solution kept in 4 °C did
not change, indicating that the low temperature environment prevented it from unwinding.
The purity of dsDNA was examined by the absorbance ratio of Aygy/Aggg that was 1.85, which
indicated that the dsDNA was sufficiently free of protein. The concentration of dSDNA was
calculated from the absorbance value at 260 nm using epya = 6600 dm3 mol1 cmrl. Single-
stranded DNA (ssDNA) was acquired by heating the solution of native herring sperm DNA at
100 °C in a waterbath for 10 min and cooling in an ice-water bath.# A 1.0x103 mol L1
phenanthroline (Phen, Shanghai Sanpu Chemical Reagent Factory, China) solution was pre-
pared by dissolving 0.1802 g Phen in water and diluting to 250 mL. Britton—Robinson (B—R)
buffers (0.2 mol L-1) were used to adjust the pH values of test solution. When B-R buffer was
adjusted to pH of 9.0, itsionic strength was 0.104.43 All the other reagents were of analytical
reagent grade and doubly distilled water was used throughout.

Procedures

Into adry 10 mL volumetric flask, the following reaction solutions were added in turn:
2.0 mL of 0.2 mol L't B-R buffer solution, 1.0 mL of 1.0x10°3 mol L Phen, 0.5 mL of
1.0x10-3 mol L1 Zn(I1) and different amounts of dsDNA solution. The mixtures were diluted
to 10 mL with water, mixed thoroughly and allowed to stand for 20 min at 25 °C. Then the
solution mixture was transferred to a 10 mL electrochemical cell and the second order deri-
vative linear sweep polarographic curve was recorded in the potential range from —0.8 to —1.6
V (vs. SCE) and the reduction peak current (Ip”) of the solution was measured. The peak
current of the blank solution (Ipy”) without dSDNA was obtained under the same conditions
and the difference of peak currents (Alp”= Ipy"— 1p”) was used for dsSDNA determination.

RESULT AND DISCUSSION
Second order derivative linear sweep polarography

Typical second order derivative linear sweep voltammograms of the buffer,
the Phen—Zn(I1) complex and two Phen—Zn(I1)-dsDNA reaction solutions are
shown in Fig. 1. Curve 1 is the polarogram of the B—R buffer solution without
any polarographic peak. Curve 2 is the polarogram of the Phen—-Zn(Il) complex
solution with areduction peak at —1.300 V (vs. SCE), which is the typical Phen—
—Zn(ll) wave on a mercury electrode. The formation and the electrochemical
behavior of the [Phen—Zn(I1)] complex were explained in detail in the lite-
rature.37.38 Curves 3 and 4 are polarograms of the mixture containing different
amounts of dsDNA and the Phen—Zn(l1) complex. It can be seen that the reduc-
tion peak current decreased gradualy with the negative shift of the reduction
peak potential, which indicated electrostatic binding of the Phen—Zn(I11) complex
with dsDNA to form a supramolecular complex. The decrease in the peak current
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was proportional to the concentration of dsDNA, which could be further used for
the determination of dsDNA.
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Optimization of the reaction conditions

The effect of buffer acidity on the difference in the peak current (Alp”) was
investigated in the pH range between 7.0 and 12.0 and the results are shown in
Fig. 2. It could be seen that the value of Alp” reached its maximum at pH 9.0;
hence, pH 9.0 was selected for this assay. The volume of B—R buffer solution
added into the solution was also investigated and 2.0 mL of B—R buffer solution
was suitable as the supporting e ectrolyte having sufficient buffer capacity.

1800
1600
1400
1200
1000
800
600
400

Alp" I nA

AN
/

\

A

\

LN

1 "
1.35 1.40 1.45

-E/V

Fig. 1. Second order derivative linear sweep voltammograms of the Phen—Zn(I11)—dsDNA
reaction system. Inset: the linear calibration curve of dsDNA. 1: pH 9.5, B-R buffer;
2: 1+ 1.0x10% mol L-1 Phen + 5.0x10° mol L-1 Zn(I1); 3: 2+ 8.0 mg L"1 dsDNA;
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Fig. 2. The influence of pH on the bind-
ing interaction. 1.0x104 mol L1 Zn(I1)
+1.0x104 mol L-1 Phen + 10.0 mg L1
dsDNA in B-R buffers of different pH
values.
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The effect of the mole ratio of Phen and Zn(I1) on the value of Alp” was
studied by fixing the dsDNA concentration at 10.0 mg L1, the Zn(ll) con-
centration at 5.0x10~> mol L1 and changing the concentration of Phen. The
value of Alp” reached a maximum when the Phen concentration was 1.0x104
mol L. Hence, the ratio of Phen to Zn(ll) was kept at 2:1 in the following
experiments.

After mixing Phen, Zn(Il) with dsDNA in the solution, the value of Alp”
reached a maximum within 20 min and remained constant for 2 h. Hence, an
incubation time of 20 min was used in the experiments, and thus the system gave
sufficient time for routine measurements.

The influence of the order of the additions of the different solution on the
value of Alp” was aso studied. The optimal addition order was selected as B-R,
Phen, Zn(I1) and dsDNA. The results indicated that in the selected pH buffer, the
formation of Phen—Zn(Il) complex was crucial to the interaction.

The effect of the reaction temperature on the interaction was aso tested in
the range of 10-40 °C and no obviously differences on Alp” was found in the
selected temperature range. Thus, a reaction temperature of 25 °C was used
throughout.

The effect of instrumental conditions such as the scan rate and the mercury
dropping time were carefully tested in turn. The results expressed that the value
of Alp” increased with the increase of potential scan rate in the range of 300 to
1000 mV s-1. Thus, 1000 mV s1 was selected as the scan rate for detection. The
dropping mercury developing time for the assay was optimized and selected as 8 s.

Effect of ionic strength

The effect of ionic strength on the interaction was also investigated by the
addition of different amounts of 0.10 mol L—1 NaCl to the mixture. The value of
Alp” decreased with increasing salt concentration in the solution, indicating that
the ionic strength had significant influence on the interaction. Thus, the inter-
action of Phen—Zn(ll) complex with dsDNA was caused by a highly favored
electrostatic attraction. The addition of NaCl to the reaction solution could
weaken the electrostatic force between the Phen—Zn(I1) complex and dsDNA.

Effect of sSDNA and dsDNA on peak current

The effect of ssSDNA and dsDNA on the change of reduction peak current
was further investigated. It could be seen that both sSDNA and dsDNA can cause
a decrease in the reduction peak current, but that sSDNA had a smaller effect on
the peak current than did dsDNA. The results indicated that the Phen—-Zn(I1)
complex could interact with phosphate groups outside the DNA strand by elec-
trostatic interaction and the fact that there are more phosphate groups on dsDNA
than on ssDNA resulted in a great decrease in the reduction peak currents.
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Influences of coexisting substances

The influences of co-existing substances on the determination of 12.0 mg L1
dsDNA were also tested and the results are listed in Table I. It could be seen that
most of the compounds did not disturb the determination. However, some metal
ions, such as Al3* and Co?*, exhibited some influence, which may be due to the
formation of metal complex with Phen.

TABLE I. Influence of co-existing substances on the determination of 12.0 mg L dsDNA

Co-existing substance, Relative Co-existing substance, Relative
20mgL1 error, % 5.0 umol L1 error, %
L-Glutamine 3.23 Ca?t -1.94
L-Tyrosine 5.02 Mg2* 0.65
L-Cystine HCI monohydrate 1.29 Mn2* 5.00
L-Arginine 4.34 Al3* 8.48
L-Leucine 2.20 Co? 9.78
L-Cysteine 10.4 Po2+ 1.48
Glycine 3.92 p-CD 0.00
Glucose 391 SDS -5.63
L-Glutamic acid —3.23

Calibration curve

Under the optimal conditions, the decrease of reduction peak current was
proportional to the concentration of dsDNA in the range from 0.4 to 16.0 mg L1
with the linear regression equation:

Alp"/nA = 349.48 + 84.647(c/ mg L—1)
(n=13, y =0.991)

The RSD of 10 parallel determinations of 10.0 mg L1 dsDNA was 2.03 %,
indicating the good reproducibility of the detection. The limit of detection (LOD)
for dsDNA was cal culated using the equation:

LOD =3%/S
where 3 is the factor at the 99 % confidence level, & is the standard deviation of
the blank measurement, and Sis the slope of the calibration curve. The LOD was
calculated to be 0.20 mg L1

The proposed method is compared with other methods in Table Il. It could
be concluded that although the sensitivity of this method was not comparable to

TABLE Il. Comparison of the analytical results for the determination of DNA with those in
the literature

Method Linear range, mg L1 LOD /mgL™1 Ref.
Light-scattering technique 0.112-4.64 0.112 a4
Fluorometry 0.02-0.80 0.007 45
LSV at DME 0.4-16.0 0.198 This paper
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that of the light-scattering technique and fluorometry, the widest linear range
with good selectivity made this method more practical for routine tests.

Sample determinations

Three synthetic samples containing some metal ions, amino acids, etc. were
analyzed by the proposed method with the standard addition method and the
obtained results are listed in Table I11. A good recovery was obtained in the range
of 95.1-99.5 %, indicating that this new method was practical and reliable for the
determination of dsDNA in synthetic samples.

TABLE Ill. Determination results of dsDNA in synthetic samples (n = 5); conditions;
L-leucine, L-arginine, L-tyrosine, glycine, L-glutamine, L-glutamic acid glucose, 2.0 mg L™L;
Ca2*, Pb?*, Mn?*, AI3*, Mg?*, -CD, 5x10¢ mol L1

dsDNA, mgLl Recovery RSD

No. Foreign co-existing substances

Added Found % %
1 Ca?*, Mg?*, L-arginine, L-tyrosine 10.00 9.71 97.1 2.12
2 Pb?*, Ca2*, L-teucine, glycine, f-CD 10.00 9.95 99.5 1.02

3 Mn?, Al%*, glucose, L-glutamine, L-glutamic acid ~ 10.00 9.51 9.1 320

Measurement of the binding ratio

The binding ratio of Phen-Zn(Il) complex with dsDNA was calculated by
the commonly used mole ratio method. By keeping the Phen—Zn(I1) complex
concentration constant at 4.5x10~> mol L—1 and changing the dsDNA concen-
tration, the relationship between Ip" and cgspna Was obtained and is plotted in
Fig. 3. It can be seen that when the concentration of dSDNA was higher than 18.0
mg L1, the reduction peak current remained stable, indicating that the interaction
had reached its equilibrium. Then the intersection point of the two linear curves
was obtained as 14.61 mg L1 (4.48x10-° mol L-1) dsDNA. Thus, the stoichio-
metry of Phen—Zn(l1) complex with dsDNA was calculated as 1.1, which indi-
cated that a Phen—Zn(11)-dsDNA supramolecular complex was formed under the
selected conditions.
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Fig. 4. Determination of the coordi-
nation number by molar ratio method
: : ' L . ' '0 pH 9.0 B-R buffer + 4.5x10> mol L1
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CONCLUSIONS

A new electroanalytical method for the determination of dsDNA using the
Phen—Zn(11) complex was investigated in this study. On addition of dsDNA to a
solution of the Phen—Zn(I1) complex, a decrease in the reduction peak current
occurred, which could be employed for the micro-determination of dsDNA.
Under the selected conditions, a new supramolecular complex was formed by
electrostatic binding and the binding ratio of Phen—Zn(11) complex with dsDNA
was calculated by the mole ratio method to be 1:1. Under the optimal conditions,
dsDNA could be detected in the concentration range from 0.4 to 16.0 mg L—1
with a detection limit of 0.20 mg L~ (30). The proposed method is practical and
reliable with a simple procedure and could be used for dsDNA quantification in
real samples.

H3BOJ
[TOJIAPOTPA®CKO OOPEBUBAKE NHK FPASUPAHO HA UHTEPAKIIMJAMA CA
OEHAHTPOJIMH-UWHK(IT) KOMIIJIEKCOM

NI HUT", AIQIN LIANG', CHANGHUI XUE' 1 WEI SUN?

1College of Chemistry and Pharmacy, Qingdao Agriculture University, Qingdao 266109, P. R. China u
2College of Chemistry and Chemical Engineering, Hainan Normal University, Haikou, 571158, P. R. China

IIpuMeHOM BOJITaMeTpHje ca JTMHEapHOM IIPOMEHOM IOTeHIHjana, KOMIIeKC (eHaH-
tponuHa U uuHKa(II) (Phen—Zn(1I)) je xopuwheH 3a el1€KTPOXEMHUjCKO UCIIUTUBAKE U Ofpe-
husawe JHK y dpopmu nBonanyane cnupane (dsDNA) denantponuH pearyje ca nuakom(II) y
Bputon—Podunconosom nydepy, pH 9,0, rpagehu crabunan enexrpoakrtuBaH Phen—Zn(II)
KOMITIEKC, KOjU Haje mosjaporpadCkyd pemyKUHOHM CUrHaia (y YOHOCY Ha 3acuHheHy Kayio-
MEJIOBY €JIeKTPOAy) U T0Ka3yje OCeT/bUB UK JJOOUjeH Kao U3BOJ, JPYyror pefa Ha MOTeHLHjary
on —1,300 V. ITocne nonarka dsDNA y pactsop Phen—Zn(II) kommexca, CTpyja pegyKLHOHOT
IMKa Ce CMamwyje, y3 IOMepame NOTeHlMjala NHMKa Ka HeraTUBHHUjUM BpENHOCTHMa U Oe3
NojaBe HOBUX NHUKOBA. Pe3ynTaTu ykasyjy Ha (OpMHUpame CynpamoeKylIapHOr KOMILIEKCa,
mpeko uHTepakuuja Phen—Zn(I1) xommiekca ca nBonandyanom crupanom JHK. UcnutuBaHu
Cy YCJIOBM MHTepaklidje W elnekTpoxeMmujcke nerexuuje. IIpy onTMMaaHUM YCJIOBMMA, CMa-
HBeme CTpyje PenyKLHOHOT THKa je AUPEeKTHO Cpa3MepMHO KoHueHTpanuju dsDNA y omcery
0,4-18,0 mg L1 ca perpecuonom jemnaumnom Alp”/nA = 349.48 + 84.647(c / mg L) (n = 13,
y = 0,991) u rpanuiom oxpehusama on 0,20 mg L1 (30). PenaTiBHa cTaHAapiHa AeBHjalyja
(RSD) 3a 10 nmapanennux oapehusama 10,0 mg L™ dsDNA wusnocu 2,03 %. MeToma je ycme-
IIIHO ITPUMeEEHa 32 JeTeKLHjy CUHTeTHUKUX y30paka U JOoOHjeHH Cy 3al0BOsbaBajyhu pesyn-
TaTH.

(ITpumiseno 18. pedpyapa, peBuaupano 28. Hopemdpa, npuxsaheno 2. geriemdpa 2014)
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Abstract: Poly(vinyl acohol)/maleic anhydride/acryloyl thioamide monomer
(PVA/MA/ATM) photo-cured nanofiber membranes and pure PVA nanofiber
membranes were produced by the electrospinning technique. In situ UV radi-
ation was applied during the electrospinning in order to provide polymerization
during the jet flight and promote crosslinking of ATM and MA with PVA. The
cross-linking was examined by Fourier transform infrared spectroscopy
(FTIR). The morphology of the electrospun nanofibers was characterized by
scanning electron microscope (SEM). The surface area of the nanofiber mem-
branes was measured by Brunauer—Emmert-Teller (BET) anaysis. Further-
more, their water durability was examined. The water durability test demon-
strated that the in situ photo-cured PVA/MA/ATM nanofiber membrane had
the lowest average mass loss. The surface areas of PVA/MA/ATM nanofiber
membranes were 160280 m? g'1. The surface area and diameter of PVA/MA/
/ATM nanofibers decreased with increasing PVA content. The diameter of the
obtained nanofibers was less than 100 nm. The results showed that water-
-insoluble nanofiber membranes with good chemical and thermal resistance
were obtained. These nanofiber membranes may be promising candidates for
usage in water treatment.

Keywords. electrospinning; nanofiber membrane; poly(vinyl acohol); photo-
curable; thioamide.
INTRODUCTION

Nanofibers are an exciting new class of materials that have been extensively
studied due to their uniquely light weight, high porosity, small inter-fiber pore
size, large surface area and well-modified surface properties.1.2 Many potential
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doi: 10.2298/J5C140317083Z

97

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



98 ZEYTUNCU et al.

applications for nanofibers, such as tissue engineering, sensors, biomaterias,
device wipes, electrical applications, wound dressings material and filtrations and
adsorptions, have been proposed and investigated.3-2

In recent years, electrospinning has become the most common technique for
the generation of nanofibers because it is comparatively simple, convenient,
effective, low cost and with a relatively high production rate.10 However, most
important is that nanofibers with a diameter in the range of 100-1000 nm could
be achieved by electrospinning. This technique has three basic components, i.e., a
syringe pump, a high voltage supply and a collector. In the process, a polymer
solution or melt is placed into the syringe with a millimeter size nozzle and is
subjected to a high voltage. Under the applied electrostatic force, the polymer is
gjected from the nozzle, the diameter of which is reduced significantly, as it is
transported to and deposited on a collector, which aso serves as the ground for
the electrical charges 11-14

Poly(vinyl acohol) (PVA) is a water-soluble, non-toxic and biocompatible
polyhydroxy polymer with good chemical and thermal stability.1516 However,
the aqueous solubility PVA would limit its use for water treatment.1> Therefore,
when fabricated for agqueous applications, such as filtration and adsorption (i.e.,
water treatment), PVA must be modified to minimize swelling in water.17.18 The
most popular way of decreasing the solubility of PVA in water isto crosslink the
polymer.

The main purpose of this study was to produce a water-insoluble PVA nano-
fiber membrane by the electrospinning technique. Chemical crosslinking of PVA
with maleic anhydride (MA) and acryloyl thioamide (ATM) during the electro-
spinning process was realized by the effects of in situ UV radiation. Then the
obtained PVA/MA/ATM nanofiber membranes were characterized by FTIR,
SEM and BET, and their aqueous stabilities were examined.

EXPERIMENTAL
Reagents

Poly(vinyl alcohol) (PVA; 87-89 % hydrolyzed, M,, 146,000-186,000 g mol-1), maleic
anhydride (MA), acryloyl chloride (C3H3CIO) and the radical photo-initiator, 2-hydroxy-2-
-methyl-1-phenyl-1-propan-1-one (Darocur® 1173), were purchased from Sigma-Aldrich.
Thiourea (TU; SC(NH,),), triethylamine (TEA) and dimethylformamide (DMF) were pur-
chased from Merck. Distilled water was used throughout.

Synthesis of acryloyl thioamide monomer (ATM)

Thiourea (0.15 mol) was dissolved in 20 mL DMF at 40 °C and the mixture was charged
into a500 mL three-necked flask fitted with areflux condenser. After the solution had cooled,
TEA (0.15 mol) was added. Then, at 0 °C under nitrogen, acryloyl chloride (0.15 mol) was
added slowly drop wise to the reaction mixture under continuous stirring. After 1 h at 0 °C,
the reaction was continued at room temperature for an additional 1 h. Then, the solvent was
evaporated. The synthesized acryloyl thioamide monomer (ATM) was dried under vacuum at
30°Cfor 24 h.
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Preparation of the solutions for electrospinning

First, 8, 10 and 12 % PVA solutions were prepared by adding slowly the required
amount of PVA powder to distilled water at room temperature. The mixtures were then stirred
a 80 °C for 2 h to obtain homogenous solutions and refrigerated overnight to when the
solutions become transparent. MA (0.98 g) was added into 50 g of the prepared PV A solutions
in the presence of 10 mL of 1 M NaOH with vigoroudly stirring at 70 °C for 5 h (Scheme 1).

—ECHZ—(fH —CHz—(IDH—CHz—?HEL:
OH Q Q

—[—CHz—(fH ~CH,—CH —CHz—?Hﬂ; ﬁ .
OH OH OH CH _c\ CI:O (I:H=0
NaOH
+ o CH @H HaR
H H H CH —©& §=0 =0
I H ONa
—CH~=CH,~CH~CH,~CH
-ECH2 CH-CH, 2 ?]; 0

—ECHz—CH—CHz—CH—CHz—(IDHHF
OH
Scheme 1. The esterification reaction between PVA and MA.

Then, the synthesized ATM and Darocur® 1173 as a photo initiator were added at 3 wt. %
of the total weight for all formulations and then immediately electrospun. The composition of
al nanofiber membrane formulations are givenin Table .

TABLE |. The composition of the formulations used in the synthesis of nanofiber membranes;
PV A solution: 50 g

MA ATM Darocur® 1173 Sulfur content  Nitrogen content

Formulation g % Wt % WL %
8% PVA 0 0 0 0 0
0.98 153 3 0.72 0.63
10 % PVA 0 0 0 0 0
0.98 153 3 0.72 0.63
12% PVA 0 0 0 0 0
0.98 1.53 3 0.72 0.63

Synthesis of nanofiber membranes

The schematic diagram of electrospinning process combined with UV radiation is shown
in Fig. 1. The prepared solution was placed in the syringe. The negative terminal of the high

Collector

UV Lam
2 e ) ‘I.\'- "I\\,.'_'*
Ax)’V

@

Power Supply

Fig. 1. Schematic diagram of the
= electrospinning process.

1k
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voltage power supply was connected to a conductive drum covered with aluminum foil, which
functioned as the collector for the fibers. The positive termina was connected to the metallic
syringe tip. A voltage of 25 kV with a tip-to-target distance of 15 cm at a speed of 0.1 mL h1
was applied to the solution that was simultaneously radiated with a high pressure UV lamp
(Amax = 365 nm, OSRAM 300W) and the nanofiber membranes were collected on the au-
minum foil. After preparation, the nanofiber membranes were dried for 12 h at 100 °C and
then refluxed in ethanol/HCI (mole ratio 10:1) for 24 h at 70 °C to remove the template.
Finally, the nanofibers were dried for 6 h at 30 °C under vacuum.

Characterization

The infrared spectra of the prepared membranes were obtained on an FTIR spectrometer
(Spectrum 100, PerkinElmer) in the wave number region of 4000-400 cm® to define the
characteristic peaks of the functional groups of the nanofiber membranes. The surface
morphology of the electrospun nanofiber was examined with an SEM (JEOL JSM 7000F).
The specific surface area and pore volume were determined using BET analysis (ASAP 2020).
In the water durability test, the nanofiber membranes were treated with boiling water for 1 h
and the mass |oss measured.

RESULTS AND DISCUSSION

ATM was synthesized by reaction between thiourea and acryloyl chloride
and the representation of this reaction is shown in Scheme 2. The FTIR spectrum
of ATM isgivenin Fig. 2. According to the spectrum, thioamide group showed
an absorption band at 3528 cm1, due to -NH- stretching of the amide group.
The carbony! stretching of the amide appeared at 1658 cm1. The C=S group of
thioamide showed a band at 1255 cm1. The peaks at 1089 and 1384 cm! are
attributed to —-C—N groups. Furthermore, —-C—H stretching bands were recorded at
2857 and 2928 cnL. FTIR spectral measurements confirmed the structure of ATM.

i I ELN T
H,C=CH—C—Cl + NH,—C— NH, wemmmmmm——p  H,C=CH—C —NH—C—NH,
1) 1h, 0°C
2) 5h, 25°C

Scheme 2. Proposed structure of the synthesized acryloyl thioamide monomer (ATM).

FTIR spectra of the synthesized 10 % PVA and 10 % PVA/MA/ATM nano-
fiber membranes are given in Fig. 3. The FTIR spectrum of pure PVA nanofiber
(Fig. 3a) showed a broad peak at 3307 cm1 attributed to the hydroxyl (-OH) and
at 2910 cm™1 that is due to —CH, asymmetric stretching. The peak observed at
1731 cmr1 indicated the (-C=0) carbony! stretching bond.16.18 As shown in Fig.
3b, an absorption band at 1661 cm—! due to —C=0 stretching of the amide group
and a carbony! stretching (-O—C=0) at 1730 cmr1, a C=S stretching bands at
1247 cmr! and a —C—N stretching bands at 1091-1375 cm! were found.19.20
The proposed structure of the synthesized PVA/MA/ATM nanofiber membrane
isgivenin Scheme 3.
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Fig. 2. FTIR spectrum of ATM.
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Fig. 3. FTIR spectraof a) 10 % PVA and b) 10 % PVA/MA/ATM nanofiber membranes.

The water durability test involved boiling the synthesized pure PVA, PVAIMA
and PVA/MA/ATM nanofiber membranes in water for 1 h. The average mass
losses are given in Table Il. As seen from the results, pure PVA nanofiber
membranes dissolved completely in a short period at room temperature. How-
ever, when PV A was crosslinked with dianhydride and thioamide groups, the
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resulting PVA/MA/ATM nanofiber membranes were slightly soluble during boil-
ing in water for 1 h. This was mainly due to the efficient crosslinking of PVA
with MA and ATM by exposure to UV radiation during electrospinning. Com-
pared to the 8 % PVA/MA/ATM and 12 % PVA/MA/ATM nanofiber mem-
branes, the 10 % PVA/MA/ATM nanofiber membrane had the lowest average
mass | oss because of being the most efficiently crosslinked. This could be due to
the non-efficient crosslinking for the 8 % and the dissolving of unreacted MA for
the 12 % PVA/MA/ATM fibers. Yang et al.2! prepared PVA/MA crosslinked
nanofiber membrane by electrospinning directly. In the present work, the thio-
amide nanofiber membranes were prepared by simultaneously electrospinning
and UV radiation. It was found that this method enabled more efficient crosslink-
ing due to photopolymerization and less water-soluble the obtained nanofiber
membranes were less soluble.

TABLE Il. Physical properties of nanofiber membranes
Nanofiber membrane ~ Water solubility, %  Surface area, m gl  Nanofiber diameter, nm

8% PVA Soluble 57.72 106-126
10 % PVA Soluble 48.89 163-190
12 % PVA Soluble 38.91 236-259
8 % PVA/IMA/ATM 3.84 282.71 91-96

10 % PVA/MA/ATM 1.09 225.48 126134
12 % PVA/MA/ATM 1.83 161.94 244-326

The morphologies of nanofiber membranes and the nanofiber diameters were
determined by SEM analysis and the SEM images are shown in Fig. 4. It could
be seen that the membranes were composed of numerous, randomly oriented
nanofibers. The diameters of the nanofibers increased with increasing amount of
PVA. The pure PVA nanofibers were smooth and uniform with diameters in the
range of 106-259 nm. The diameters of the 8 % PVA nanofibers were between 106
and 126 nm while diameters of 10 % PVA and 12 % PVA nanofiber were
between 163—190 nm and 236-259 nm, respectively (Fig. 4A—C). With the intro-
duction of the dianhydride and thioamide groups to PVA, the nanofibers became
more intertwined and there were more crosslinks between the fibers (Fig. 4D—F).
As aresult, the fiber scaffold became stronger. The diameters of PVA/MA/ATM
nanofibers were smaller than those of the corresponding pure PVA fibers. The
diameters of the 8 % PVA/MA/ATM nanofibers were less than 100 nm. As the
PV A content increased in modified membranes, the diameters increased from 90
to 326 nm, as in the pure PVA nanofiber membranes. It should be noted that the
addition of MA and ATM may have caused a possible increase in the conduct-
ivity of the solution.> However, there were some beads in the PVA/MA/ATM
nanofiber membranes, especidly in the 12 % PVA/MA/ATM nanofiber mem-
brane. Furthermore, the Brunauer—Emmet—Teller (BET) surface area vaues of
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nanofibers indicated that the surface area decreased with increasing amount of
PV A. The nanofiber diameters and surface areas are given in Table 1.

~—

wsiom R

163 Tnm S

50KV 30000 100nr 1 100m

Fig. 4. SEM images of: A) 8, B) 10 and C) 12 % PVA; D) 8, E) 10 and
F) 12 % PVA/MA/ATM nanofiber membranes.

CONCLUSIONS

The aim of this study was to synthesize more dynamic nanofiber membranes
by combining the electrospinning technique with UV radiation. Photo-crosslink-
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ing of the thioamide-functionalized fibers was successfully achieved. Moreover,
the effect of PVA content on the properties of the synthesized photo-cured nano-
fiber membranes was investigated. While pure PVA nanofiber membranes com-
pletely dissolved in water, the photo-cured membranes resisted hot water. SEM
images showed that the diameters of the nanofibers ranged from 90 to 320 nm
and increased with increasing content of PVA. The diameters of the PVA/MA/
/ATM nanofibers in membranes were smaller than those of the pure PVA nano-
fibers and their BET surface area was larger. When compared to pure PVA nano-
fiber membranes, they were tougher and insoluble membranes, had lower fiber
diameter and higher surface area. The results illustrated that these photo-cross-
linked thioamide functionalized nanofiber membranes possess an enormous
potential with the chemical resistance for usage in water treatment as, for example,
adsorption media.
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U3BOJ
YTUIIAJ CAIPXAJA TTOJIM(BUHWII-AJTIKOXOJIA) HA TIOCTYITAK U3PAIJE MEMBPAHA
IN SITU ®0OTO-YMPEXABAILEM HAHOBJIAKAHA ®YHKIJMOHATM30BAHUX
THOAMHIOM

BIHTER ZEYTUNCUi, MEHMET HAKAN MORCALIZ, SULEYMAN AKMAN’ u ONURALP YUCEL®

TIstanbul Technical University, Applied Research Center of Materials Science and Production Technology,
34469, Istanbul, Turkey, 2Istanbul Technical University, Faculty of Chemical and Metallurgical Engineering,
34469, Istanbul, Turkey u 3Istanbul Technical University, Faculty of Science and Letters, Department of
Chemistry, 34469, Istanbul, Turkey

Y oBOoM papny je mpukaszaHo nobHjare MemOpaHa MOCTYMKOM eIeKTPOCITMHHUHIA YHUCTUX
PVA HaHOBNaKkaHa Kao H in situ oTo-yMpekaBakbeM MOJTH(BUHWI-aIKOXO0J )/aHXUIPHUI Majie-
WHCKe KHCeJnHe/akpuiouia-Tuoamun monomepa (PVA/MA/ATM). Tlpumena in situ UV 3pa-
yemwa y NOCTYNKy eJIeKTPOCIUHMHTA OMoryhasa fa ce peakuuja ympexasawa ATM u MA ca
PVA opurpaBa UCTOBpPEMEHO ca (popMHpameM BilakaHa. TOK peakudje ymMpexkaBama je Impa-
hen nomohy nndpaupsene cnexrpockonuje (FTIR). lok cy Mmopdororyja u TepMuyKa CBOjC-
TBa [NOOHMjeHMX HAHOB/IAKaHA aHAJIW3UpaHa CKAHUPAjyhoM eNeKTPOHCKOM MHKDPOCKOIHjOM
(SEM). CnenudwuuHa MOBpLUIMHA HAaHOB/IAaKaHa Hob0ujeHMX MemOpaHa je ompeheHa momohy
bpynayep—Emepr—Tenep (BET) MeTone. 3aTuMm je aHaau3WpaHa OTIOPHOCT HaHOB/IaKaHa Ha
BOZy. TeCcToBM OTIIOPHOCTH Ha BOAY Cy NOTBPAMIM fa MemOpaHe GoTo-yMmpexxeHnx PVA/MA/
/ATM HaHOBlakaHa TOKa3yjy HajMawmM rydurtak Mace. Cnenu@uyHa NOBPLIMHA
PVA/MA/ATM HaHOBNaKaHa y MemOpaHaMa je usHocuna 160-280 m2 g1, Ycranosmeno je ga
cnenudUyHa MOBPLUIMHA M NMPEYHHK HAHOBJIAKaHa OMAalajy ca mopacToM cagpxaja PVA y
MoJIa3HOM pacTtBopy. [IpeuHuk nodujeHnx HaHOBIAkaHa je 6uo Mawu of 100 nm. PesynraTu
Cy IOTBPAWIM Ja Ceé OBUM IOCTYIIKOM MOTY A0OUTH MemOpaHe Ofi BOJOHEPacTBOPHUX PVA
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HaHOBJIAKaHa ca DO/BOM XEMHUjCKOM W TepMHUYKOM oTmnopHoirhy. MemdpaHe cauumeHe of
ympexenux PVA HaHOBakaHa Mory Hahu mpuMeHy y IOCTyTIMMa 3a pevyuirhaBamke BOJa.

(TTpumiseno 17. mapta, pesuaupaHo 31. jyna, mpuxsaheno 7. aBrycra 2014)
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Abstract: Silver dendrites were prepared by electrochemical deposition. The
structures of the Ag dendrites, the type of twins and their distribution were
investigated by scanning electron microscopy (SEM), Z-contrast high angle
annular dark field transmission electron microscopy (HAADF), and crystallo-
graphically sensitive orientation imaging microscopy (OIM). The results rev-
edled that the silver dendrites were characterized by the presence of randomly
distributed 180° rotational twin domains. The broad surface of dendrites was of
the {111} type. The directions of growth of the main dendrite stem and all
branches were of the <112> type.

Keywords. dendrite; silver; electrodeposition; twinning; scanning electron mic-
roscopy; high angle annular dark field microscopy; orientation imaging mic-
roscopy.

INTRODUCTION

Dendritic growth is one of the most complex patterns that evolves through
the dynamic processes of crystal growth and therefore has remained an active
subject for experimental and theoretical studies for an extended period. During
the past several decades, dendritic growth has attracted a large number of
researchers in the broad areas of material science, condensed matter physics,
fluid dynamics, applied mathematics, etc.1-3 It has been regarded as a typical
example of avariety of pattern formations in nature and technology. Among vari-
ous metals, the preparation of Ag dendrites has been widely investigated because
of their unique optical properties and potential applications in surface-enhanced

*** Corresponding authors. E-mail: (*)ivaeva@agrif.bg.ac.rs; (**)VRRadmilovic@tmf.bg.ac.rs
# Serbian Chemical Society member.
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Raman spectroscopy (SERS),4° catalysis,®/ sensors8 and the fabrication of
superhydrophobic surfaces.®

Several methods were explored to synthesize dendritic Ag structures, inc-
luding electrochemical deposition,10 the galvanic replacement reaction, 411,12
electroless deposition,10 sonoelectrochemistry, 1314 microwave irradiation,15
hydrothermal reduction,® photoreductionl® and the template method.1’ Electro-
chemical deposition has an advantage over the other methods because the driving
force, i.e., overpotential, is more controllable and is able to produce dendritic
structures with high purity. Therefore, electrodeposition represents a powerful
technique that provides versatility in tailoring the architecture of metals on the
micro/nanoscale.

Several mechanisms, such as the diffusion-limited aggregation (DLA)
model,18 oriented attachment growth,1%-21 nanoparticle-aggregated self-assembly
crystallization,22 anisotropic crystal growth,23 site-specific sequential nucle-
ation,11.24 multistep self-assembly process!? and the cluster—cluster aggregation
model (CCA) model,25 were proposed to explain Ag dendritic growth in various
systems. The electrochemical literature has defined the problem of roughening in
electrodeposition.10 Mullins-Sekerka linear stability analysis?® and the Barton—
Bockris dendrite-propagation model2? are popular methods used to describe
cathodic roughening and dendritic growth in electrochemical deposition. These
commonly cited theories employ kinetic relationships that differ in mathematical
form, but both contain the effects of surface tension and local concentration devi-
ations induced by surface roughening.

However, intrinsic dendritic structures, i.e., the appearance of well-defined
and fairly regular branching and directions of growth, cannot be explained by the
nonspecific models mentioned above. The twin plane reentrant edge (TPRE)
mechanism or WHS model2829 js also a much-cited model of dendritic growth.
In this mechanism, crystal growth arises through the formation of reentrant
grooves at the intersection by the twin planes, which make this location a favor-
able site for nucleation. Based on this model, a dendrite is a twin crystal with at
least one twin boundary, which extends throughout the dendrite and is parallel to
the main dendrite plane.

The aim of this research effort was to investigate the role of twinning, the
type and shape of twins, and the presence of twin domains and their distribution
in silver dendrites obtained by electrochemical deposition.

EXPERIMENTAL

The electrodeposition was redlized using a typical set-up consisting of a platinum
cathode with geometric surface area of 0.53 cm?. The reference and counter electrodes were
of pure silver. The counter electrode was silver foil of surface area approximately 0.80 dm?,
placed close to the cell walls. The reference electrode was a silver wire, the tip of which was
positioned at a distance of ~0.2 cm from the surface of the working electrode. The working
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electrode was placed in the center of the cell. The electrolyte solution consisted of 0.06 M
AgNO; + 1.2 M NaNOs + 0.05 M HNO3. Double distilled water was used for preparing the
solutions. The total electrolyte volume was 100 mL and the electrodeposition was performed
at 100 mV, at room temperature. The electrodeposition time was 72 s. The as-prepared Ag
dendrites were sequentially rinsed with distilled water and ethanol for further characterization.

The morphology and microstructure of silver dendrites were characterized and analyzed
by SEM and crystallographically sensitive orientation imaging microscopy (OIM) using a
DB235 FIB system, and by Z-contrast high angle annular dark field transmission electron
microscopy (HAADF) using a TEAM 0.5 transmission electron microscope operating at 300
kV. Orientation imaging microscopy (OIM) is based on electron-backscattered diffraction
(EBSD), generated from the top 10 to 50 nm of the material surface. When exposed to the
atmosphere, silver dendrites can rapidly oxidize, covering the surface with Ag,O. A silver
oxide film would decrease the signal to noise ratio and make it difficult to analyze silver
dendrite twin structures using the EBSD tool. To solve this problem, Ferrer et al.30 proposed
the solution of having an EBSD system installed on a dual-beam focused ion beam system
(FIB). This concept allows the EBSD analysis to be performed immediately after material
surface preparation,3! using a focused ion beam (FIB), without breaking the vacuum.

RESULTS AND DISCUSSION

The polarization curve for silver electrodeposition from 0.06 M AgNO3 +
1.2 M NaNO3 + 0.05 M HNOg is shown in Fig. 1a. The plateau of the limiting
diffusion current density corresponds to the range of overpotentials between 75
and 175 mV. The dependence of the current density on the time of e ectrodepo-
sition obtained at an overpotential of 100 mV is presented in Fig. 1b. A fast inc-
rease in the current density with electrodeposition time was observed during the
electrodeposition process at this overpotential.
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Fig. 1. @) Polarization curve for silver electrodeposition from 0.06 M AgNO3 + 1.2 M NaNO3
+ 0.05 M HNOs. b) Dependence of the current density on the time of electrodeposition
obtained at an overpotential of 100 mV. The electrodeposition time was 72 s.

The typical morphology of electrodeposited silver dendrites obtained at an
overpotential of 100 mV, characterized by scanning electron microscopy (SEM),
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is shown in Fig. 2a. The simplest dendrites consisted of only the stem and pri-
mary branches and are referred to as primary (P) dendrites. If the primary
branches in turn developed secondary branches, the dendrites are called second-
ary (S). With an additional set of branches, tertiary (T) dendrites were formed.

@0 | ©
Fig. 2. @ Scanning electron micrograph of electrodeposited silver dendrites. b) Enlarged detail
(seerectanglein a) showing twinned (stacked) octahedrons in the dendrite stem. ¢) Drawing
indicating how Ag dendrite stems and branches are formed by the stacking of hexagonal units.

From the SEM image, it appears that these dendrites were two-dimensional
patterns with the main stem and all branches being in the same plane; such den-
drites are often referred to as two-dimensional or 2D crystals.32 Figure 2b shows
that the main stem of a dendrite is formed by the stacking of octahedrons mostly
in the elongated form undergoing longitudinal propagation along the specific
crystallographic direction. Primary and secondary hexagons (mostly irregular)
develop and grow outwards from the main stem, asis shown in Fig. 2c.

A high angle annular dark field (HAADF) transmission electron micrograph
of asilver dendrite is shown in Fig. 3. Both, the primary and secondary branches
exhibited much the same or similar contrast, indicating they were all of approx-
imately the same or similar thicknesses. The exceptions are the bright dots on the
main stem, which indicate that some of the primary branches had grown per-
pendicular to the main stem and to the broad main dendrite surface.

Fig. 3. High angle annular dark field (HAADF) trans-
500 nm mission electron micrograph of silver dendrite showing
— the angles between the stem and the branches.
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The angles between the main stem and primary branches, as well as between
primary and secondary branches were 60°. This angular relationship between
branches indicates that the main axis of the dendrite was parallel to the <112>
direction and all branches were also parallel to the same family of crystallo-
graphic directions.

A 100 pole figure of an Ag dendrite is shown in Fig. 4a From this pole
figure, it is obvious that the crystallographic orientation of this silver dendrite
was close to 111, indicated by the 111 pole being in the center of the stereo-
graphic projection. There are two sets of 100 poles present in this pole figure,
related to each other by rotation of 180° around the [111] direction.

(b)

Fig. 4. a) 100 pole figure of Ag twinswith crystallographic orientation close to the 111 twin
plane. b) Color-coded map of two 180° rotational twins. c) Back scattered scanning
electron image obtained after FIB shaving; the white rectangle indicates the region

from where the Ol map was taken.

These results confirm that the growth direction of the main stem of the
dendrite was close to [112] and the directions of the branches were [121] and
[211] . These results clearly show that, besides the commonly accepted presence
of atwin plane parallel to the broad dendrite surface plane,28:29 this silver den-
drite structure was characterized by the presence of two types of twins, related to
each other by 180° rotation around the [111] crystallographic direction, as indi-
cated in the 100 pole figure (Fig. 4a). From the color-coded map (Fig. 4b), taken
from the region shown by the white rectangle in the back-scattered scanning
electron image in Fig. 4c, it appears that the 180° rotational twin domains were
randomly distributed. Colors of the twins in stereographic projection (Fig. 44)
correspond to the appropriate twin variances in the color-coded map (Fig. 4b).
Not al details shown in Fig. 4c are present in the color-coded map. Since the
map was obtained at a 70° tilt angle, any closely spaced branches, shown in Fig.
4c, cannot be separated. Both twin domains are random in terms of size and
shape, and the 111 pole in the center of the 100 pole figure confirms that they
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have the same (111) plane parallel to the main broad twin surface in common.
High susceptibility for twinning of these dendrites comes from very low stacking
fault energy of silver of ~16 mJ m2.33

In summary, the structures of electrodeposited Ag dendrites were investi-
gated by SEM, Z-contrast HAADF and OIM. The results revealed that the Ag
dendrites exhibited the presence of well-defined randomly distributed twin dom-
ains of irregular size and shape. These twin domains were related to each other
by 180° rotation around the common [111] crystallographic axis, which is normal
to the main broad dendrite surface. The growth direction of the main dendrite
stem was found to be close to [112] and the direction of the branches were
[121] and [211] .
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U3BO[
MMPOKU3BOJ/bHO OPUJEHTHUCAHU IOMEHHU JBOJHUKA YV EIEKTPOXEMHJCKH
HUCTAJIOXKEHUM JEHIPUTHMA CPEBPA
EBUIIA P. UBAHOBHR', HEBOJIIA [I. HUKOJIHR” u BETUMUP P. PATIMHJIOBUER’

Dol omotipuspegnu Qaxyniteti, Ynugep3uitiel y Beoipagy, Hemawuna 6, Beoipag-3emyH, 2HXTM — Lenmap
3a enexiipoxemujy, Ynueep3uttieiti y beoipagy, Fbeiowesa 12, Beoipag u 3Tex1-10from1<o—memaﬂypm1cu
Qaxynitein, Ynusep3uitieil y Beoipagy, Kapneiujesa 4, Beoipag

Ienpputu cpedpa NpUNPEM/bEHH Cy MOCTYNIKOM eNeKTPOXEMHjCKOT Tanokemwa. Mcnu-
THUBAHU Cy CTPYKTypa, THI JBOjHMKA U HUXOBA pacnofena KopulrhemeMm ckeHupajyhe enek-
TpoHCKe MHUKpockonuje (SEM), BUCOKO-yraoHe TPaHCMHMCHOHE €JIEKTPOHCKE MHKDPOCKOIHje
TaMHOT To/ba ca KOHTpacTom aromckor dpoja (HAADF) u kpucranorpadCky oceT/bHBe OpH-
jentanuoHe mukpockonuje (OIM). Pesynratu cy nokasanu fa JeHOPUTe cpedpa kapaKkTepHule
MPUCYCTBO TPOU3BOJBHO pacropeheHHUX HBOjHMKOBAHMX JOMeHa, MelycoOHO pOTHpaHHUX 3a
180° oo 3ajesHuukor kpucranorpadckor npasua [111]. OcHoBHa ¢poHTanHa paBaH HEH-
oputa je {111} tuma. ['maBHO cTadmo meHOpUTA U CBe NEHAPUTHE IpaHe pacTy Y KPHUCTalo-
rpadckum mpaBOuMa Ttrma <112>.

(TTpumibeHo 6. MapTa, peBuAMpaHo 16. anpuna, mpuxsahexo 18. ampua 2014)
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Abstract: In order to find a new environmentally friendly coagulant that could
partially replace conventional polyaluminum chloride (PAC), which was
shown to be toxic to aguatic environments, gum extracted from the seeds of
Cassia fistula Linn. (CF) was investigated for the decolorization of reactive
dyes Blue 19 (RB19) and Black 5 (RB5) using jar-test experiments. The opti-
mal results showed that crude CF gum did not achieve high degrees of decolor-
ization of RB5 and RB19 when compared with PAC coagulant under the same
conditions. Whereas when CF gum was used in combination with PAC, decol-
orization efficiencies of both dyes reached over high values at 40 % volume
fraction of gum. These results indicated the potential of using CF gum as a
“green” coagulant or as a contributing factor to color removal in textile waste-
water.

Keywords. coagulation; dye removal; natural coagulant; reactive blue 19; reac-
tive black 5.

INTRODUCTION

With rapid technological developments, dyes are commonly used in many
industries, particularly the textile sector. It was found that the main components
in the wastewater are activated dyes that are completely soluble in water and
their complex chemical structures contain non-biodegradable groups. Without an
effective treatment of dyes before wastewater discharge, serious damage to water
sources, wildlife and human health could result even at low dye concentra
tions.12

To reduce the reactive dyes, coagulation is one of the most often used
techniques, in which inorganic coagulants (alum, ferric chloride, PAC, etc.), or
organic polymers (polyacrylamide, poly(dialyldimethylammonium chloride),
poly(acrylic-acid-co-acrylamide), etc.). Both coagulant groups are successful in

* Corresponding author. E-mail: manhhakg@yahoo.com.vn
doi: 10.2298/JSC140102041P
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color removal.23 However, these chemicals and their adjustments for pH,
temperature of the sample (before or after treatment) produce a huge volume of
sludge, which is sometimes difficult to thicken and increases operational costs. In
addition, recently there was a report suggesting that there may be a possible link
between the use of metal-based coagulants or excessive organic polymers and
cancer in human or infliction of harm to aquatic organisms.4

Due to the limited accessibility, high costs and potentia environmental
issues associated with conventional coagulants, there is a trend to use locally
available natural coagulants: Plantago psyllium,® Ipomoea dasysperma,® Mor-
inga oleifera,’ etc., as point-of-use treatment in the developing countries. They
have proved that extractable gums (polysaccharides) have functional groups that
serve as coagulants. These groups also help to reduce the dosages of the trad-
itional coagulants by 40 to 50 %. Furthermore, the gums are biodegradable and
produce sludge of low toxicity, which abates the possibility of secondary pol-
lution.

In the field of natural coagulants, Cassia seed gums seem to be an emerging
coagulant. Their endosperms contain an amount of the galactomannan polysac-
charides including cis-hydroxyl group interacting with colloidal particles.89
Some of seeds in the Cassia genus, such as C. angustfolia,10 C. javahikai,1! and
C. grandis!2 were found to be effective in the removal of pollutants in waste-
water. They could be employed as aternative coagulants or partial alternatives to
PAC.

In Vietnam, Cassia fistula Linn. (CF) or Golden Shower tree is an orna-
mental tree widely planted on many roads and parks because of its beautiful
flowers. However, according to Hoornweg et al.13 CF pods are major agricul-
tural wastes that cause increases in the capital costs of solid waste treatment. In
an effort to utilize this Cassia waste, Hanif et al.1415 presented a method in
which dried internal pod mass of CF was used as an alternative absorbent for the
successful removal of Ni from industrial wastewater (91 to 99 %) and for dec-
reasing the chemical oxygen (COD) of textile wastewater (71 %) in the labor-
atory. To the best of our knowledge, there have been few studies attempting to
assess characteristic of CF, and no publication related to the efficiency of CF
seed gum in wastewater treatment.16

Thus, the present study focused on the potential of gums extracted from CF
and PAC to reduce the color of reactive black 5 (RB5) and reactive blue 19
(RB19), together with the determination of the optimal factors, such as pH, agi-
tation speed, initia dye concentration (IDC), coagulants dosage (CF gum and
PAC) and reaction time. The performance of gum and PAC was evaluated indi-
vidually and in combination through measuring the decrease in maximum absor-
bance of the dyes. Furthermore, the chemical composition of CF gum was inves-
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C. fistula GUM FOR DECOLORIZATION 117

tigated by utilizing Fourier transform infrared spectroscopy (FTIR), high perfor-
mance liquid chromatography (HPLC), and gel permeation chromatography (GPC).

EXPERIMENTAL
Material: Cassiafistulagum.

Collection. The seeds of the Cassia fistula Linn. (CF) tree were collected in a park (Phu
Nhuan district, Ho Chi Minh city, Vietnam) in January 2013. The ripe fruits are black. They
were sun-dried and split into two halves to obtain the seeds.

Isolation. The extraction of polysaccharide from CF seeds was performed according to
Singh et al.® with some modifications. Briefly, dried seeds were ground into powder in a
blender. The dry powder was defatted and decolorized by Soxhlet extraction; the powder was
then dissolved in 1 % CH3;COOH solution and precipitated by ethanol to form a fibrous
masses. Next, the fibrous masses was dissolved in distilled water and precipitated again to
purify the gum. The crude CF gum was collected, crushed and dried.

Reactive dye stock

Both dyes RB5 (C.I. 20505, purity 68 %, Amax 599 nm) and RB19 (C.I. 61200, purity 47
%, Amax 590 nm) used in this study were purchased from Sigma-Aldrich, and their structures
aregiveninFig. 1.

NaQ3S [ I SO3Na
(a) NaOssO(Hzc)ZOZS—QN—Nj ! ! jN=1\14<j>—soz(cHz)zoso:;Na
OH NH,

(I |

SOH(CH,),080;Na

Fig. 1. Chemical structures of the studied dyes: (a) RB5 and (b) RB19.

At room temperature, the solubility of reactive dyes is limited. To prepare the dyeing
solution for the coagulant process, the operating condition of the dyeing processes had to be
mimicked, similar to the procedure described by Joo et al.,” to obtain a dye stock solution of
1000 mg L1 in the “hydrolyzed” form. Other dye concentrations, varying between 10 and 140
mg L1, were obtained by dilution of this stock solution.

Coagulant stock solutions

Besides CF gum, the other coagulant used in this study was PAC, a product of South
Basic Chemicals Co. Ltd., Vietnam; with a bulk density of 0.5 g cm3 and a specific gravity of
1.31 kg L™, containing a mass fraction of 15 % Al,Os.

The stock solutions of the coagulants were prepared by dissolving 500+1 mg of powder
(CF gum or PAC) into 100 mL distilled water (5000 mg L-Y) using a magnetic stirrer for 5
min and sonication for 60 min to obtain homogenous solutions. These solutions were stored in
arefrigerator at 5°C. To obtain the appropriate mass concentrations (80 to 350 mg L-1), these
solutions were diluted before use.
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Decolorization experiments

The coagulation studies were conducted by using a jar-test apparatus (Stuart flocculator,
SW6) based on the traditional methods reported by Ndabigengesere and Subba Narasiah? with
5 factors and some modifications such as the effects of a slow mixing phase on the agitation
speed and reaction time. In particular, the parameters and the ranges of their value are given in
Table I. The initial conditions for both CF gum and PAC treatment were pH 10, coagulant
dosage 100 mg L1, initial dye concentrations (IDC) 100 mg L-1, time 30 min, and agitation
speed 60 rpm. This study was designed based on a controlled, or one-factor-at-a-time,
experiment, i.e. in every series of experiments; only one independent factor was varied while
al other factors were kept constant. Overall, 5 series of experiment were performed to
evaluate the effects of al 5 factors.

TABLE |. The factors evaluated and the established range for the decolorization of dyes

Factor Values

pH 3,7,10and 12

Agitation speed, rpm 15, 30, 45, 60 and 90

Initial dye concentration, mg L1 10, 20, 50, 80, 100, 120 and 140
Coagulant dosage, mg L1

1. Gum 100, 150, 200, 250, 300 and 350

2.PAC 80, 100, 120, 140, 160, 180, 200, 220,240, 260 and 280

Reaction time, min 15, 30, 45 and 60

Characterization of the obtained gum

The obtained gum was characterized in terms of its chemical composition and molar
mass. The details of its characterization are given and presented as Figs. S-1-S-3 in the
Supplementary material to this paper.

Input and output water analysis

Dye decolorization efficiency could be measured by using the decreasing percentage of
the maximum absorbance (599 nm for RB5 and 590 nm for RB19) between initial and final
value (after 30 min settling) of dye solutions using Thermo a Fisher Scientific Inc., UV-Vis
Genesys 10 spectrophotometer, and the pH was determined using a digital pH meter model
744, Metrohm Ltd., Switzerland. All analyses were conducted in duplicate and the results
presented herein are the mean of duplicate + standard deviations (SD).

RESULTS AND DISCUSSION
Characterization of CF gum

The results of the characterization of the gum are given in the Supple-
mentary material to this paper (Figs. S-1-S-3). In summary, the analysis data of
CF gum, obtained by FTIR, GPC and HPLC spectrum, combined with galacto-
mannan information in previous studies,®8 revealed a possible galactomannan
structure of CF seed gum as shown in Fig. 2.
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Fig. 2. A hypothetic fragment structure of the CF gum.

Coagulation studies

The color removal effects of CF gum and PAC were studied using the one-
factor-at-a-time jar-test method. Here, the influences of each factor in the order in
which they were performed in the actual experiments are discussed.

Effect of pH. It was established that pH plays an important role in the
performance of dye coagulation process because it not only affects the speci-
aization of coagulant and the hydrolysis behavior of dyes, but also their solu-
bility.236 The variation in the effectiveness of decolorization with pH is pre-
sented in Fig. S-4 of the Supplementary material to this paper.

In the case of CF gum, color removal efficiency at alkaline pH was higher
than at neutral and acidic pH values. Particularly, at pH 10, the decolorization for
both RB19 and RB5 reached the highest values (56.7 and 31.7 %, respectively).
This pH value quite matched earlier research on |pomeoa dasysperma gum at pH
9.5.6

At pH 10, the relative dyes are primarily in a hydroxyethyl sulfone structure
as described in Fig. 3.18 It can react with galactomannans by intermolecular force
between the = electron system of the dyes and the cis-hydroxy groups in the
constituent sugars.8 Indeed, dyes can be easily removed by CF gum at this pH
value in amechanismiillustrated in Fig. 4.

0o o o ) o
Dye Chromophorefé—cHz-CHz»oso:&H Dye Chromophore Véwcﬁ—D—_CHz Dye Chromophore —§-0H2 CH,-OH
o] [¢] o]
Sulfatoethyl sulfonyl Vinyl sulfone Hydroxyethyl sulfone
pH 3 pH 7 pH 10
Nag

38

loeloe
pos
Dye Chromophore of Reactive Blue 19:
O Na0;S SOzNa

Dye chromophore of Reactive Black 5:  NaOsSO(H2C),0,8 _Q_N N N= N_Q_

OH NHy

Fig. 3. Structure of the reactive groups of the dyes at various pH values.

In the presence of stronger alkali (pH 12), the carbohydrate bone of CF gum
may be broken into complex particles that might not react effectively with dye
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molecules even though the dyes still retained the hydroxyethyl sulfone struc-
ture.19 Hence, this decreased the yield of decolorization.
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Fig. 4. The hypothetic mechanism of CF gum and dyes. a) RB19 and b) RB5.

In contrast, at pH < 7, the dyes become protonated, and positive charges
appear in their molecules. The acidic medium also causes the formation of cross-
linking bisacetal on the mannose backbone of the gum. The net effect is that elec-
trostatic repulsion occurs between the positively charged surface of the gum and
the positively charged dye molecules, resulting in a decrease in the efficiencies of
color removal.

In the case of PAC, the best results for RB19 and RB5 removal at 100 mg L1
dosage were 40.7 and 32.2 %, respectively, both achieved at pH 7. These show
that at low dosages, PAC exhibited poor efficiencies even at the optimum pH.
This phenomenon could be explained by the positive charges caused when
diluted PAC is not sufficient to destabilize the dye particles.3 This result is inter-
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esting because even though at high dosages, PAC exhibited much higher effi-
ciencies than CF gum (see section on coagulant dosage), at low dosage, PAC was
less efficient than CF gum. Moreover, when compared to CF gum (9), the lower
optimum pH of PAC (7) makes the decolorization process using PAC costlier
than using CF gum because of the necessity to neutralize the normally highly
alkaline reactive dyeing wastewater.3:17

Effect of agitation speed. In jar-test experiments, the agitation process is
separated into rapid mixing phase and then slow mixing phase. The rapid phase
was employed to ensure complete mixing of the colloids in the wastewater with
the coagulant. A speed of 200 rpm for 1 min was used for both the PAC and the
CF gum.17 In the slow phase, each coagulant needs a suitable agitation speed to
keep the particles suspended at a sufficient level without shearing them, so that
larger and larger aggregates can form. Thus, it was critical to investigate the
effect of agitation speed in the slow mixing phase and the obtained results are
shown in Fig. S-5 of the Supplementary material.

Thus, the highest color removal percentages by CF gum and PAC were
obtained in both the dye solutions at 60 and 45 rpm, respectively. It is obvious
that gum needs to be mixed faster than PAC due to the high viscosity of the CF
gum. In other words, the gum flocs are more stable than PAC. Thisresult is quite
similar to the agitation speed recommended by Tatsi et al.20 Hence, an agitation
speed of 60 rpm was chosen for CF gum and of 45 rpm for PAC in the sub-
sequent study.

Effect of initial dye concentration. The color removal percentages of RB19
and RB5 vs. the initial dye concentration (IDC) are shown in Fig. S-6 of the
Supplementary material. As the IDC of RB19 increased up to 100 mg L1, the
removal efficiencies were relatively constant; their values were around 56.7 and
48.1 % for CF gum and PAC, respectively. However, above this concentration,
the effects of both CF gum and PAC dropped rapidly to 18.2 and 20.8 %, res-
pectively. In the case of RB5, even though decolorization efficiencies amost
constantly decreased with increasing IDC, the slopes of the decrement in the low
concentration part up to 50 mg L1 were lower than in the high concentration part
above 50 mg L1, especially in the case of CF gum.

These “flat then drop” variations could be explained by the relatively fixed
ratio between the coagulant particles and the decolorized dye particles. Thisratio
is determined by the binding strength between the two kinds of particles.2! As
the concentration of dye increased but the dosage of coagulant was fixed, the
amount of decolorized dye particles was relatively fixed an increasing amount of
particles were left not decolorized. This led to the decrease in the decolorization
efficiency. With decreasing dye concentration, the decolorization yield first inc-
reased but then remained almost unchanged after the dye concentration passed a
threshold relative to the fixed coagulant dosage. These thresholds, i.e., 100 mg L1
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for RB19 and 50 mg L1 for RB5, were chosen to be the IDC in subsequent expe-
riments.

Furthermore, there was a large difference in the efficiency of CF gum (44.2
%) and of PAC (75.9 %), Fig. S-6b of the Supplementary material. The lower
efficiency of the gum could be explained by the weakness of the bonds between
the CF gum particles and the dye particles that are shown in Fig. 4b.

Effect of the coagulant dosage. The effects of the coagulant dosage on the
decolorization efficiency of PAC and CF are presented in Fig. S-7 of the Supple-
mentary material. Thus, PAC achieved efficiencies over 94 % for both RB19 and
RB5. At low dosages, the color removal of RB5 was higher than that of RB19.
However, the difference became unclear when the coagulant dosage was inc-
reased above 220 mg L—1. These results confirm that PAC is a coagulant with
highly positive charges and a very effective polymer for dye removal .3

With CF gum treatment, the removal yield initially increased to 62.0 and
53.8 % with dosages up to 200 and 300 mg L1 for RB19 and RB5, respectively.
However, decreasing efficiency trends were evident with further increasing of the
gum dosages. A possible explanation is that the appropriate dosage of CF gum
could cause dye particles to aggregate (destabilization) and settle out, so that
gum—dye bridging occurs.6:8 Then, when the CF gum dosage in the solution
exceeds an optimal threshold, there will not be enough bare dye particles with
unoccupied surface available for attachment of CF gum segments.1! This results
in a reduction in the CF gum—dye bridging and the solution restabilizes. Hence,
the optimal CF gum dosages of 200 and 300 mg L1 for RB5 and RB19, res-
pectively, were chosen for next series of experiments.

Reaction time. Along with agitation speed, reaction time at slow mixing
phase between coagulant and dye solution also plays relevant role. It mostly
depends on coagulant and wastewater characteristics. The effects of reaction time
on the efficiencies of dye removal are presented in Fig. S-8 of the Supplementary
material. Thus, with increasing reaction time, the dye removal efficiency of CF
gum was improved. The yields were 62.0 (RB19) and 55.7 % (RB5). Never-
theless, when the optimal reaction time of 30 and 45 min for RB19 and RB5, res-
pectively, were increased, the efficiencies became constant and even dightly
decreased. This may be due to restabilization of the aggregated particles.10 A
similar trend was also found in the experiment using PAC at 94.4 % (RB19) and
97.2 % (RB5).

Thus under the optimized conditions, it was possible with CF gum to remove
62.0 % of RB19 and 55.7 % of RB5, while the corresponding removal effi-
ciencies with PAC were more than 94 %. This difference may due to the original
characteristics of gum and PAC. While PAC is easy to dissolve in water and pro-
duce a positive charged polymer that can react directly with negative colloids
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(dyes), CF gum dissolve limitedly in water and its remova mechanism mostly
depends on bond interaction that is weaker than ionic bonds mechanism of PAC.917

Combination of CF gum and PAC

In order to investigate the effect of combining gum and PAC on dye
removal, a series of experiment was conducted for the full range of volume
fractions from 0 % gum with 100 % PAC to 100 % gum with 0 % PAC at opti-
mal conditions of CF gum for RB19 and RB5. The volume fractions matched
with mass concentrations of each coagulant are given in Table S-I of the Sup-
plementary material.

The relationship between the decolorization efficiency and the percentage
ratios between CF gum and PAC is described in Fig. 5. At first, as the gum
fraction increased from O to 20 %, the efficiency decreased because CF gum is
much less efficient than PAC, as shown in previous sections. However, as more

100.0 1
94.2 —O—Black5
90.0 4 =0O—Blue 19
S 92.6
S 80.0 {
<
£
8
£ 70.0
S
60.0 | 62.0
55.7
50.0

0 10 20 30 40 50 60 70 80 90 100
Volume fraction of gum, %
Fig. 5. Effect of combinations of CF gum and PAC on color removal efficiencies.

gum was added, the efficiencies arrived at 92.6 % (RB19) and 94.2 % (RB5)
when the gum fraction was 40 %. This suggests that the combination of CF gum
and PAC could provide for a strong chelation of PAC—gum—dye or gum—PAC-
—dye that allows the dye particles to settle easily as was demonstrated in a pre-
vious study.8 A possible chelation of CF gum with PAC and dye in solution is
illustrated in Fig. 6. With further increasing of gum fraction from 40 to 100 %,
the dye removal significantly decreased. This might relate to inadequate dosages
of CF gum and PAC. Therefore, this leads to inefficiency of the interaction
between gum and PAC.
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Fig. 6. Complexation of cis-hydroxyl group on the CF gum backbone with PAC and dyes.

CONCLUSIONS

Cassia fistula Linn. seed gum was investigated as a coagulant in the color
removal process of two reactive vinyl sulfone dyes, blue 19 and black 5. The
decolorization of these dyes by CF gum depended highly on pH because it may
affect the structure of dyes, gum and their interactions. The best result was
gained at pH 10. When only gum was used for RB19 and RB5 removal, the best
treatment efficiencies reached 62.0 and 55.7 %, respectively. However, a com-
bination of low dosages of gum (80 and 120 mg L—1) and PAC (132 mg L1)
showed rather high removal efficiencies of over 92 %. Therefore, the natural and
inexpensive gum extracted from Cassia waste was shown to be an effective
aiding factor for the color removal process using PAC, which helped to reduce
the usage of the inorganic coagulant PAC by up to 40 %.

SUPPLEMENTARY MATERIAL
The details of the characterization of CF gum and optimization of the dye removal are

available electronically from http://www.shd.org.rs/JJSCS/, or from the corresponding author
on request.
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H3BOI
MOTYRHOCT KOPUIIREA KAYUYKA U3 Cassia fistula CA TIOJITUAJTYMUHUTY M-
-XJIOPUJOM 3A OBE3BOJEILE OTIIAOHE BOJE OJ1 PEAKTUBHOT BOJEBA
YUAN SHING PERNG u MANH HA BUI
Department of Environmental Engineering, Dayeh University, No.168, University Rd., Dacun,
Changhua-51591, Taiwan, Republic of China

Kaxo Ou ce Hallao KOarylaHT MPUXBAT/bUB 3a JKUBOTHY CPEJUHY KOjU MOXE HNEeTUMUYHO
Ila 3aMeHH KOHBEHLMOHAIHU NOoNHaTyMUHUjyM-xiopul (PAC), koju ce ToKa3ao TOKCUUHUM y
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BOIEHO] CpPeJWHHU, MCIHUTAH je KaydyyKk eKcTpaxoBaH u3 cemeHa Cassia fistula Linn. (CF) y
odesdojaBamy on peaktuBHUX Oo0ja blue 19 (RB19) u black 5 (RB5) kopuirhewmem JAR-Tect
ekcriepuMeHarta. ONTHMaMHU pe3yiTaTH cy nokasanu ga cupos CF kayuyk (Ha pH 10, mo-
yeTHe koHUeHTpauuje 6oje on 100 u 50 mg L1, nose kayuyxa ox 200 u 300 mg L1, Bpemena
peaxuyje on 30 u 45 min u dp3uHa Mewmama of 60 o/min) HUje IOCTUrao Tako BUCOKE CTe-
neHe obesdojaBawa oxm RB5 u RB19 (55,7, ogHocHo 62,0 %) xao xoarynant PAC (97,2,
onHOCHO 94,4 %) mpu UCTOj MOYETHO] KOHLleHTpauuju doje. C mpyre crpaHe, kaja je Kaydyk
CF xopuirhen y xomdunauuju ca PAC, edukacHoct odesbojaBama ca obe Hoje je nmpesasuiiao
92, opHocHO 40 % 3ampeMHMHCKUX (ppakuyja kayuyka. OBH pesysnTaTH ykasyjy Ha NOTeHLUjasl
kopuirhema kaydyka of CF kao “3eneHor” xoaryjaaHTa WIM Kao JOAATHE KOMIIOHEHTE MpHU
odesdojaBawy OTHagHe Boje Off Dojerma TeKCTUna.

(ITpumsbeHo 2. janyapa, pesunupano 10. anpuna, npuxsaheno 11. anpuna 2014)
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CHARACTERIZATION OF CF GUM

Fourier transforminfrared (FTIR) spectrum of CF gum

The infrared spectrum of the CF gum was measured on a Bruker Equinox 55
FTIR spectrometer in the form of tablets KBr pellets. The spectrum was recorded
from 400 cm1 to 4000 cm—1 with 64 scans collected at aresolution of 4 cmrL.

The infrared spectrum of CF gum shown in Fig. S-1 indicates the typical
peak characteristic of polysaccharides and confirms the presence of many similar
sugar residues.

The broad band of 950 to 1151 cmr? is assigned to galactomannan com-
position in gum by the contribution of bending C-OH modes. The peak at 1151
cm1 results from stretching modes of the C-O present in the pyranose ring while
the absorption peaks at 1026 and 1093 cm1 correspond to bending vibrational
modes of C-OH. In the anomeric region (700 to 950 cm1), the obvious peaks at
814 and 875 cm! reveal the presence of a-linked D-galactopyranose and f-
linked D-mannopyranose unit, respectively. These bands identified a galactoman-
nan polysaccharide structure with the same characteristics as in a previously pub-
lished study.1

Carbohydrate profile

The congtituent saccharides (mannose and galactose) were measured by
HPLC under following conditions. 250 mmx4.6 mm i.d. NH>P-50 column
(Asahi Kasal Ltd.), mobile phase including water:acetonitrile of 20:80, flow rate
0.6 mL min—1 and with arefractive index (RI) detector at 25 °C.

The resulting chromatogram is depicted in Fig. S-2, which shows that the
average molar ratio of mannose to galactose in the CF gum was about 3.5:1. This

* Corresponding author. E-mail: manhhakg@yahoo.com.vn
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seems to be quite consistent with the result of Ali et al.2 This ratio indicates a
limited solubility of this gum in water due to the formation of strong intramole-
cular hydrogen bonds.
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Fig. S-1. FT-IR spectra of the CF gum.
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Fig. S-2. HPLC profile of the hydrolyzate of the crude CF gum.
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Molar mass deter mination of the CF gum

The number-average molar mass (Mp,) and weight-average molar mass (M,y)
of the samples were determined by gel permeation chromatography (GPC) with
an Agilent instrument (serial LC 1100) using an ultrahydrogel linear column (7.8
i.d.x300 mm, Waters, USA), a flow rate of 0.6 mL min-1, a CF gum concen-
tration of 2 mg L1, water as the solvent and NaHCOg3 buffer (pH 11) as the
eluent using an RI detector at room temperature.

The GPC chromatogram of the CF gum is presented in Fig. S-3. The weight-
average molar mass (My,) of the CF gum was 4.70x10° g mol~1 and the polydis-
persity index (D) was 2.483. The weight value was lower, but the D value of this
gum was higher than the values for other galactomannans extracted from some
plant sources, such as Dimorphandra gardneriana3 (My, 3.9x107 g mol-1, D
2.06), Caesalpinia ferrea® (M, 6.04x10° g mol-1, D 1.55) and Mimosas cab-
rella® (M, 8.48x105 g mol—1, D 1.3). Thus, the CF gum could dissolve faster
than the gums investigated in other studies. However, this product needs to be
purified or subjected to some modification steps to become a commercial coa-
gulant.>6
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—] M,: 1.8919 x 10° g mol ™

3 M,,: 4.6987 x 10° g mol

3 M,: 1.0032 x 10° g mol ™
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Fig. S-3. Molecular weight distribution of the CF gum.
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RESULTS FOR THE OPTIMIZATION OF THE REMOVAL OF THE DYES
60 1
50
40

30 1

Color removal, %

20 1

10 9

2.0 4.0 6.0 8.0 10.0 12.0
pH

@)

=0O=PAC
50 1 =0=-Gum

40 1 322

Color removal, %
(98]
~]

20 1

[

10 1
(b)
0 T T

2.0 4.0 6.0 8.0 10.0 12.0
pH

(b)
Fig. S-4. Effect of pH on the color removal for @) RB19 and b) RB5.
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Table S-I. Volume fractions and associated concentrations of each coagulant

Gum PAC

Dye Volumefraction Volume Massconcentration Volume Mass concentration
% mL mg L1 mL mg L1

Blue 19 0 0 0 50 220
10 5 20 45 198
20 10 40 40 176
30 15 60 35 154
40 20 80 30 132
50 25 100 25 110
60 30 120 20 88
70 35 140 15 66
80 40 160 10 44
20 45 180 5 22
100 50 200 0 0

Black 5 0 0 0 50 220
10 5 30 45 198
20 10 60 40 176
30 15 90 35 154
40 20 120 30 132
50 25 150 25 110
60 30 180 20 88
70 35 210 15 66
80 40 240 10 44
90 45 270 5 22
100 50 300 0 0
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