BULGARIAN CHEMICAL
COMMUNICATIONS

2017 Volume 49 / Number 4

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






Bulgarian Chemical Communications, Volume 49, Number 4, (pp. 761 — 767) 2017

Catalytic oxidation of Rhodamine B in aqueous solutions with sulphate radicals over
C0304/MgO and CoFe,04/MgO
I. A. Slavova, St. G. Christoskova, M. K. Stoyanova*
Department of Physical Chemistry, University of Plovdiv, 24 Tzar Assen Str, Plovdiv, 4000, Bulgaria
Received April 11, 2016; Accepted October 25, 2016

The oxidative degradation of Rhodamine B (RhB) in aqueous solutions with peroxymonosulphate (PMS) was studied
using Co304/MgO and CoFe,04/MgO as catalysts. The as-prepared samples demonstrated strong PMS-activating ability
despite low active phase loading percentage (5 wt%) and very low catalysts concentration ( 0.15 g dm). The performance
of the supported catalysts was found much better than that of their bulk analogues and mechanical mixtures of
corresponding bulk oxide and bare MgO due to the crucial role of basic support for facilitating decomposition of PMS
into highly reactive radicals. RhB degradation was found to follow the first order kinetics. The effect of catalyst dosage,
PMS concentration, and pH on the rate of RhB oxidation was investigated. The radical species generated from the catalytic

decomposition of PMS were identified by quenching studies.
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INTRODUCTION

Dyestuffs represent one of the largest groups of
organic pollutants in wastewaters, generally released
from textile finishing, dye manufacturing, leather
dyeing, pulp and paper production, Kraft bleaching
and tannery industries [1]. Dyes are considered
hazardous to the environment and could cause
significant health concerns due to their non-
biodegradability, toxicity, potential carcinogenic
and mutagenic nature [2]. Therefore, the removal of
dyes from industrial effluents prior to their discharge
into natural water bodies has attracted much interest
and is an important practical problem.

Advanced oxidation processes (AOPs) based on
the activation of environmental friendly oxidants to
generate highly reactive radicals are recognized as
effective technologies for degradation of refractory
organic pollutants in water at ambient conditions [3-
5]. Over the past few years, sulphate radical based-
AOPs are attracting considerable attention in the
area of wastewater treatment because, compared to

hydroxyl radicals, sulphate radicals (SO, ) have

higher oxidizing strength, longer half-life and are
more selective for the oxidation of contaminants in
industrial  effluents, thus overcoming some
limitations of the conventional Fenton processes

[5,6]. An efficient route for production of SO, is

the  homogeneous activation of  peroxy-
monosulphate (PMS) with transition metal ions,
cobalt ions being the best activator [7]. However,
cobalt is recognized as a priority pollutant in water
and the adverse effect of dissolved cobalt ions on
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animals and human beings might result in
environmental concern [8]. Several researchers have
found that heterogeneous cobalt-based catalysts -
bulk and immobilized on various supports such as
TiO2, Al,Os, SiO,, activated carbon, etc., coupled
with PMS exhibited a good performance on the
degradation of 2,4- dichlorophenol and phenol [8-
10]. However, few studies have been conducted on
cobalt oxides and supported Co oxides for
degradation of organic dyes using PMS as oxidant
[11-13]. Considering the environmentally friendly
nature, relative low cost and abundance of iron, Su
et al. [14] have investigated the catalytic activity of
a series of CoxFes—xO4 nanoparticles for activation of
PMS for heterogeneous degradation of RhB dye and
found that the increase in cobalt content in the
catalyst resulted in higher degradation efficiency. In
our previous study cobalt and mixed iron—cobalt
oxides immobilized on MgO were synthesized and
were proven to be very effective heterogeneous
catalysts for Acid Orange 7 oxidation in aqueous
solution by using PMS as oxidant [15]. To date, few
studies have reported the heterogeneous degradation
of RhB in agueous solution through sulphate radical
approach [13, 14, 16].

This study reports the oxidative degradation of
the refractory dye Rhodamine B in aqueous solutions
using Co304 and CoFe,04 supported on MgO as
catalysts for heterogeneous activation of PMS. The
kinetics of the oxidation process and the effect of
some important factors such as catalyst dosage, PMS
concentration, and initial solution pH on the RhB
degradation  efficiency  were  investigated.
Furthermore,  quenching  experiments  were
conducted for identifying the dominating reactive
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radicals generated from the catalyst-mediated
decomposition of PMS.

EXPERIMENTAL

MgO supported catalysts with 5 wt. % Co304 or
CoFe,04 loading were prepared by incipient wetness
impregnation [15]. Bulk CozO4 and CoFe;O4 were
prepared by a precipitation/co-precipitation method.

XRD patterns of the samples were obtained on a
TUR M62 powder X-ray diffractometer (XRD)
using Co-Ka radiation (A= 1.789 A) at 40 kV and 20
mA. The morphology of the catalysts was
characterized on a JEOL JEM 2100 high resolution
transmission electron microscope (TEM) using an
accelerating voltage of 200 kV. Two basic regimes
of microscope mode were used — bright field
transmission microscopy (TEM) and selected area
electron diffraction (SAED). The pH of the point of
zero charge (pHezc) of the catalysts was determined
by the pH drift method [17]. The amount of cobalt
and iron in the prepared samples, as well as the
concentrations of leached Co and Fe in the solution
were measured by atomic absorption spectrometry
(AAS, Perkin-Elmer).

Catalytic oxidation of RhB with PMS was carried
out in a 400 cm?® glass reactor at 293 K with constant
stirring at around 400 rpm. In a typical experimental
procedure, a fixed amount of catalyst was added to a
200 cm?® solution containing 50 mg dm of RhB and
the suspension was stirred for 30 min to achieve
adsorption-desorption equilibrium. The reaction was
initiated by addition of oxidant to attain the
predefined PMS/RhB molar ratio. Aliquots of 4.0
cm® withdrawn from the mixture at given time
intervals were immediately mixed with 1 mL of
methanol to quench the reaction. The RhB
concentration in the aqueous solution was
determined by means of UV-Vis spectrophotometry
(Cintra 101, GBS) at 554 nm. All tests were
conducted in triplicate to ensure the reproducibility
of experimental results.

RESULTS AND DISCUSSION

The crystal structure of the synthesized supported
catalysts was investigated by XRD and compared
with those of the MgO support and bulk cobalt and
iron-cobalt oxides (Fig. 1). The spectra of
unsupported samples showed distinct peaks, which
match well with cubic spinel-type Co304 (JCPDS
42-1467, lattice parameter a=8.08 A) and CoFe;O4
(JCPDS 22-1086, lattice parameter a=8.37 A),
respectively. The average crystallite size of bulk
C0304 and CoFe;04, calculated according to the
Debye-Scherrer equation, was found to be 34.7 and
11.3 nm, respectively. As seen in Fig.1, the XRD
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patterns of Co0304/MgO and CoFe;O4/MgO are
similar to that of bare MgO and no obvious
reflections typical of the corresponding spinel oxide
phases could be observed. This suggests a high
dispersion of cobalt and iron particles on MgO
because the Fe and/or Co levels on supported
catalysts were close to preparation settings as
revealed from the AAS analysis.
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Co0304 and CoFe;04
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The presence of spinel structured oxide phases on
MgO was evidenced by using TEM (Fig. 2). The
bright field TEM images (Fig.2a) show that the
immobilized spinel oxide nanoparticles (the small
dark spots) are well dispersed on the surface of the
MgO support and their size is in the range of about
10-20 nm. The diffraction patterns (SAED) obtained
from the TEM (Fig. 2b) show spinel phases Cos0.
and CoFe20., respectively, with the diffraction rings
corresponding to reflections from the crystal planes
of the expected phases marked on the figure.
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Fig. 2. (a) Bright field TEM (60 kX) and (b) SAED
patterns of the synthesized supported catalysts.
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The temporal spectral changes of RhB in solution
during oxidative degradation on the Co0304/MgO
sample are depicted in Fig. 3. It is seen that the
characteristic RhB absorption peak at 554 nm
rapidly decreases throughout the reaction and finally
disappears, indicating the facile break-up of the
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conjugated xanthene structure. Meanwhile, no
hypsochromic shift in the maximum absorption band
of RhB was observed during oxidation, implying
that no N-de-ethylation of the dye takes place in
competition with the degradation of the RhB
chromophore ring. Furthermore, a simultaneous
reduction in the absorption peak at 259 nm attributed
to the n—* transition in the aromatic ring group was
also registered, indicating concomitant degradation
of the aromatic part of the RhB dye. Since there are
no additional peaks appearing in the UV-Vis spectra
in the course of the experiment, it could be
speculated that no other products detectable by UV-
Vis spectroscopy are left in the reaction mixture.
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Fig. 3. UV-vis spectral changes of RhB in the
C0304/MgO-PMS process.

The representative data for degradation of RhB in
different systems are presented in Fig. 4.
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Fig. 4. RhB degradation with time in different
systems. Reaction conditions: [RhB]° = 50 mg dm=,
catalyst loading = 0.15 g dm~, PMS/RhB=20:1.

In the control experiment without PMS a
negligible decay of nearly 25% in RhB
concentration was noticed within 30 min, which
could be attributed to physical adsorption of dye
molecules on the surface of the supported catalysts.
PMS alone brought about only 22% RhB removal
after 30 min, indicating that the oxidant itself could
not induce significant RhB oxidation. A limited RhB
degradation was also observed in the presence of

bare MgO coupled with PMS. After 30 min, the RhB
reduction was less than 30%, implying that PMS
could be activated by MgO to produce

peroxymonosulphate radicals (SO, ) probably due
to the following reaction,

MgO + HSOs" — Mg2* + "OH+ SOs" 1)

However, the RhB oxidation over bare MgO
slightly differs from that of PMS self-oxidation,
suggesting that generation of radical species in the
given case takes place at a very low rate. Besides, the
observed linear RhB removal profile in the MgO-
PMS mixture further evidences that activation of
oxidant is the rate-limiting step of the oxidation
process rather than the destruction of the dye
molecules by radicals formed.

The catalytic performance of unsupported Co30,
and CoFe,0, oxides was also explored. The results
reported in Fig. 4 revealed that the RhB degradation
rate has reached less than 60% and 43 % within 20
min in the Co30,—PMS and CoFe;04—PMS systems,
respectively. However, when Co3;0, and CoFe;O4
nanoparticles immobilized on MgO were used as
catalysts for PMS activation, RhB underwent rapid
and almost complete degradation. More than 99% of
RhB was eliminated in 12 min using Cos;04/MgO,
whereas CoFe;04/MgO displayed lower activity,
with complete dye removal after 20 min. Moreover,
the performance of the supported catalyst was found
only slightly inferior to that of the homogeneous
Co(Il)/PMS reagent. A very low extent of cobalt and
iron leaching from Co304/MgO, and CoFe,04/MgO
catalysts (less than 3%) during the reaction suggests
that the RhB degradation is not influenced by the
homogeneous reaction taking place due to the
leached metal ions. These results strongly suggested
that the spinel structured oxide supported on MgO
has strong PMS activation functionalities. The
relatively slower RhB degradation kinetics assisted
by supported cobalt ferrite could be attributed to the
lower cobalt content in this catalyst. Moreover, our
previous Mdssbhauer studies showed that Fe ions in
the synthesized CoFe,04/MgO are in 3+ oxidation
state and occupy both tetrahedral and octahedral
sites in a face- centered cubic crystalline structure
[15]. Unlike Co (I1), Fe (111) is an electron acceptor

and decomposes PMS by generating SO;™ . These

radicals are much less reactive than sulphate radicals
and hence their contribution to the oxidative
destruction of the dye is insignificant.

Meanwhile, Co species in Cos0. are also a
mixture of Co(ll) and Co(lll) with Co(lll) being
predominant (the molar ratio of Co(l11)/Co(ll) is 2 as
it is the Fe(111)/Co(ll) ratio in CoFe;O4). It could be
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speculated that the better catalytic activity of
C0304/MgO resulted from the more intimate
interactions between Co(lll) and Co(ll) at the
molecular level (i.e. Co-Co linkages) than Fe-Co
interactions in CoFe204/MgO. As a result, the cobalt
redox cycling in Coz04 could take place faster thus
facilitating the radical generation. Although the
C0304/MgO catalyst exhibited higher catalytic effect
on RhB degradation than supported cobalt ferrite,
the latter is a more relevant catalyst considering
environmental and practical aspects (hon-toxicity
and abundance of iron).

The observed enhancement in the catalytic
activity of MgO loaded Cos0.and CoFe;O4 could be
attributed to two factors: (i) the hydroxyl groups on
the surface of MgO facilitate the formation of
functional Co(Il)-OH complexes through direct
interaction of surface cobalt species with the nearby
surface OH groups on the support, which are crucial
for radical generation in the subsequent step of PMS
activation [18]; (ii) the basic surface of MgO ensures
good dispersion of the active phase, leading to more
intimate interaction of cobalt species with the
surface hydroxyl groups of the support. Hence, more
active sites for PMS activation were produced on
C0304/MgO and CoFe,04/MgO compared to their
bulk analogues, which led to the accelerated
generation of active radicals and thus to the higher
RhB degradation efficiency. The much weaker
catalytic performance exhibited by the mechanical
mixture of CosO4 and MgO confirms the crucial role
of the close contact between the support and the
active oxide phase for the efficient PMS activation.

Experimental data revealed that RhB oxidation
over bulk and MgO supported catalysts follows the
first order Kkinetics. The reaction rate constants (k)
and regression coefficients (R?) of the model fitting
are given in Table 1.

Table 1. Kinetic parameters of RhB degradation in
different catalyst — PMS systems

Catalyst Rate constant (min?) R?
C0304 0.0428 0.992
CoFey04 0.0274 0.994
C0304/MgO 0.3243 0.994
CoFe,04/MgO 0.2212 0.991

Further assessment of the efficiency of the as-
prepared supported catalysts for RhB degradation
was done by studying the influence of several
operating parameters, including catalyst dosage,
PMS concentration, and initial solution pH.

The RhB degradation efficiency was enhanced
with the increase in catalyst dosage regardless the
nature of the supported active phase (Fig. 5). The
increased reaction rate with catalyst loading is
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evidently due to the availability of more active sites
on the catalyst surface for activation of PMS,
resulting in faster generation of more reactive
radicals. In fact, complete RhB removal could be
reached within 12 min at Co304/MgO loading of
0.15 g dm, whereas catalyst concentration at 0.5 ¢
dm resulted in 100% dye degradation within very
short duration of 3 min. Accordingly, upon the same
increase in the amount of CoFe,04/MgO catalyst, the
time required for full discoloration of dye solution
was reduced 2.5 times.
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Fig. 5. Effect of catalyst amount on the RhB
degradation rate. (a) Co0304/MgO; (b) CoFe,04/MgO
(0.15 g dm™). Reaction conditions: [RhB]° = 50 mg dm~
8 PMS/RhB=20:1.

However, a less pronounced increase of the rate
constants with catalyst amount increasing from 0.3
to 0.5 g dm was found (inset of Fig. 5), which could
be due to the self-quenching of a rapidly generated
large amount of radicals by PMS instead of reacting
with target molecules. Another reason could be the
formation of aggregates between catalyst particles
which resulted in a reduced number of available sites
for PMS activation. It should be emphasized that
although a difference in the degradation rate of RhB
was observed, the final removal efficiencies were
similar due to the same concentration of oxidant.

Fig. 6 presents RhB degradation kinetics in the
presence of Co03;0./MgO at different PMS
concentrations (in terms of molar ratio of
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PMS/RhB). As can be seen, faster RhB decay rate
and higher removal efficiency are achieved by
increasing the PMS/RhB molar ratio due to the
production of more radicals to degrade RhB dye. At
a molar ratio of 2/1, RhB was slowly and not
completely degraded with a final removal of 51.8 %
after 20 min, while for the same duration at a five-
fold higher PMS concentration, the removal
efficiency was near 100%. Incomplete degradation
of the dye was also registered using a molar ratio of
6/1, attributed to the depletion of oxidant, which
dosage was much less than the required
stoichiometric  dosage for complete RhB
mineralization [13].
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Fig. 6. RhB degradation over Co304/MgO at different
PMS concentrations. Reaction conditions: [RhB]° = 50
mg dm3, catalyst loading = 0.15 g dm.

The RhB removal rate, as characterized by the
pseudo-first order rate constant, increased almost
linearly with increasing PMS/RhB ratio up to 20/1,
implying that the active sites on the catalyst surface
were still not totally occupied by PMS, but no
significant change in the removal efficiency was
observed at further increasing the PMS dosage (inset
of Fig. 6).The observed trend might be attributed to
the fixed number of surface active sites, which
gradually became the limiting factor controlling the
yield of radicals at high PMS concentration, so that
the radical yield was almost independent of PMS.
Less pronounced enhancement of the RhB removal
efficiency when the molar ratio of PMS/RhB was
higher than 20/1 could also be explained by the
increased competition of the higher number of PMS
molecules for absorption and consequent activation
on the finite number of surface sites.

Since the dye-containing effluents are discharged
at various pH, the ability of a heterogeneous catalyst
to operate efficiently under different pH conditions
is highly desirable. The effect of initial pH on the
RhB degradation over supported catalysts was
studied at pH 4.1, 6.98 and 9.2 and the results are
presented in Fig. 7. It is obvious that acidic medium
is more suitable for the catalytic degradation reaction

and an evident decrease in the RhB degradation
efficiency can be observed in neutral-alkaline
conditions. At the initial pH of 6.98, 100% RhB
removal was achieved after 40 min using the
CoFe;04/MgO catalyst, while the dye was fully
degraded for a twice shorter period when pH was
decreased to 4.1. It is worthy to note that even under
alkaline conditions, a complete discoloration of the
RhB solution could be achieved in about one hour,
implying that the catalysts prepared still exhibited a
good catalytic activity at high pH values.
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Fig. 7. Effect of pH on RhB degradation over
C0304/MgO (open symbols) and CoFe,04/MgO (closed
symbols). Reaction conditions: [RhB]° = 50 mg dm,
catalyst loading = 0.15 g dm~3, PMS/RhB=20:1.

The decrease in dye removal rate with increasing
pH (inset of Fig. 7) might be explained considering
that the solution pH significantly affects the surface
charge of the catalysts and the speciation of RhB and
PMS in solution. Hence, the adsorption of dye
molecules and the effectiveness of oxidant activation
on the catalyst surfaces could change at different pH
and thus influence the degradation efficiency. Since
the pHpzc of the MgO supported catalysts was found
about 9.8 — 10.1, the surface of the catalyst particles
was positively charged in the entire pH range
studied. On the other hand, at pH values higher than
pKa of RhB (3.7), the carboxyl group of the cationic
form of the dye is deprotonated and the zwitterionic
form of RhB is formed [19]. Accordingly, due to the
electrostatic interaction, RhB species tend to adsorb
on the positively charged surface sites of the catalyst
via the negatively charged carboxyl group.
However, the positively charged surface sites
decrease with increasing pH, while the fraction of
zwitterionic form increases. The latter would favor
the aggregation of RhB by forming dimers due to the
electrostatic interactions between the xanthenes and
the carboxyl groups of the RhB monomers. The
adsorption of large dimers is hindered and under
such conditions the RhB removal might be inhibited.
Furthermore, the observed decreasing trend could
also be due to the radical scavenging effect of
bicarbonate anions used to adjust pH, as well as to
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the inefficient self-decomposition of PMS through a
non-radical pathway at high pH values [20]. Thus,
these could be possible reasons for the lower RhB
degradation rates observed at neutral-alkaline
conditions.

The activation of PMS by heat, UV, metal ions or
metal oxides usually generates two major kinds of

radicals, viz., hydroxyl radicals (*OH ) and sulphate
radicals (SO, ) [3, 9, 21]. To confirm that RhB

degradation resulted from radical attack and to
identify the dominant radical species generated by
catalyst/PMS couples, quenching tests were
conducted with the addition of EtOH and TBA as
radical scavengers. Ethanol acts as a scavenger of

both*OH and SO, , while TBA is often used as an

effective “OH quenching agent because the rate
constant of TBA with “OH is approximately 1000
times greater than that with SO,~ [3]. The effect of

both quenching agents on the rate and efficiency of

RhB catalytic oxidation over Co304/MgO is shown

in Fig. 8.
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Fig. 8. Effect of different radical scavengers on RhB
degradation in the Co304/MgO — PMS system. Reaction
conditions: [RhB]° = 50 mg dm3, catalyst loading = 0.15
g dm=, PMS/RhB=20:1.

Results showed that there was no distinct
difference in the rate and efficiency of RhB removal
when TBA was added to the reaction mixture even
at very high dosage. However, addition of ethanol
suppressed the oxidation process and the inhibition
was enhanced with increasing EtOH concentration
(inset of Fig. 8). In fact, only 10% drop in RhB
degradation efficiency with rate constant decreasing
from 0.3243 to 0.1897 min* at lower EtOH/PMS
molar ratio (300/1) was observed despite the fact that
ethanol is a strong quencher of both sulphate and
hydroxyl radicals. The RhB degradation was more
significantly inhibited on further increase in the
ethanol dosage (EtOH/PMS =2000/1), attaining only
70.6% oxidation upon exhaustion of the oxidant. The
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same effect of both scavenging agents was also
observed in the PMS-CoFe,0./MgO oxidation
system. The results provided evidence that sulphate
radicals appeared to be the major radical species
generated during the activation of PMS by the
catalysts prepared in this work and controlling the
oxidation reaction.

CONCLUSIONS

In this study, sulphate radical-based degradation
of RhB in aqueous solutions was studied. Reactive
radicals were produced through heterogeneous
activation of PMS mediated by Co3;04and CoFe;0.
supported on MgO. Deposition of Cosz04 and
CoFe;04 nanoparticles on a basic MgO support led
to considerable enhancement of their PMS activation
functionality. MgO-supported catalysts produced
fast and complete degradation of RhB (50 mg dm)
the apparent rate constants being almost eight-fold
of that over corresponding bulk analogues. More
than 99% of RhB was degraded in 12 min using
C0304/MgO, while a slightly inferior catalytic
performance was presented by the CoFe.0./MgO
catalyst with complete dye removal after 20 min.
The higher catalytic activity of supported catalysts
compared to bulk oxides is attributed to the
increased basicity of the catalyst surfaces, which
facilitates decomposition of oxidant and thus favors
radical generation. Increasing the catalyst amount
and PMS concentration enhanced the RhB
degradation rate, while removal efficiency decreased
as solution pH rose. Quenching studies showed that
the destruction of RhB is due to the generated
sulphate radicals.
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KATAJIMTUYHO OKNCJIEHUE HA POJAMMH B BbB BOIH PA3TBOPHU CBHC
CYJI®ATHU PAAVKAJIU BBPXY Co0304/MgO 1 CoFe204/MgO

. A. Cnasoga, Ct. I'. Xpucrockoa, M. K. CrossHOoBa*

Kameopa “Dusuxoxumus”, ITnoeouecku ynusepcumem “Iaucuii Xunenoapcexu”, yu. ,, Llap Acen*, Ne 24, 1000
IInosous, bvieapus

ITonyuena na 11 anpun, 2016 r.; kopurupasa Ha 25 okromBpu 2016 1.
(Pesrome)

W3cenBaHO € OKHUCIUTETHOTO pasrpaxiane Ha Pomamun B BBB BomHM pazrtBopu ¢ nepokcumoHocyidar (PMS) ¢
usnon3Bane Ha Co304/MgO and CoFe;04/MgO kato karamusartopu. CHHTe3upaHuTe 00pa3iy moka3sar Bucoka PMS-
aKTHUBAIlMOHHA CIIOCOOHOCT, HE3aBHCHMO OT HHCKOTO CBHABP)KaHHE HAa HaHeceHaTa akTWBHa ¢a3a (5wt%) m MHOTO
HHUCKATa KOHLEHTpalus Ha katanuzaropa (0.15 g dm?®). AKTMBHOCTTA HA HAHECEHUTE KATAJIM3aTOPH € 3HAYUTEJIHO MO~
BHCOKa OT Ta3W Ha MACHUBHHUTE MM aHAJO3M M Ha (M3MYHH CMECH Ha IIMHHENHHTE okcuan U MgO, apmxamo ce Ha
ompenersmaTa poias Ha Oa3WuHUS HOCHTEN 3a MOANOMAaraHe pasiaraHeTo Ha PMS 1o cmiHO peakTHBOCHOCOOHM
pagukann. Pasrpaxxganero Ha RhB ce momunHsIBa Ha KMHETHYHHUTE 3aKOHOMEPHOCTH HA PEAKIUHU OT IBPBH MOPSIBK.
W3cnenBaHO € BIMSHUETO Ha KOJMYECTBOTO HA Karalu3aropa, KoHIeHTpauusita Ha PMS u pH BBbpXy ckopocrTa Ha
OKHCIHTENHHsl Tpouec. Upe3 eKCIepuMEeHTH ¢ J00aBsHE Ha paJuKaI-YJIaBsIld areHTH ca WJICHTUQHIUpaHU
panvKanoBUTE YaCTUIM, 00pa3yBaHU NPH KaTATUTUYHOTO pa3jaraHe Ha OKHCIIATENS.
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analogues and docking results by polynomials

F.I. Sapundzhi”, T.A. Dzimbova?, N.S. Pencheva?, P.B. Milanov*?

1South-West University "Neofit Rilski", Bulgaria, 2700 Blagoevgrad
2Institute of Molecular Biology, Bulgarian Academy of Sciences, Bulgaria, 1113 Sofia
3Institute of Mathematics and Informatics, Bulgarian Academy of Sciences, Bulgaria, 1113 Sofia

Received November 30, 2016; Accepted February 10, 2017

One of the areas of bioinformatics is the development of fast and reliable methods for predicting the biological activity
of compounds. This will facilitate the design of new compounds and reduce costs. The process of creating selective
ligands of a delta opioid receptor (DOR) was directed towards the synthesis of enkephalin analogues. Their biological
activity was determined by using in vivo and in vitro methods, which allows establishing the relationship between structure
and biological activity. The relationship between the values of the ChemScore scoring function from the docking
procedure in GOLD 5.2 and the values of the total energy of the ligand-receptor complex in Molegro was modeled with
first- to third-degree polynomials and a surface fitted method. The polynomial surface of third degree displayed the best
fit, assessed by the least squares method. In our previous study with the theoretical model of DOR (PDBid:10zc) the
relationship between the values of efficacy of the compound, the values of the GoldScore scoring function from the
docking procedure in GOLD 5.2 and the values of the total energy of the ligand-receptor complex in Mollegro was
established. This relationship was modeled with a third-degree polynomial in software MATLAB. The aim of the present
work was to find an optimal fitting polynomial function modeling the relationship between the quantitative parameters of
in vitro bioassay and the values of the scoring functions from molecular docking with crystal structure of DOR
(PDBid:4ej4) and delta-opioid ligands using the least squares method. The third-degree polynomial was successfully used
for modeling the relationship between the efficacy of delta-selective enkephalin analogues and docking results. It was
described by a polynomial surface of third degree.

Keywords: Computer modelling, QSAR, Surface fitting, Scoring functions, Molecular docking, Delta opioid receptor.

INTRODUCTION In silico experiments are very helpful in drug
design, because of their major role in reducing the
time and the costs of the studies and they can be used
as viable alternatives to animal trials. The structure-
based drug design methods which include three-
dimensional structural information from biological
targets are an important component of modern
medicinal chemistry [4]. Molecular docking and
structure-based virtual screening are often used in
structure-based drug design because of their
applications in the analysis of molecular recognition
such as binding, energetic, molecular interactions
and conformational changes [5]. The molecular
docking of ligands with a protein structure (in our
case DOR with crystal structure) aims to predict the
ligand-protein complex structure by exploring the
conformational space of the ligands within the
binding site of the protein. The scoring functions are
then used to approximate the free energy of binding
between the protein and the ligand in each docking
pose.

The aim of the present study was to investigate
the relationship between the wvalues of the
quantitative parameters of in vitro tests erl, Ka, 1Cso
and the results of the molecular docking - the

Morphine produces a large diversity of
pharmacological responses by interacting with the
opioid receptors in the nervous system. It is an
agonist ligand for -, 6- and x-opioid receptors and
that is why most of its effects are due to particular
ligand-receptor interactions. The delta-opioid
receptor (DOR) is part of the G-protein-coupled
receptors (GPCR) and plays an important role in the
perception of pain.

The design of selective and effective ligands for
DOR is related with a lot of experiments with
different enkephalin analogues. These analogues
were synthesized and biologically tested in previous
in vitro studies [1, 2]. According to the in vitro
results and the mathematical model of a partial
agonism [3], the potency (concentration which
produces 50 % of the maximal response of the tissue,
ICs0), could be calculated with the explicit formulas
of the affinity (reciprocal of the dissociation
constant, Ka) of the respective analogues, and the
relative efficacy (erel).

* To whom all correspondence should be sent: minimum  energy conformation for each ligand-
E-mail: sapundzhi@swu.bg receptor complex, the scoring functions to calculate
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binding affinities of protein-ligand complexes based
on experimental structure and the data from in vitro
bioassay.

To this purpose the following tasks should be
solved: 1) implementation of the molecular docking
calculations of the model of DOR with crystal
structure (PDBid:4ej4) and the delta-selective
enkephalin analogues, and calculation of the total
energies of the formed ligand-receptor complex after
the docking procedure and 2) finding a function z =
f(x,y) from some class of polynomials, that fits
given n distinct data points {(x;, v;, z) =, in R3
by the least squares method.

MATERIALS AND METHODS
Receptor — DOR (PDBid:4ej4)

The model of the delta-opioid receptor with
crystal structure published in the RCSB Protein Data
Base (PDBid: 4ej4) was used (http://www.rcsb.org).
This protein is long 461 amino acids [6].

Ligand - delta-selective enkephalin analogues and
related compounds

The ligands used in this study were tested for
their values of 1Csog, Ka, €rer In an in vitro test in
previous research [1-3]. The results from the in vitro
bioassay of Cys?-containing and related analogues of
enkephalins on their inhibitory effects of the mouse
vas deferens tissue are presented in Table 1.

Docking procedure and scoring functions

The docking procedure was performed with the
software GOLD 5.2 and all four scoring functions
available in the program: GoldScore, ChemScore,
ChemPLP, ASP scoring functions [7- 10]. In this
paper we examined the ChemScore function as a
scoring function for the protein-ligand docking
program GOLD 5.2 and its benefits to carry out

accurate docking, to predict the binding energies,
and to realise the biological effects of the tested
compounds.

The ChemScore scoring function is an empirical
function which contains angular terms for hydrogen
bond interactions and emphasizes these directed
interactions more strongly. It was trained by
regression against measured affinity data. The
ChemScore function estimates the total free energy
change that occurs on ligand binding [7].

The binding site of DOR is known from the
literature [11]: it comprises the residues within 10 A
around an aspartic acid residue, Asp128.

The total energies of binding of the formed
ligand-receptor complexes were calculated by the
Ligand Energy Inspector Tool and MolDock scoring
function in software Molegro Molecular Viewer
(http://molegromolecular-viewer.software.
xinformer.com), (MMV Version 2.5) [12,13]. This
tool allows getting detailed information about the
energy interactions for the protein-ligand complex.

Fitting methods

The fitting of the experimental data for DOR
(PDBid: 4ej4) is performed by the polynomial
function (Egn.1), where z is a dependent variable, x
and y are independent variables. The values of z,
Z>..., Zn represent the values of the in vitro
parameters 1Cso, Ka Or er; the values of X1, Xa..., Xn
represent the results from the docking procedure, i.e.
the values of GoldScore, ChemScore, ChemPLP, and
ASP scoring functions; the values of yi, Yo..., Vn
represent the total energies for the formed ligand-
receptor complex; a;j are the parameters of the
model; n is the degree of the polynomial (0<i+j<
n). The coefficients of Eqn.1 were determined by the
least squares method (Eqn.2), where m is the number
of ligand-receptor complexes (data points).

Table 1. The eleven ligands used in this study

Primary structure

Mouse vas deferens

Ligand I1Cs0 (NM) Ka (nM) Erel
Tyr-D-Pen-Gly-Phe-D-Pen DPDPE 6.18+1.17 180435  30.2+10.0
Tyr-Gly-Gly-Phe-Leu [Leu®]-enk 11.45+2.06  54.9+13.1 5.8+1.0
Tyr-Gly-Gly-Phe-Met [Met®]-enk 18.91+2.15 48.4+7.5 3.610.3
Tyr-Cys(Bzl)-Gly-Phe-Leu [Cys(Bzl)?, Leu®]-enk 8.30+1.40 68.5+29.7 9.3+3.2
Tyr-Cys(Bzl)-Gly-Phe-Met [Cys(Bzl)?, Met®]-enk 9.53+1.20 23.8+3.0 3.5+0.3
Tyr-Cys(O2NH2)-Gly-Phe-Leu [Cys(O2NH>)?, Leu®]-enk 1.29+0.31 36.4+16.4  29.2+9.5
Tyr-Cys(O2NH2)-Gly-Phe-Met [Cys(O2NH>)?, Met®]-enk 2.22+0.45 14.145.4 7.3+2.0
Tyr-D-Cys(O2NH2)-Gly-Phe-Leu  [DCys(O.NH-)?, Leus]-enk 11.40£2.01  73.4£12.7  7.4£1.9
Tyr-D-Cys(O2NH2)-Gly-Phe-Met  [DCys(O.NH-)?, Met®]-enk 75.96+11.67  463+161  7.1+18
Tyr-HCys(O2NH2)-Gly-Phe-Leu  [HCys(O.NH,)?, Leus]-enk 31.924¢5.10  76.4+7.1  3.4+0.2
Tyr-HCys(O2NH2)-Gly-Phe-Met [HCys(O2NH>)?, Met®]-enk 16.09+1.90 55.7+6.1 4.5+0.3
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(1) z=f(xy) =

D
a;jx'y’
0<i+j<k
t

(2) minimize F(ayg, ..., Qor) = Z Zg — z ain§ ysj

Qgo,---Aok)

In order to explore the fitting behavior of some
polynomial degree functions, a series of fittings was
carried out by a polynomial with two variables from
a first to a third order. The Surface Fitting Tool of
MATLAB (http://www.mathworks.
com/products/matlab) [14] was applied and the
individual model could be interpreted as a surface
fitting function of the experimental data by the least
squares method. This tool provides descriptive
statistics, including: R-square (R?), adjusted R* (adj
R?), sum of squares due to errors (SSE), root mean
squared error (RMSE), etc. The goodness of fit of a
statistical model describes how well it fits into a set
of observations: 1) SSEis a quantity used in
describing how well a model represents the data
being modeled, where the values of SSE near to 0
show that the model has a smaller random error
component and then the fit will be useful for
prediction; 2) R? measures how successful the fit is
in explaining the variation of the data and it is
defined as the ratio of the sum of squares of the
regression and the total sum of squares about the
mean, where the values of R? closer to 1 indicate that
a greater proportion of variance is accounted for by
the model; 3) Adj R? is a modified version of R? for
the number of predictors in a model and it gives the
percentage of variation explained by those
independent variables only that in reality affect the
dependent variable. It can take on any value less than
or equal to 1, with a value closer to 1 indicating a
better fit; 4) RMSE is a measure of the difference
between values predicted by a model and the values
actually observed from the environment that is being
modeled. The values of RMSE closer to 0 indicate a
fit that is more useful for prediction.

RESULTS AND DISCUSSION

The molecular docking calculations with the
model of DOR with crystal structure (PDBid:4ej4)
and the 11 ligands from Table 1 were carried out with
software GOLD 5.2. The program for docking
generated several probable ligand binding
conformations at the active site around the protein
target - DOR (PDBId: 4ej4). The active site of the
DOR (PDBid: 4ej4) includes the residues within 10
A around an Asp128 [19]. All four scoring functions
embedded in the program in GOLD 5.2 (GoldScore,
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ChemScore, ChemPLP and ASP scoring functions)
were used to rank the conformations of the opioid
ligands by evaluating the binding density of each of
the probable complexes.

An example of the ligand-receptor interaction
between DOR (PDBid:4ej4) and an endogenous
ligand [Leu®]-enkephalin around the active site -
Asp128 residue - is presented in Fig. 1.

Fig. 1. Diagram of the ligand-receptor complex between
DOR (PDBid:4ej4) and an endogenous ligand [Leu®]-
enkephalin. The receptor is presented in ribbons and
helixes. The ligand is presented in yellow circles (picture
generated by Molegro Molecular Viewer).

Inorderto assess the suitable relationship
between biological activity of the delta opioid
ligands and the docking results (the values of the
scoring functions in GOLD 5.2) the Surface Curve
Fitting Toolbox in the software MATLAB was
applied [14].

The total energies of the ligand-receptor
complexes formed after molecular docking in
GOLD 5.2 with the model of the DOR (PDBId: 4¢j4)
and the best pose of the ligands were calculated in
software MMV 2.5 [12,13].

The aim of the curve fitting was to find the
parameters of a mathematical model that describes
the data by minimizing the difference between the
model and the set of data. By using polynomial least
squares surface fitting methods, polynomials of a
first to a third order were used for fitting of the
experimental data in both X-axis and Y-axis. These
data can be represented as follows: 1) the values of z
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represent the values of the in vitro parameters erei, Ka
or ICso [2]; 2) the values of x represent the docking
results (the values of scoring functions GoldScore,
ChemScore, ASP and ChemPLP calculated by
GOLD 5.2); 3) the values of y represent the total
energies for the ligand-receptor complex formed
after docking with the corresponding scoring
functions (the values of MolDock scoring function
calculated by MMV).

The best results of the parameters used for
surface fitting in MATLAB for DOR (PDBid:4ej4)
can be presented as follows: the values of z represent
the values of er from in vitro parameters [1-3], the
values of x represent the values of the ChemScore
function and the values of y represent the values of
the total energies for the ligand-receptor complexes.
The modeling of the relationship between efficacies
of enkephalin analogues, total energies calculated by
MMV and ChemScore scoring function calculated
by GOLD 5.3 was carried out with methods
described in Section 2. The results are presented in
Table 2.

The polynomial models from the first to the third
degree were estimated with the statistical criteria of
goodness of fit — SSE, R?, adjusted R?, RMSE. The
obtained results for the statistic parameters are
presented in Table 3. The goodness of fit statistics
shows that the obtained model for fitting the
experimental data for DOR (PDBid: 4ej4) with the
third degree for x and the third degree for y is a good
one.

As it can be seen from Table 3 the model of third
degree is with the highest values of R? and the values
closer to 1 show that a greater proportion of variance
is explained by the model. The values of SSE for the

cubic polynomial are close to 0, which indicates that
the model of third degree has a smaller random error
component and the fit will be more useful for
prediction. The values of Adj R?> for the cubic
polynomial are less than 1. It is a good indicator of
the fit quality when two models are compared and a
value closer to 1 shows a better fit. The values of
RMSE for the third degree of polynomial for DOR
are closer to 0 and demonstrate a fit that is more
useful for prediction.

After analysing the results from Table 3 we found
that the polynomial model of third degree for the
surface fitting data is a good model which explains a
high proportion of the variability in experimental
data, and it is able to predict new observations with
high certainty [21]. This model is represented as the
following Eqn.(3) and the coefficients are given in
Table 4.

(3) f(X,y) :aOO+a10*x+a01*y+a20*x2+a11*x*y
+ag, * Y2+ +agoxxd+ ay xxtxy+ag,
*x Y%+ agy xy?

The surface fitting by the first to the third degree
of the polynomial of the experimental data from
Table 2 for the DOR (PDBid:4ej4) is presented in
Fig. 2 (A,B,C). A graphic representation of the
relationship between the three numeric variables in
2D is presented in Fig. 3 (A, B, C). The values of the
ChemScore function and the values of total energy
are for X and Y axes, and the values of the potency —
ICso are for contour levels. Fig. 4 (A, B, C)
represents the residual plot for the polynomial
models from the first to the third degree. These
diagrams provide visual displays for assessing how
well the model fits the data. They are used to
evaluate the distribution of the residuals and identify
influential observations [14].

Table 2. Values of the parameters used for surface fitting: ChemScore scoring function calculated by GOLD 5.2, total energy
calculated by MMV and e obtained by in vitro bioassay

Ligand ChemScore Total energy €rel
[Cys(Bzl)?, Leu®]-enk 38.91 -170.657 9.3
[Cys(Bzl)?, Met®]-enk 35.19 -125.108 35
[Cys(0:NH2)?, Leu®]-enk 28.48 -118.805 29.2
[Cys(0:NH.)?, Met®]-enk 25.82 -87.343 73
[DCys(02NH,)?, Leu®]-enk 31.84 -136.187 7.4
[DCys(02NH,)?, Met®]-enk 31.55 -139.449 7.1
[HCys(02NH,)?, Leu®]-enk 32.75 -100.702 30.2
[HCys(02NH,)?, Met®]-enk 26.55 -112.164 3.4
DPDPE 29.23 896.877 4.5
[Leu®]-enk 31.62 -119.009 5.8
[Met®]-enk 32.22 -106.792 36

Table 3. Assessing the goodness of fit for the polynomial models obtained by the least squares method

Degree SSE R? Adj R? RMSE Coefficient
First 443.5817 0.5446 0.4308 7.4463 3
Second 167.1000 0.8285 0.6569 5.7810 6
Third 0.0092 1.0000 0.9999 0.0960 10
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Table 4. Mean values (confidence bounds) of the
coefficients of the third-order polynomial model.

Coefficients ~ Mean (with 95% confidence bounds)
aoo -188.4 (-705.4; 373.7)
a1o 1855 (-17.99; 3279)
ao1 -828.1 (-4019; 2363)
a0 740.8 (48.93; 1433)
an 1.3 (-397.5; 2.639)
ao2 839.8 (-1929; 3609)
aso 83.1 (29.72; -136.5)
a2 2506 (119.9, 4892)
a 2.3 (-1630; 4.563)
o3 4556 (-1526; 1.065)

TatalEnergy

26 28 30 32 34 36 35
ChemScore

TotalEnergy

2 34 36 33
ChemScore

26 28 30

TotalEnergy

28 28 30 32 34 36 38
ChemScare

Fig.3. 2D contour plot of the 3D surface in Fig. 2 for the
model of DOR (PDBid:4ej4). The first degree polynomial
fitting is presented in (A); the second degree in (B); the
third degree in (C). The diagrams were generated with
MATLAB.

The top plot of the residual plot presented in Fig.
4 (A, B, C) shows that the residuals are calculated as
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the vertical distance from the data point to the fitted
curve [14]. The bottom plot presented in Fig. 4 (A,
B, C) displays the residuals relative to the fit which
is the zero line.

Total energy

ChemScore

Fig. 4. The residuals plot for the obtained polynomial
models of the first degree is presented in (A); the second
degree in (B); the third degree in (C). The diagrams were
generated with MATLAB.

Several studies were performed in this direction
with other two models of DOR: 1) a theoretical
model of DOR (PDBid:10zc) and 2) a model of DOR
obtained by homology modeling, named Model B
[15-26].

A relationship between the values of the efficacy
erel from in vitro parameters [1,2,3] and the values of
GoldScore scoring function from docking procedure
in GOLD 5.2 and the values of total energies of
formed ligand-receptor complexes was established
for the theoretical model of DOR (PDBid:10zc). The
polynomial surface of the 3 order has the best fit,
assessed by the method of least squares (R? = 1.0,
SSE = 0.009207, adjusted R* = 0.9999,
RMSE = 0.096) [15].

A relationship between the values of the potency
ICso from in vitro parameters [1,2,3] and the values
of ASP scoring function from docking procedure in
GOLD 5.2 and the values of total energies of formed
ligand-receptor complexes was found for the Model
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B of DOR, obtained by homology modeling [16-18].
The best fitting of experimental data for the Model B
of DOR was obtained for a polynomial surface of the
39 order again (R?=1.0, SSE = 0.2460,
adjusted R? = 0.9999, RMSE = 0.1568).

According to the established relationships for the
three models of DOR we suggest that the polynomial
surface of the 3 order has the best fit, assessed by
the least squares method [21]. This polynomial order
could be successfully used for modeling of the
relationship between the efficacy of delta-selective
enkephalin analogues and the results from the
docking procedure. Furthermore, the ligand-based
and the structure-based approaches of virtual
screening are a hopeful and effective search of
effective 5-selective enkephalin candidates.

The number of these parameters is determined
exactly from the degree of the found “optimal”
polynomial.

Usually we solve the fitting problem by the least
squares method for polynomials of second, third,
fourth, etc. degree and choose the best.

CONCLUSIONS

Analysis of the data from in vitro bioassay and in
silico docking studies may help to better understand
the relationship between in vitro biological effects
and molecular docking results; the docking studies
are in good agreement with the in vitro studies.
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Enna ot obnactute Ha OmomH(poOpMaTHKaTa € pa3paboTBaHETO Ha OBP3W M HANEKTHU METOIU 3a TpelCKa3BaHe Ha
OMOJIOTMYHA aKTHBHOCT Ha cheAnHeHMs. ToBa 1ie yIeCHH AM3AfHBT HA HOBU ChEIUHEHHUS U Ie HAMAaH Pa3XoAuTe Mo
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pELEenTOpHUTE KOMIUIEKCH, M34McieHa B Molegro Geme MopenupaHa ¢ NOJIMHOMH OT IbpBa JIO TpeTa CTENCH B
TpuUMepHOTO npoctpancTBo B Matlab. Haii-no6poto ¢utBane Ha nanHuTe Oeiie yCTaHOBEHO 3a MTOJIMHOM OT TPETa CTEIIeH,
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The flow impact over a spherical particle immersed in a biofluid at the impeller plane of a stirred laboratory bioreactor is
examined. Based on the entire particle surface, the system mimics the flow effect upon living cells at growth being
affected by hydrodynamic stress. Backswept (BS) circulation flow showed weak shear effect and was expected to stand
as prospective operational means for growth in suspension cultures. A dual modified backswept impeller was selected to
generate the flow circulation around the particle. Computational fluid dynamics (CFD) methodology was used. The shear
distribution was obtained in the reactor inner volume as well as on the surface of the immersed body. The maximum wall-
shear rate values were determined to be in the range from 1200 to 4000 s*. Evidence is given for areas of critical

performance that imply cell damage in practical culture.

Keywords: mixing, backswept impeller, colloidal dispersions, wall shear, CFD

INTRODUCTION

The flow shear conditions near immersed
particles in agitated bioreactors are important in
biotechnology. Rapid deformations occur in many
industrial systems, including cell and mycelia
cultures in bioreactors for production of proteins,
antibiotics, and other value added products. Cell
fragmentations have been reported to be caused by
such complications. Therefore, works devoted to
hydrodynamic stress in mixing reactors and process
strategies in relation to rotational speed and gassing
present continuous interest [1]. Among these, the
problem of cell negative response by the flow impact
at shear conditions near immersed living particles in
sparged cultures of agitated bioreactors prevails [2-
7]. Shear has been identified as the cause of
decreasing cell viability and morphology changes
are frequently observed [8, 9]. Gas bubbles have
been also reported to increase the shear stress around
floating micro-objects [9]. In case of growth in
micro-carrier cultures, loss of viable cells has been
reported even at laminar stresses in the range of 0.5
to 10 Pa [10]. Referring to the overview of Nienow
and coworkers [1], one finds that potential risks of
cell damage lie within the specific flow field
generated by the impeller and the performance of the
gas flow related to bubble formation in the sparger
zone, impeller discharge area and bubble bursting at
the air-medium interface. In some cases, liquid jets
(up to 5 m/s) are produced at gas cavities that may
increase shear stress up to 100-300 Pa [11].

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

Considering the regions of potential risk for cell
fragmentation in agitated reactors, namely, the
sparger, the impeller discharge area, the vessel bulk
bubble rise, it is of potential interest to reveal the
value of shear force per unit surface acting on a
particle in these zones.

In general, referring to the properties of impeller
mixing of cell suspensions, one should avoid
intensive  high-shear  conventional  impellers.
Recommendations for effective operation of sparged
agitated Dbioreactors have been given [11].
Exemplifying animal cells, in order to avoid cell
damage the impeller should be of a type that does not
produce excessively high local rates of energy
dissipation. Relatively large fluid-foil impellers,
such as Elephant ear impeller [12] have been studied.
Data on particle wall shear rates generated by radial
flow conventional Rushton (RT) impellers [12, 13]
and fluid-foil Narcissus [12] have been reported. RT
showed high wall-shear rates critical for cells. In
contrast, recent comparison of radial flow (RT) and
backswept flow (BSF) impellers [14] has shown
mild operating conditions in terms of shear in favor
of the latter. It is expected that backswept impellers
could be appropriate operational means for mixing
and growth of stress-sensitive suspension culture.
However, data on wall shear generated by backswept
impellers on particles in bioreactors are lacking. In
most cases, aeration of culture takes place and the
effect of gassing in cases of BSF is also unknown.

In view of responding to engineering interest on
a new BSF impeller, the aim of the study is to
uncover the shear conditions in the flow over a
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particle exposed to the impact of BS impeller
discharge and to compare these conditions with
reference critical values in order to assess the flow
properties of a relevant bioreactor operation.

The flow is a highly non-uniform one due to the
impeller induced generic wide-spectrum velocity
variation in stirred tanks, as well as due to the non-
linearity of shear stress vs. shear deformation rate in
agitated complex fluids. For that reason, the
visualization technique based on CFD methodology
was implemented as the most appropriate one for the
analysis.

EXPERIMENTAL

Focusing on the physical model, the experimental
reactor schematic is shown in Fig. 1. Addressing
standard conditions in biological reactors, a dual
impeller stirred Biostat vessel with tank diameter of
0.165 m and impeller diameter of 0.066 m (Sartorius
Biostat Aplus) [15] was simulated (Fig.1). The
working volume was 4.5 dmd. Impellers with
modified curved arc-shaped blades [16] were used to
generate the vessel backswept hydrodynamics. In
cases, air was fed through a ring sparger with 12 one-
mm openings. Further details on the system
geometry have been reported elsewhere [14].
Interaction between flow and particles was included
by assuming a single stagnant particle exposed to
flow discharge driven by the rotating impeller, thus
developing the strain corresponding to the maximum
(i.e. relative between the fluid and the particle
surface) velocity at the immersed body. For that
purpose, a model sphere 5 mm in diameter was
positioned in the impeller plane at a distance of 2 cm
off the impeller tip opposing the discharge flow
direction (Fig. 1). The shear parameters around and
upon this probe were targeted.

The significance of fluid friction property for the
fragmentation analysis was recognized and fluids of
non-Newtonian flow properties frequent in practice
were studied. The reference practical range of S for
mixing of cell culture ~10 s through 10 ks was met
by various rotational speeds N. Four prototype fluids
corresponding to different states of the experimental
biofluid [15] were simulated, the flow index n and
consistency coefficient K wvarying as follows:
n=0.78, K=0.02 Pa.s", n=0.78, K=0.1 Pa.s", n=0.38,
K=0.26 Pa.s" and n=0.34, K=0.55 Pa.s"..

The Metzner constant required to calculate the
average shear rate for curved blades was 7.1, as
reported determined by Taniyama and Sato [17] and
reported in [18].

The study covers an apparent viscosity range less
than 50 m Pa.s and relative aeration flow rate of 1
vvm that applies to a wide range of bioprocess
technical scale conditions [15]. The flow pattern in
small vessels is an intensive one and the
corresponding Reynolds numbers for rotational flow
of 0.5-1.10* obtained assumed turbulent conditions.

Shear rate was determined by a numerical
procedure using CFD model and solution
methodology. The following details were worked
out.

The flow field was simulated by the RANS
standard k-¢ (SKE) model and the Eu-Eu

formulation of two-phase gas-liquid flow. For the
moving volume the multiple reference frame
approach [19] was used.

The hydrodynamic stress was determined from the

shear rate (S ) and the constitutive equation of the
fluid (non-Newtonian power law one):

Fig.1. Reactor, impeller and spherical probe schematic and flow patterns observed.
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In equations (1-3) V indicates local velocity, 7 is

shear stress, Ha IS apparent viscosity.
The governing equations [19] were solved
numerically by Fluent (ANSYS FLUENT Release
13.0, ANSYS, Inc., 2010). The computational grid
was generated by using Gambit (version 2.1).
Unstructured mesh for complex shape with approx.
10° cells tetrahedral mesh for the volumes next to the
impeller blades and the probe and hexahedral mesh
for the rest of the tank was used. The grid interface
between the inner rotating cylindrical volume and
the outer stationary volume was a conformal one.
Mesh refinement degrees down to <0.05 mm linear
dimension were generated in order to achieve near-
surface velocity gradients.

The boundary conditions for the single phase
case were symmetry for the bed top and no-slip for
wall boundaries in single phase flow and air velocity
inlet and pressure outlet for the gas phase in cases of
two-phase gas-liquid flow. A steady solution was
performed for the single phase cases and a transient
one for the presence of gas. The convergence
criterion was set for the velocities and turbulence
values equal to 1x10%, Reasonable convergence was
achieved. Validation was carried out by basic
parameters, momentum, power number, as well as
by comparing values of experimental and predicted
wall shear rates. The simulation in this format has
been experienced formerly for radial flow and its
validation related to non-Newtonian flow has been
reported [12].

RESULTS AND DISCUSSION

Assuming that cell fragmentation is proportional
to the slip velocity of fluid-particle interaction, shear
rate on particle Sp was selected as the representative
parameter of interest. However, overall shear rate (
S ) distribution, including bulk fluid shear Sf was

also examined. Answers of three basic issues were
sought: (1) How much is the extent of inner fluid

shear rate S; and the corresponding particle wall

shear rate Sp generated by the BS impeller-imposed

flow; (2) Is the effect of gas presence a significant
one; (3) Within the practical range of input power,

could the flow produce shear stress values 7,

critical for processing of mycelia or animal cells?

The flow pattern caused by backswept flow is a
small loop radial one, as illustrated in Fig. 1. Thus,
the impeller zone facing the particles was of major
interest.

Both fluid shear rate and particle wall shear were
target values and the vessel bulk and particle surface
were examined. Accordingly, tank-scale and
particle-scale data are illustrated, the first ones
showing the flow field and its zones of spread in 2-
D vertical plane (x=y) passing through the particle
(Fig. 2) and in radial X-Y plots along a tangent and a
central line adhering and passing through the
particle, respectively (Figs. 3, 4); The second scale
visualized the near-wall shear distribution directly as
a solid body representation of particle surface (Fig.
5). Figs. 2-5 and Tables 1-2 contain the results.

Fig. 2 illustrates the typical flow field for the case
of backswept flow in both 2-D zones of spread and
average zone shear rate (in s*) at the two degrees of
a non-Newtonian flow, i.e. low consistency (K=0.02
Pa.s") and high consistency (K=0.1 Pa.s") one.
Impeller speed N= 750 rpm was selected as the most
representative for the configuration of the dual arc-
shaped impeller employed. The choice was based on
previous comparative analysis with conventional
BIOSTAT showing equal reaction effectiveness of
the conventional Rushton (RT) radial flow impeller
at 400 rpm and the present one at 750 rpm relevant
to a biological system producing exopolysaccharides
[15]. The contour plots in the figure correspond to
increasing deviation from Newtonian flow
properties at no gas and gassed conditions. As

illustrated, the bulk fluid shear rate Sf , generated by

the backswept impeller, is of the order of magnitude
reported for conventional impellers, namely <2.102

s[20, 21]. As estimated by the spread of zone (S'f

~ 10 s, Sf is getting damped successively by

rising consistency and gas introduction.

Shear distribution along selected lines, i.e. a
central one and a tangent one, is shown in Figs. 3 and
4. Both upper and lower impeller zone were
examined and showed similar patterns; the results in
the figures represent the upper impeller and particle
zone. Fig. 3 shows the effect of mixing intensity
controlled by rpm and consistency at no gas

conditions. Point values of maximum shear S
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Fig. 2. Typical 2-D image of the vessel bulk fluid shear rates (s*) at N=750 rpm and increasing deviation from
Newtonian properties at no gas and gassed conditions: (a) fluid n=0.78/K=0.02 Pa.s", no gas, (b) fluid n=0.78/K=0.1 Pa.s",

no gas, (c) fluid n=0.78/K=0.1 Pa.s", gassed.

3 257
45--— - _ . |-
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Fig. 3. Effect of rpm and consistency on shear rates ( S ) generated by backswept flow at no gas conditions: S versus
radial position along the central () and tangent (®) lines (a) N=1080 rpm, n=0.78, K=0.02 Pa.s" (b) N=750 rpm, n=0.78,

K=0.02 Pa.s", and (c) N=750 rpm, n=0.78, K=0.1 Pa.s"

corresponding to the radial locations near particle
surface, e.g. frontal and tangent ones, are seen; only
the radial interval around the particle (0.04<r

<0.068, 0.053<r, <0.058) is shown. Fig. 3(a) versus

3(b) shows the rpm effect, while Fig. 3(b) vs. Fig.
3(c) shows the effect of fluid consistency. One
estimates that the maximum particle wall shear rate
imposed by BS flow is of the order of 1000 to 4500
s, In parallel, mixing intensity shows strong impact
on shear, i.e. 30 % speed deviation (18 rps to 12.5
rps) might cause a 2-fold particle shear decrease

(between 4.5 and 2 ks*). Comparing the S -profiles
of a moderately viscous fluid (~7 mPa.s, K= 0.02
Pa.s") and a highly viscous fluid (~37 mPa.s, K=10.1
Pa.s") at similar mixing intensity (N=750 rpm), the
shear deformation rate decrease is obvious.

Fig. 4 shows the effect of gas presence at low
(K=0.02 Pa.s") and high consistency (K=0.1 Pa.s").
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The case of low consistency corresponding to low
apparent viscosity (~7 mPa.s) at 900 rpm indicates
sharp decrease of shear rate more than 30 % in gas
presence. In contrast, (Fig. 3c and Fig. 4c compared),
shear rate at high consistency corresponding to 5-
fold viscosity rise is only slightly affected by gas
presence and shows no shear increase or only slight
increase, e.g. 7%, possibly due to the increase of
fluid mobility in parallel to the intensified motion
caused by the gas bubbles.

In Figs. 5(a) and 5(b) shear rate zonal spread on
the particle surface is revealed. In both figures

particle wall-shear Sp (in ks is illustrated. Extreme

non-uniformity of shear, as well as zones of
maximum shear showing different spread over
particle side and rear are registered. Inferring on the
effects seen in the figure, the high stress zone is
expected by the side stream, while the lowest stress
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Fig. 4. Effect of gas on shear rate (ks) generated by backswept flow at low and high consistency: S versus radial

position along the central (4) and tangent (®) lines at: no gas, N=900 rpm, K=0.02 Pa.s", n=0.78, (b) with gas, N=900
rpm, n=0.78, K=0.02 Pa.s", (c) with gas, N=750 rpm, n=0.78, K=0.1 Pa.s",
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Fig.5. Solid body image of S - zonal spread (Sp . 10% s1) at backswept flow (BSF): S - distribution at 750 rpm
corresponding to low (K=0.02 Pa.s" / n=0.78) and high (K=0.1 Pa.s" / n=0.78) consistency, gas absence and presence in

(a) particle side view, and (b) particle rear view

zone in gas presence coincides with the low pressure
gas filled zone at the particle rear. This is valid
strongly for the case of low consistency (K=0.02 Pa
sM.

Figs. 3-5 present local S - values. Based on the
cross-sectional area of the plane (x=y) and the
particle considered, surface-area averaged values
corresponding to the various performance variables
were determined. Table 1 contains the summary of
results. In the Table, the values of shear stress are
determined and the opposite effect of gas on shear at
low and high consistency is registered. The data
allow comparison between cases of backswept flow
(BSF) and other flow types, e.g. generated by radial
flow by Rushton (RT) impeller. Table 2 compares

the cases’ parameters including data for flat-blade
(RT) impeller mixing [12] based on specific input
power, i.e. power P per unit fluid volume V.
Referring to a similar range of input power, e.g. 1-6
W/dm?, particle wall shear imposed by a
conventional flat-blade impeller RT is about 3-fold
higher than the one determined for the backswept
impeller studied.

While showing the magnitude and the effects, it is
the practical outcome of the result that is important:
what are the ranges of shear stress imposed on a
stagnant particle in configuration of backswept flow
and how they conform to reported criteria for cell
damage? The results in Tables 1 and 2 suggest the
answer.
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Table 1 Average wall shear stress: the effect of gassing

Fluid N Gas fa Ren S Sp 7p
[rpm] U/G [mPas] [-] [s] [s] [Pa]
w % w8 Bl
078 - -
e I A
wo Y er e P wm
cotbe T g %4 0 e g g1

*Conditions: U ungassed, G gassed

Table 2 Comparison of shear imposed by the backswept (BS) and Rushton (RT) impellers

Flow Pattern N PNr_s S Sp i
[rps] [Wdm™] [s1] [ks1] [Pa]
10 1.7 43.9 1.68 6.1
BSF 12.5 3.3 56.6 2.36 8.5
15 5.7 67.3 3.0 10.3
6.7 1.4 24.5 9.57 254
RT[12] 10 4.6 36.7 9.64 25.6

Recalling critical values of shear stress likely to
cause damage to animal cells or mycelia reported in
the literature, the relevant flow conditions could be
classified in terms of shear inducing properties as
appropriate or non-appropriate for the specific
operation.

Critical values for cell damage have been
reported in the literature [1-9]. Animal cell damage
was found to start in the range of shear stress from
0.2-200 Pa [2]. Recent studies pointed at threshold
values of hydrodynamic stress of ~25-30 Pa [6].
Studies related to the performance of Carthamus
tincotius L. by Liu et al. [7] showed that changing
shear stress between 10 and 50 Pa, the specific death
rate of the plant cells increased 5-fold. They
confirmed the previous result [3] that significant cell
damage of plant cells occurred when the maximum
shear stress exceeded 70 Pa. In case of growth in
microcarrier cultures, loss of viable cells has been
reported even at laminar stresses in the range 0.5 to
10 Pa [10]. Referring to living microobjects,
studying the effect of hydrodynamic stress on the
growth of Xanthomonas campestris cells, Garcia-
Ochoa et al. [8] reported morphology changes yet at
9 Pa and a 40 % decrease of cell viability at shear
stress of 35 Pa.

Based on these data, one could realize that a
vessel could operate at a mixing regime generating
particle shear stress exceeding 70 Pa at an increased
degree of risk for damage in case of shear-sensitive
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biomass. Nevertheless, to avoid detrimental effects
shear deformation rate should not exceed ~3 ks and
shear stress ~10 Pa. Referring to the typical range of
mixing variables in Table 2, the backswept induced
circulation studied is well within the limits for
bioprocessing. The analysis based on the results
points at the range of moderate rotational motion
generated by the backswept unit at lower rotational
speed, e.g. less than 900 rpm to be the most
appropriate one for feasible operation involving cell
culture. Operational modes exceeding 10 Pa could
be acceptable for bioreactors processing mycelia
biomass with a danger of some loss of activity.

CONCLUSIONS

In conclusion, the study presents a CFD-based
assessment of an important flow parameter - an
image of shear imposed on particles immersed in a
complex non-Newtonian fluid with a view to
engineering application to suspension culture of
stress-sensitive cells in stirred bioreactors. It reveals
the maximum flow impact at the wall of a stagnant
particle in colloidal dispersion circulated by means
of a backswept impeller. The rates of shear generated
by the radial velocity-dominated circulation flow, as
well as the hydrodynamic shear stress on particles at
no gas conditions and in gas presence are
determined. Evidence is given for areas of critical
performance in a case of primary circulation that
imply changes in cell physiological response in
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practical cases of culture bioprocessing. Referring to
reported critical shear stress values in the literature,
the data for backswept flow allow extension of
classification of practically occurring operational
regimes in terms of potential risks for cell damage.
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CKOPOCTHU HA CPA3BAHE BBPXY HACTULIM ITPU PASEBPKBAHE C JIbI' OOBPA3HU
JIOITATKHU CBbC 3HAYEHUE 3A ®U3UOJIOTUATA HA MUKPOOPT AHU3MU
YYBCTBUTEJIHU KBM MEXAHNUYHO HAIIPEXXEHUE
C.A. Brnaes [I. I'eoprues

Hnemumym no unsicenepna xumus, bAH, yn. Axao. I'. boues 6a. 103, Cogpua 1113, Bvreapus
bypeacku ynusepcumem ,, Ilpogh. Acen 3namapos”, kam. ,, Unowcenepra xumus *, oya. Ilpogh. Axumos, 1, Bypeac 8010,
bvneapus

IMonyuena Ha 3 anpui, 2017 r.; npuera Ha 23 Maif, 2017 .

(Pesrome)

W3cnenBaHo e BIMSIHWETO Ha XMAPOJWHAMHKATA Ha pa30ObpKBaHE BBPXY cepHUHa YacTHIla, MIOTOICHA BBB (Biayna B
paBHMHATA Ha WMIIENIEp C PEakTHBHH ABrooOpas3Hu yomatku. Cucremara Harmono0sBa BIUSHHE HA IMOTOK BBPXY JKUBU
KJIETKH Ha MHKPOOPTaHU3MHU B OMOpEakTopH C pa3ObpkBaHe. MIMIenephT ¢ peakTHBHHU JIOMATKHA OCUTYPSIBA MTOHIKEHO
MEXaHUJHO HaNpeKeHHE W € TIEPCIEKTHBEH 3a MPMIOKEHHE BBB (PEPMEHTATOPH ChC CYCHCHINPAHN MUKPOOPTAHU3MH.
[IpunoxeHa e METOMKA HA KOMIIOThPHA U3YHCIUTEIHA XUIpoanHamMuKa. [lonydenu ca 2-D u 3-D paznpenencHus Ha
CKOpPOCTTa Ha Cpsi3BaHE B 00eMa Ha QUIyHa U BbPXY MOBBPXHOCTTA HA MOTOMEHOTO TSJIO. Y CTAHOBEHHU Ca MaKCUMAJTHU
CTOMHOCTH Ha IIOBEPXHOCTHATA CKOPOCT Ha cpsA3BaHe B MHTepBaia 1200-4000 cex . [Toka3zanu ca 30HM HA TAHICHIMAJIHA
nedopmanusi, KOUTO MOTAaT Jla Ce OKaKaT KPUTHYHH 33 (PM3UOJIOTHATA HA KICTKH HA MUKPOOPTaHU3MHU, YYBCTBUTCITHH

KbM MCXaHUYHO BBSHeﬁCTBHe.
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A great number of recent scientific studies provide data characterizing the chemical composition of traditional foods from
different geographical regions and describe their essentiality for healthy nutrition. The information concerning Bulgarian
traditional foods is scarce. The aim of the current study is to assess the energy and biological value of Bulgarian traditional
foods by implementing modern scientific approaches to food chemical composition data. The study covers a total of 15
products typical of the traditional Bulgarian diet. The original data are obtained by application of routine methods for the
determination of total protein and fat, and classical chromatographic analysis of amino acids (AA) composition. New
advanced approaches to assess the proteins biological value and energy content of the studied traditional Bulgarian foods
were applied. New information is presented about the composition of amino acids and their proteins biological value in
the examined Bulgarian traditional foods. Their energy content was determined in compliance with current scientific
requirements. The content of saturated fats is also listed and their necessity and essentiality for health is clarified. The
new data for the chemical composition of traditional foods in Bulgarian diet will play an important role in the assessment
of nutritional intake, supporting human health and contributing to the revitalization of Bulgarian food chemistry, nutrition

and technology.

Keywords: food chemistry, Bulgarian traditional foods, energy , saturated fats, biological value

INTRODUCTION

Numerous scientific studies in the recent years
have been focused on studying the chemical
composition of traditional foods using up to date
analytical equipment and presenting correct data
about their role and importance for healthy nutrition
[1-5]. The global diet diversity and geographic
specificity in the prevalence of different diseases are
some of the reasons to search for an explanation of
the mechanisms by which food affects health and
longevity.

The role of traditional foods in the healthy diet of
Bulgarian population identifies a number of
controversial issues. For example, traditional foods
for Bulgarians in the past as pork, bacon, butter and
whole fat dairy products had constituted a high
percentage rate of their diet, and despite the high
consumption of saturated fats, Bulgaria was known
with a high number of centenarians. Today, after
more than a century, during which mainly fat-free
animal food products have been consumed, with
almost total oblivion of fat, grease and oil, the
average life expectancy is extended, unfortunately
along with many diseases. It is clear that the
recommendations for healthy nutrition have had an

* To whom all correspondence should be sent:
E-mail: fanny.r@mail.bg
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impact on food production, consumption and
consumer preferences but regardless of this fact, not
only the lack of reduction of cardiovascular diseases,
but also the significant incidence rate of overweight
and obesity among our population could hardly be
explained.

The view that animal fats mainly consist of
saturated fatty acids has already been revised since
in their composition except for saturated fatty acids,
numerous monounsaturated and some
polyunsaturated ones have also been identified,
determining the specificity of the products [6].

In response to the scientific advice for healthy
nutrition, the food technology was driven to
production of new products in which animal fats
were replaced with saturated vegetable fats or were
defatted. Creating new assortments required
additional finances, shifting the old traditional food,
but the problems still continued to exist.

Startled by the invasion of various foreign
cuisines, and taking into consideration the free
movement of food in the global market, the
researchers began looking for risk factors suspected
in this invasion and came to the conclusion to
rediscover the power of traditional foods [7]. The
present study addresses those aspects through
chemical composition data of Bulgarian traditional
foods.


mailto:fanny.r@mail.bg
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The aim of the study was to assess the energy and
biological value of Bulgarian traditional foods,
implementing modern scientific approaches to food
chemical composition data.

MATERIALS AND METHODS

The study covers a total of 15 products typical of
the traditional Bulgarian diet: milk and dairy
products (4 different products), pork, legumes
(beans and lentils), fruits and vegetables (a total of 8
different species). The original data were obtained as
results of a random selection of analytical samples
from the food market, with subsequent use of
classical routine methods for the determination of
total protein and fat (Kjeldahl and Folch).
Carbohydrates were calculated through the
difference. The data for macronutrients were based
on our own studies and on published data in the
Tables on the composition of Bulgarian food and
European food composition database [8-10]. The
amino acid (AA) composition of proteins was
determined after acid and alkaline hydrolysis,
applying the classical ion-exchange chromatography
method with post-column ninhydrin derivatization,
and UV-detection at 570 nm for amino and 440 nm
for imino acids, using amino acid analyser — Hitachi,
KLA-5 and HPLC-Perkin Elmer, series-2 [11].

New, advanced approaches to assess the proteins
biological value and energy content, based on the
chemical composition of the studied traditional
Bulgarian food were also applied [12,13].

RESULTS AND DISCUSSION

The results of the study of traditional Bulgarian
foods will be presented in the following order:
determination of the biological value of the protein
components; evaluation of the energy content;
biological interpretation of the content of saturated
fats.

Quality of food proteins

Currently, the main criteria for assessing the
quality of dietary proteins according to current
scientific concepts are the amino acid composition
and the extent of bioavailability in the body.
Therefore, we would like to provide data on the
biological value of proteins in some traditional
Bulgarian foods, calculated by recommended new
scientific approaches, based on their amino acids
composition.

Over the past 50 years many analytical methods
and computational approaches used to assess the

quality of the protein have been modified. The amino
acid score calculated from its limiting amino acid in
comparison with the reference amino acid pattern,
adopted in the past century, appears to be not fully
correct. The efficiencies of proteins utilization
including their digestibility and metabolic
availability of amino acids are also important
[12,14]. Therefore, expert advice by FAO and WHO
after numerous studies reached the opinion to
modify the amino acid score that could take into
consideration the level of availability. Therefore, the
Expert Advice Committee of FAO/WHO, after
extensive research, agreed on modifying the amino
acid score, also including the level of digestibility
[15]. The application of this new protein
digestibility-corrected amino acid score to evaluate
the quality of dietary protein requires knowledge of
the formula for old Amino Acid Score and the
formula for the new Corrected Amino Acid Score, as
follows:

1. Amino Acid Score = mg essential amino acids
in g of studied protein / mg of essential amino acids
in g of reference protein x 100;

2. Corrected Amino Acid Score = first limiting
amino acid content in the test product / the same
amino acid content in egg white x 100;

It has been found that egg white had a high
bioavailability.

Table 1 presents the results for the new,
Corrected AA scores of the studied traditional
Bulgarian food, having higher protein content.

Fruits and vegetables were excluded, since they
were considered as sources mainly of carbohydrates,
vitamins, trace elements and biologically active
compounds and not as sources of proteins. The data
presented above show the probable digestibility of
amino acids included in the overall evaluation of
biological value. The amino acids data, calculated
with respect to protein content were preferred, as the
variation of the results produced by that method was
lower. The results in Table 1 provide new, much
more correct data regarding the qualitative
assessment of dietary proteins. The higher biological
value of dairy foods, followed by the results for meat
is clearly shown. A positive characteristic of beans
is the rich content of the nonessential amino acid
arginine which in its metabolic course is a source of
nitric oxide - a potent vasodilator and
neurotransmitter factor. In this aspect, a number of
studies support the importance of arginine as a
powerful factor in preventive cardiology and
immunology.
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Table 1. Corrected amino acids score for quality of proteins in traditional foods

First limiting amino-acid

Product Name Prtztein 9/100g g/lOO_g of elggg Nevglci?;r;():ted
%o product protein .
protein

Pork Methionine and Cystine  12.49%  0.39 3.13 6.41 48.83
Cow's milk - fresh Methionine and Cystine  3.21% 0.10 3.15 6.41 49.14
Cow's milk - yoghurt ~ Methionine and Cystine  3.24% 0.10 3.09 6.41 48.21
Cow's cheese Methionine and Cystine  16.41%  0.49 4.03 6.41 62.87
Balkan yellow cheese  Methionine and Cystine 24.02%  0.72 3.97 6.41 61.93
Bread wheat Lysine 7.11% 0.17 2.33 7.18 32.45
Beans Methionine and Cystine  19.14%  0.35 1.79 6.41 27.93
Lentil Methionine and Cystine 23.33%  0.36 1.53 6.41 23.87

The traditional combination made by Bulgarians
consisting of bean meals and bread provides the
necessary amount of all essential amino acids. It is
recommended that future research focused on
assessment of proteins biological value in food and
in nutritional intake would implement the new
approach - "Corrected amino acid score", providing
more precise evaluation of food quality.

The determination of the energy content of the
diet depends on the quantitative presence of
individual nutrients. In the evolution of knowledge
on the energy value of food, three different systems
with different conversion factors for estimation of
the amount of nutrients converted into energy were
implemented. The first and oldest system is that of
Atwater and Woods, 1896, known as the “Main
factor system”, including the energy from proteins,
lipids and carbs [11].

The energy content of Bulgarian foods in the
Tables for chemical composition of food products,
as well as in a number of scientific studies was
determined according to this oldest factor system
that is nowadays no longer in use in respected
analytical laboratories [8]. The carbohydrates in this
system were determined by weight, expressed as the
difference between the total weight and the sum of
the weights of the other ingredients in the food
(proteins, fats) without them being individually
analysed. Thus, the content of total carbohydrates
includes fibers which are, however, not fully utilized
and thus the calculated energy is higher in
comparison to its real values, resulting in incorrect
data, not only for energy, but also for nutrients
density as well.

The second system is “Expanded Factor System
of Atwater”, wherein the factors are increased (for
monosaccharides, organic acids, polyols and fibers).

The most accurate third system for calculating
energy, applied today in scientific studies, is the
“Specific Factor System of Atwater” with a wider
range of factors related to the different and specific
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building blocks of protein, fat and carbohydrates
[13].

Based on those scientific facts and our efforts to
provide correct results, we made a comparative
evaluation of the energy content of traditional foods
studied in the first and second system, presented in
Table 2.

There are differences in the figures presented in
the last two columns. Logically, in products from 1
to 6 there was no difference in energy content,
because they do not contain fibers. In products with
higher carbohydrate content and fibers, respectively,
higher energy differences were established. The
application of this approach to calculate food energy
level results in more correct data, particularly
important in the construction of various dietary
regimes and achieving low energy levels for each
product is a desirable feature for both consumers and
manufacturers.

The interpretation of the content of saturated fats
has undergone significant development in the
international scientific publications from a total ban
in the past, to recommendations for their inclusion in
healthy diets nowadays [6]. The selected traditional
Bulgarian food will be assessed in this aspect by the
present study.

One popular but already outdated myth that

saturated fats are a major risk factor for development
of cardiovascular disease begins to retreat positions,
albeit new scientific evidence suggests their
biological importance in human nutrition and health
[6].
The view that animal fats were constituted mainly of
saturated fats has already been revised, since in their
composition except for saturated fatty acids,
monounsaturated and polyunsaturated ones are also
present, which determines the specificity of the
product. The task of this study was focused on this
aspect, in order to provide data for saturated fats
content in traditional Bulgarian food and evaluation
of their biological importance, based on current
scientific understandings and achievements.
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Table 2. Energy content of traditional Bulgarian foods, calculated by two different factor systems

Carbo-

. Dietary El E2
Product Water Proteins Fat h>_/|fjor;tles Fibers Ash K] K]
Cow’s milk 3% 88 3.2 3 5.2 0 0.7 254 n/a
Cow’s cheese 55 16.8 19.7 6 0 45 1123 n/a
Sheep's milk 81 55 7.7 55 0 1 474 n/a
Sheep's cheese 51 15.9 26.5 4.6 0 4 1341 n/a
Balkan yellow cheese 41 24.6 30.7 1.84 0 4.3 1599 n/a
Pork 71 20.4 8 0 0 0.99 642 n/a
Bread wheat 38.8 7.6 1 52 4.0 1.35 1035 1002
Onion old 86 1.72 0.3 9.6 1.9 0.61 201 185
Garlic old 64 6.5 0.1 29.2 2.1 1.33 601 584
Red tomatoes 94.8 1 0.2 3.74 1.4 0.5 87 75
Paprika 92.4 1.22 0.51 5.4 1.7 0.61 130 116
Beans 12 24.9 1.6 59.2 18.4 4.3 1468 1314
Lentil 9.7 26.2 2.6 59.3 11.2 2.4 1529 1435
Apples 84 0.3 0.3 14.9 2.2 0.3 266 242
Pears 84.4 0.3 0.4 14.7 3.2 0.3 266 239

Popular, though without in-depth understanding
is the widespread opinion that saturated fats content
in contemporary diet in different regions or countries
is richer than in traditional diets. The explanation is
related to the following two false statements: (i)
animal fats are mostly saturated and plant fats -
mostly unsaturated; (ii) the modern diet is rich in
saturated fats (view of historical value), assuming an
inert wrong opinion about the nature of animal fats.
Fats and oils with least saturated fats level are of
plant origin, but those containing the most saturated
fats are also of plant origin, while animal fats have a
moderate amount, which is seen very clearly on
Figure 1. Table 3 presents data on the content of
saturated fatty acids in selected traditional foods.
The high total fat content in pork was clearly
outlined, followed by yellow and white sheep’s
cheese. The saturated fat content, expressed in g/100
g product was highest again in pork meat, as

logically the pattern for total fat content was
repeated. To a certain extent differences were found
in the ratio of saturated fat/total fat content, as the
leading place belonged to yellow cheese, followed
by cow’s and sheep’s cheese. These data emphasize
that the ratios between saturated and mono- and
polyunsaturated fats are specific characteristics of
the different food products. The highest total fat
content in pork meat can be explained with the
hidden fat and the meat structure, when the
measurement is based on 100 g fresh weight. The
determination of saturated-to- total fat ratio gives
more stable results, which in our study gave
advantage to pork bacon. Moreover, this pork
product contains high quantity of arachidonic
polyunsaturated fatty acid (about 2%), with already
confirmed physiological role as a precursor of
eicosanoids, classified by many authors as essential
fatty acids.

Table 3. Total fats and saturated fatty acids content in traditional Bulgarian foods

Total Fats (GF)

Saturated Fatty Acids (SFA)

Product 4/100g 0/100g SFA/GF %
Cow’s milk 3 % 3 1.94 65
Cow’s cheese 19.7 11.2 59
Sheep's milk 7.7 4.62 60
Sheep's cheese 26.5 11.1 42
Balkan yellow cheese 30,.7 22.8 74.3
Pork 52 26.7 51.3
Bread wheat 1 0.25 25
Onion old 0.3 0.06 20
Garlic old 0.1 0.02 20
Red tomatoes 0.2 0.09 45
Paprika 0.51 0 0
Beans 1.6 0.54 34.6
Lentil 1.03 0.27 26.2
Apples 0.3 0.081 27
Pears 0.4 0.04 10
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CONCLUSIONS

Traditional foods have established over the
centuries a comprehensive food culture. The
knowledge of their chemical composition is a basic
requirement towards the assessment of their
nutritional and biological value. Some of the
Bulgarian traditional foods are on the verge of being
lost, therefore more efforts are needed to improve
them using modern knowledge and technology, to
explore and preserve them. Including traditional
foods in the Bulgarian diet will play an important
role in supporting human health and will contribute
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to the revitalization of Bulgarian agriculture.
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OLIEHKA HA XMHUYHUS ChCTAB, EHEPTHUSITA Y BUOJIOTUYHATA CTOMHOCT HA
TUITMYHU TPAIAULIMOHHU BBJI'APCKH XPAHU
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Ionmy4ena Ha 22 mait, 2017 r.; npuera Ha 2 rouu, 2017 r.
(Pestome)

TonsiM Opoii CHBPEMEHHU HAYYHU HM3CICIBAHUS MPEIOCTABAT NAHHH 32 XMMUYHHUS CHhCTaB HA TPAJAWIUOHHU XPAaHU OT
pa3iuyHu Teorpad)CKM pPErvMOHM Ha CBETa, ONKMCBAaWKU TAXHATA ECCHIIMAIHOCT 3a 3JIPaBOCIOBHOTO XpaHCHE.
Wudopmannsata OTHOCHO OBITApCKHUTE TPAIUIIMOHHH XpaHHW € MHOTO OCKbAHA.llenTa Ha HACTOAIMIOTO MPOyYBaHE € J1a
OIICHH CHEPTUHHOTO CHIBbpPKAHWE M OHOJOTMYHATA CTOHHOCT Ha OBIrapCcKd TPAAWIHNOHHU XpaHW, TNpHIaraiku
ChBpEMEHHH HAayYHH MOJXOAM IIPH aHAINW3a Ha JaHHHUTE 32 XUMHUYHHSA UM cbeTaB IlpoyuBaneTo oOxBamia obmo 15
XpaHUTEIHU MPOAYKTA, THIMYHH 32 TPAAULIHOHHATA OBJTapcKa aueTa.M3mon3Banu ca pyTHHHE METOIH 32 OTIpeNeIsTHe
Ha 001 OENTHK M Ma3HWHU, a aMHHOKHCEIIMHHISIT ChCTaB € OTpeIeNieH Ype3 MPUIoKEeHHe Ha XpoMaTorpadcku aHaIN3.
OrneHkara Ha €HEPTHHHOTO CHABPKAHWE W OHMOJIOTHYHATA CTOWHOCT HA WM3CICABAHWUTE TPATUIMOHHH TPOIYKTH €
MOCTUTHATA YpEe3 HOBU CHBPEMEHHHM HaydHHU moaxoau. [IpemocraBeHa ¢ HOBa MH(OpPMAIHS 33 AMHHOKUCEIHHHOTO
ChIbpPXKAHUE U CHOTBETHO 33 OMOJIOTHYHATA CTOWHOCT Ha OeNThKa B M3cienBaHuTe npoaykti. Hosa e u unpopmarmsra
32 eHEPTHUMHOTO UM ChABPIKAHME, OTIPEJIENIEH0 B CHOTBETCTBUE CHC ChbBpEMEHHUTE HayYHH u3ucKkBaHus. [IpenocraBeHn
ca JJaHHM 32 HACUTEHUTE MAa3HWHU M € M3SICHEHA TSIXHATa €CEHIIMaTHOCT 3a 3/paBeTo. HoBUTEe MaHHU 33 XUMHYECKHS
ChCTaB Ha TPAJUIIMOHHY XPaHU, TUITHYHH 3a OBJIrapcKaTa TUETa, ca OT 3HAYCHHE 32 OIICHKA Ha XPAHUTCIHHS MPHEM, 3a
MOAIbpPKAHE HA 3PABOCIOBHO XpaHEHE U JONPHUHACST 332 Bb3CTAHOBSBaHE HAa BUTATHOCTTA HA XMMHUSITA Ha XPAHUTE B
Brarapus, Ha XpaHATEITHATE TEXHOJIOTHH M OOMIECTBEHOTO XpaHCHE.
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Spectrophotometric investigations on liquid-liquid extraction systems containing
cobalt and tetrazolium salts. Application of the developed method for analysis of the
cobalt content of biological samples (mushrooms and tobaccos)
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The study presents a newly-developed method for extraction-spectrophotometric determination of Co (11) in samples by
means of iodnitrotetrazolium chloride (INT). According to our studies, the electronic spectrum of the cobalt ion associate
has a peak at 630 nm. The INT:[Co(SCN)4] ratio in the triple ion-associate complex was 2:1, and due to the good solubility
of the Co(ll) ion associate and INT in 1,2-dichloroethane, maximum extraction into the organic phase was achieved for
30 s. The molar absorptivity of the studied ion associate INT2[Co(SCN)4] was eg30 = 0.6x10° L/mol cm. Sandell’s
sensitivity of the method was 9.8x1072 ug/cm?. The maximum quantity of Co was extracted with INT at pH 2-7. Maximum
absorption of the extracts was registered at thiocyanate ions concentration (> 1M) in the aqueous phase. The ion associate
displayed the highest absorption at INT concentration > 6x10* M. The relationship between Co (II) concentration and
absorption was linear in the range of 6 — 125 ug Co(l1) in 10 ml aqueous solutions. The content of Co in Amanita calsarea
was 1.543 + 0.158 mg/kg dry weight, in Boletus pinophilus - 0.257 + 0.042 mg/kg dry weight and in Burley tobacco -
1.967 + 0.229 mg/kg dry weight. The extraction-spectrophotometric method for cobalt determination in biological
samples with iodnitrotetrazolium chloride, developed in the present study, is characterized with high speed, selectivity

and satisfactory accuracy.

Keywords: Co, INT, spectrophotometry, application, mushrooms and tobaccos.

INTRODUCTION

It is known that long-term cobalt deficiency can
result in demyelination of large nerve trunks and
spinal cord, reduced white blood cells, pernicious
anemia and reduced resistance to parasite and
microbial infections. On the other hand, cobalt can
be toxic in high doses, causing polycythemia, bone
marrow hyperplasia, pancreatic failure, congestive
heart failure and cardiomyopathy [1, 2]. That is why
its content in various systems should be monitored
[3-5].

It is widely known that Co content in
agrochemical objects is insignificant [3-8]. The
scientific literature presents many methods for
separation, preconcentration and determination of
cobalt in samples [2-20]. The widely applied
methods for determination of the element content are
photocolorimetric, polarographic and spectral.
Extraction-photometric methods are applied for
determination of ultra-small Co quantities in
agrochemical objects. Their major advantages are
simplicity, rapidity and accessibility. In the
analytical practice, the reaction between Co (I1) and
nitroso-R-salt is widely used. One of the base factors
that reduce the precision of the photometric
determination of Co microquantities in soil samples

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

is the presence of colored organic compounds, as
well as of Fe, Ni and Cu salts.

Till now the literature presents only a few
methods for Co determination in soil and plants. The
following reagents are used: 1,10-phenantroline,
eosin,  thiodibenzoylmethane, picraminazo-4-
cyclohexylresorcinol, diantipyryl-methane, and 2-
(2-benzthiazolylazo)-5-dimethyl-aminobenzoic
acid. Some of these methods require exact working
pH and preliminary stay of the samples before Co
determination. Other methods are characterized with
low sensitivity and selectivity. Another method for
guantitative determination of Co includes heating to
80° C. However, the complex formed is stable for
only 20 min [14-26].

The aim of the present study was to develop an
extraction-spectrophotometric method for Co (I)
determination in biological samples (mushrooms
and tobaccos), with selectivity and speed exceeding
those of most up-to-date applied methods. The
structure formula of INT is presented in Fig. 1.

IUPAC name: 3-(4-iodophenyl)-2-(4-nitro-
phenyl)-5-phenyl-2H-tetrazol-3-ium chloride. Other

names: 2-(4-1odophenyl)-3-(4-nitrophenyl)-5-
phenyl-tetrazolium chloride; lodnitrotetrazolium
chloride, INT.
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Fig. 1. Structure formula of INT

The following objectives have to be studied:

o the solubility of the ion-associated thiocyanate
complex of Co(Il) with iodnitrotetrazolium
chloride (INT) in different organic solvents and
to select the most appropriate of them;

o the effect of pH;

o the time necessary for Co extraction, and to
estimate the time necessary for complete metal
extraction as an ionic associate in the organic
phase;

o the effect of the concentrations of the reagents
participating in the extraction equilibrium of the
system. The optimal established quantity of each
of them would guarantee the complete extraction
of Co (I1) using the investigated monotetrazolium
salt;

o the effect of side ions on Co extraction and
determination in order to assess the selectivity of
the developed method.

EXPERIMENTAL
Reagents and apparatus
Apparatus

Absorbance measurements were made on a UV -
Vis spectrophotometer, Germany, with a 1 cm quartz
cuvette at 630 nm.

Reagents

The reagents used were of analytical grade (p.a.,
Merck and Fluka). All solutions were prepared with
distilled demineralized water.

Extraction procedure

In a separating funnel of 100 ml the following
solutions were added: 1 ml of 1x103 M Co (I1), 1 ml
of 4M potassium thiocyanate and 7 ml of 1.5x10° M
iodnitrotetrazolium chloride (INT). Distilled water
was added to the aqueous phase to 10 ml volume.
The following step was extraction with 3 ml of 1,2-
dichlorethane for 30 s. After phase separation, the
organic phase was transferred through a paper filter
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into a cuvette b = 1 cm and subjected to photometric
analysis at 630 nm on a UV - Vis spectrophotometer.

RESULTS AND DISCUSSION
Optimal Conditions
Solvent

The extraction of the Co ion associate in different
organic solvents: methyl ethyl ketone, 1,2-
dichlorethane, chloroform, benzene, toluene,
tetrachloromethane and diethyl ether, was studied.

1,2-dichloroethane was found as the most
suitable solvent. The electronic spectrum of the
cobalt ion associate has a maximum at 630 nm. The
maximum absorption was detected at this
wavelength.

The bond in the molecule of the obtained ion
associate, formed between [Co(SCN)s* and the
tetrazolium salt was electrostatic.

Composition of the triple ion-associated complex

The composition of the triple ion-associated
complex was determined by the Ostromislensky -
Job method [26]. It was found that the ratio
INT:[Co(SCN),] was 2:1.

Extraction time

The effect of time as a factor for achieving
extraction equilibrium between the two phases was
studied. Due to the good solubility of the ion-
associated complex of cobalt (1) and INT in 1,2-
dichloroethane, maximum extraction of the organic
phase was achieved for 30 s.

Determination of the molar absorbance of the
ion triple associated thiocyanate complex of cobalt
(M) and INT

Molar absorbance of the ion associate
INT2[Co(SCN)4] was determined by the method of
Komar-Tolmachov [26] by measuring the light
absorbance of solutions with different concentration
of the reagents at constant stoichiometry. The
obtained results are presented in Table 1.

The molar absorbance of the studied ion associate
INT2[Co(SCN)4] was €e30 = 0,6x10% L/mol cm. The
sensitivity of the method according to Sandell [4]
was 9.8x1072 pg/cm?,

Table 1. Determination of the molar absorptivity of
the ion-associated complex.

ml Co(ll) C.1

1.10° M Ceoany A = 1072 1/™VA

0.1 0.00001 0.020 0.0005 0.50 7.09
0.2  0.00002 0.030 0.0007 0.76 5.78
0.8 0.00008 0.080 0.001 1.00 3.78

2 0.0002 0.160 0.00125 1.25 2.67

™ | =
o0 | =



http://upload.wikimedia.org/wikipedia/commons/d/d1/Iodonitrotetrazolium_chloride.svg

L. Dospatliev, M. Ivanova: Spectrophotometric investigations on liquid-liquid extraction systems containing cobalt and ...

Study of the medium acidity

The acidity of the medium is a factor that affects
the amount of cobalt uptake by the organic phase.
There is a very large pH range in which it has
constant values. Experimental data showed that light
absorption in neutral and acidic medium to pH 2 has
a constant (maximum) value. At pH < 2, it begins to
decrease and the determination becomes impossible.
Maximum Co(Il) uptake was achieved at pH 2-7.
The wide pH range makes it possible to work
without precisely controlling the pH, or using buffer
solution. This makes the method less pretentious.

Reagents quantity

To find out the optimal conditions for the
extraction of the thiocyanate complex of Co (I1) with
INT the influence of tetrazole salt and thiocyanate
ions was examined. The formation of the ion
associate significantly depends on the concentration
of the thiocyanate ions. In order to shift the
equilibrium to the formation of the thiocyanate
complex of Co (Il) an excess of thiocyanate ions was
required. This excess had no effect on the extraction
equilibrium and facilitated the quantitative
extraction of cobalt in the organic phase. By varying
the amount of thiocyanate ions in the aqueous phase
the highest light absorbance of the extracts was
found at a concentration of > 1 M.

An important factor in the photometric
determination of cobalt is the concentration of the
tetrazolium salt. In order to maximize the recovery
of the metal from the aqueous phase, the influence
of different INT concentrations was investigated.
The light absorption of the ion associate has a
maximum value at a concentration of 6x10“ M INT.
With increasing concentrations of the tetrazolium
salt, the light absorption of the associate remains
constant.

Effect of Co(ll) concentration on the light
absorption

When INT was added to the thiocyanate solution
of cobalt (11) a pale green precipitate soluble in the
organic solvent was obtained.

INT + [Co(SCN)4J% — [ INT]2[CO(SCN)4]

The intensity of the precipitate color increased
with increasing cobalt (II) concentration. The
relationship between cobalt (II) concentration and
light absorption is linear in the range from 6 mg to
125 mg Co (I1) in 10 ml aqueous phase.

Effect of side ions

To get a more complete picture of cobalt (I1)
extraction and to characterize the selectivity of the
extraction, the influence of some ions, which would
probably be present in the analyzed samples, was
studied. Experimental data are given in Table 2. The
results qualify the tetrazolium salt used as a selective
reagent for the determination of cobalt. Among all
examined ions, only Fe (IIl) interferes with the
determination. The interference is removed by the
addition of ascorbic acid as a masking agent whuch
has pronounced reduction properties.

Table 2. Effect of some ions on Co(ll) extraction with
INT: C Co(ll) = 0.5><10'4 M, C INT = 4.5><10'4 M, CSCN = 0,8
M

Concentration Limit ratio

Side ion limit of the side
ion, mg CX/CCO(II)’ mg
K* 300 10204:1
Na* 100 3401:1
Sr2*:5,05% 50 1700:1
Co04% 20 680:1
Hg?* 15 510:1
ARP*:Ca?*:Ni?*;BOs* 10 340:1
Pb% 8 272:1
Wo* 7.4 251:1
Cd? 5 170:1
Vo 0.5 17:1
Crb* 0.3 10:1
Br 0.2 6.8:1
EDTA;NO;3;J;S04* 0.1 3.4:1
ClOs 0.05 1.7:1
Fes* 0.01 interferes

Application of the developed method for analysis of
the cobalt content in biological samples
(mushrooms and tobaccos).

Accuracy and precision

In order to check the accuracy of the method a
reference material CTA-VTL-2 (Virginia tobacco
leaves) was used. For evaluation of the accuracy of
the digestion and measuring procedures, we have
used the R criterion showing the percent extraction
of the element from the certified value. When the
measured value X is within the limits of Xcrm
*Ucrm, Where Ucrm is the indefiniteness of the
certified value, we accept the extent of extraction to
be 100%. In all remaining cases, the extent of
extraction is equal to X / Xcrm - 100. As can be seen
from Table 3, the results obtained for the certified
material yield a 100% recovery of Co.
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Mineralization of the samples

Mushroom samples (Amanita calsarea and
Boletus pinophilus) were collected in Batak-Shiroka
Poliana, Bulgaria, in 2015 and dried at 105 °C for 24
h.

Tobacco samples (Burley) were collected in Stara
Zagora, Bulgaria in 2015. They were dried at 650 °C
in a fan oven and stored in dark polyethylene bottles.

The mineralization of the samples was carried out
according to EPA Method 3052 [27]. 0.5 g of air -
dry sample was weighed to the nearest 0.001 g in
PTFE vessels. HNOs, HF, HCI and H.O-, were added
using a microwave system Multiwave 3000. The
maximum power was 1400 W, and the maximum
pressure in the Teflon vessels - 40 bar.

The concentrations of cobalt were determined in
an air-acetylene flame by the Perkin—Elmer Aanalyst
800 model atomic absorption spectrometer.

Cobalt extraction

A 5 ml sample, several drops of 1 M NaOH (for
adjustment of pH 9.0-10.0) and 5 ml of 0.02%
dithizone in chloroform were consecutively added in
a 100 ml separating funnel. The system was left to
extract for 1 min. Adequate quantity of HCI (1:1)
(for adjustment of pH 1.0-2.0) and 2 ml of 4 M
thiocyanate solution were added to the organic
phase. Re-extraction was carried out for 1 min. The
organic phase was discharged, then 1 M NaOH (for
pH 3.0-4.0), 0.6 ml of 1.5x102 M INT and 2 ml of a
saturated solution of ascorbic acid (for masking of
the interfering ions) were added to the aqueous
phase. Distilled water was supplemented to a volume
of 20 ml. Extraction with 3 ml 1,2-dichloroethane
was carried out for 30 s. After phase separation the
organic was filtered through a paper filter, placed in
a cuvette, b =1 cm, and measured at A = 630 nm.

A blank, not containing a sample, was also
analyzed for reliability of the experimental results.

The experimental data are shown in Tables 3 and
4. A good correlation of our results with data for the
certified Virginia Tobacco Leaves (CTA-VTL -2)
samples was established.

Table 3. Co content in Virginia Tobacco-CTA-VTA-
2 certified reference material (n = 3).

Co
CTA-VTA-2 R %
X ¥ 0 mg/kg
Certified value 0.429+14 100
AAS 0.420 + 0.027 98
INT 0.415 +0.015 97

Table 4. Co content in mushroom samples (Amanita
calsarea and Boletus pinophilus) (n = 15) and Burley
tobacco (n = 15).
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Sample o AL o ol
Amanita 1543£0.158  1.532+0.154
calsarea
Boletus 0257+0.042  0.246%0.041
pinophilus
Burley 1.967 +0.229 1.896 +0.251
Tobacco

CONCLUSIONS

The extraction-spectrophotometric method for
cobalt determination in biological samples with
iodnitrotetrazole chloride (INT) developed in the
present study is characterized with high speed, high
selectivity and satisfactory accuracy. According to
these indices, this method excels some of the
currently  applied  techniques  for  cobalt
determination in biological samples.

Acknowledgement: This work was financially
supported by the project: ref. no. NP 05/14,
2014/2015, Trakia University.
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CIIEKTPO®OTOMETPUYHO U3CIIEABAHE HA CUCTEMHU 3A TEUHO-TEYHA
EKCTPAKIMA, CbABPXAIIN KOBAJIT U TETPA3OJIMEBU COJIN. ITPUJIAT AHE HA
PA3PALOTEHHMA METO/I 3A OITPEJAEJIAIHE CbABP2XKAHUETO HA KOBAJIT B
BUOJIOTMYHU ITPOBU (I'bBU U TIOTIOH)

JI. Nocnatnues*, M. sanosa?

Kameopa “@apmaronozus, usuonozus na scueomnume u gusuono2uuna xumus”, Bemepunapno-weouyuncku
gaxyimem, Tpaxuiicku ynueepcumem, Cmapa 3azopa
ZK- a HH »» C
amedpa “Ungopmamura u mamemamuxa”’, Cmonaucku gaxyimem,
Tpakuticku ynugepcumem, Cmapa 3acopa

[Monyvena Ha 5 ampw, 2016 r.; npuera Ha 19 rouu, 2017 1.
(Pesrome)

Pa3paboreHa e MeToamka 3a EKCTPaKIIMOHHO-CHEKTPO(OTOMETPUYHO OIpeaeisHe Ha KoOanT B mpobdu upe3
M3M0/I3BaHE HAa WOJHHUTPOTETPa3oioB xijopua. Hammre n3cienBaHWs IOKa3axa, de €IEKTPOHHUST CHEKThD Ha
KOOaNTOBUS HOHEH acomuar mMa eauH MakcuMyM mpu 630 nm. IIpm Ta3m ApDKMHA Ha BBIHATA MOTIIBIIAHETO €
MakcuMaiHo. ChCTaBbT HA TPOMHHUA HOHHO-aconmupad komiuieke € ¢ otHomende INT: [Co(SCN)4] = 2:1, a nopaau
nobpara pa3TBOPUMOCT Ha HOHHO-acoumupanusi komiuiekc Ha kodant(Il) u INT B 1,2-muxmopoeraH, MakCHMaJHO
W3BJIMYaHe B OpraHnyHaTa ¢asa ce nocrura rnpu 30 s ekcrpakuus. MosapHara abcopOMpyeMOCT Ha U3Clie/IBaHUs HOHEH
acormat INT2[Co(SCN)4] e gg30 = 0,6%10° L/mol.cm. UyscTBurennoctra Ha Metoga no Cenzen e 9,8x102 pg/cm?,
YcranoBeHo e, ye MakcuMmainHo u3Binuane Ha kobant(Il) ¢ INT ce nmocrura B pH untepsana or 2 no 7. Cbio Taka e
YCTaHOBEHO, Y€ Ype3 BapHpaHe KOJMYECTBOTO HA THOIMAHATHUTE HOHH, NMPH KOHIEHTpauus > | M BsB BojgHaTa dasa,
CBETJIIMHHATa abcopOIMs Ha eKCTpakTHTe € MakcuManHa. CBeTJIMHHATa abcopOLus Ha HOHHMS acolaT MMa MaKCUMaJTHa
croitHoCT npu KoHueHTpanus Ha INT > 6x10* M. Onpezenena e 3aBUCHMOCTTa MEKLy KOHIEHTpanusaTa Ha kobant(II)
1 CBETJIMHHATa abcopOuus, KosTo e muHeitHa B mHTepBaia oT 6 g 10 125 pg Co(II) B 10 ml Bogna ¢daza. KornnenTpammsra
Ha Co B re0u Bynka (Amanita calsarea) e 1,543 + 0,158 mg/kg, B ro0u Manarapka (Boletus pinophilus) - 0,257 + 0,042
mg/kg u B ipobu ot TioTioH (Burley) - 1,967 + 0,229 mg/kg. Pa3paboTeHUAT eKCTPAKIIMOHHO-CIIEKTPOPOTOMETPUYUCH
METO/I 32 OIIpeIelIsTHe Ha KOOAJIT B OMOJIOrMYHHM ITpodu ¢ HogHuTpoTteTpasoios xnopun (INT) e mpocrt, eBTHH, ekcIipeceH,
CEJIEKTHBEH U Ce XapaKTepH3Hupa ChC 3a/I0BOJIUTEIHA TOYHOCT.
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Novel dextran/B-cyclodextrin and dextran macroporous cryogels for topical delivery
of curcumin in the treatment of cutaneous T-cell lymphoma
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Cutaneous T-cell lymphoma (CTCL) is a rare disease affecting middle-aged as well as paediatric patients. The early
stages might be successfully treated with local medications. As a phytochemical with pleiotropic pharmacological activity
including anti-inflammatory and anti-cancer activity curcumin presents a safe alternative to the current state for the early
therapy of CTCL, albeit its low water solubility and chemical instability. In this study, original sponge-like cryogels based
on dextran/B-cyclodextrin mixture and pure dextran were prepared and assessed as platforms for topical controlled
delivery of curcumin. Cryogel carriers with macroporous structure were synthesized by photochemical crosslinking in
frozen state and subsequent thawing. Curcumin was successfully loaded into the cryogels by physical adsorption and
satisfactory encapsulation efficiency was achieved, especially in the case of dextran/B-cyclodextrin systems (57.8 %).
The in vitro dissolution tests showed sustained release of the API within 72 h and when dextran/fB-cyclodextrin was used
as a carrier no burst effect was noticed. In addition, cytotoxicity assessment on both tumour and non-malignant cells was
performed whereby comparable activity and selectivity with the free drug were evident. The proposed novel macroporous
cryogel systems with curcumin show aptitude for application as controlled dermal drug delivery systems for the treatment

of CTCL.

Keywords: Curcumin; CTCL local therapy; cryogel; macroporous sponges; dextran; B-cyclodextrin.

INTRODUCTION

The primary lymphoproliferative disorders are
divided into the groups of B-cell and T-cell
lymphomas. Although the T-cell lymphomas are not
very common a tendency is observed regarding the
increase of new patients per year [1]. Cutaneous T-
cell lymphomas (CTCL) in particular are
characterized with heterogeneous manifestations,
mycosis fungoides and Sézary syndrome being the
two main forms. They predominantly affect middle-
aged or older people (average onset 50-60 years of
age) but also children in the first decade of their life
can be affected [2]. The disease is considered a rare
one according to the European Medicine Agency
(EMA\) criteria, the prevalence varies between 3 and
6 cases per million [3] and is a life-threatening
condition. The early stage CTCL are mainly
topically treated while in advanced stages the topical
therapy is adjuvant [4] but there are no established
protocols neither for adults nor for paediatric
patients [2]. The main issues related to the disease
are its early and correct diagnosis, as well as the
complex and usually chronic therapy [2].

Curcumin is a natural yellow pigment isolated
from the plant Curcuma longa. It is practically a
polyphenol not soluble in water (about 11 ng/ml)
with  pleiotropic ~ pharmacological  activities

* To whom all correspondence should be sent:
E-mail: ppetrov@polymer.bas.bg
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including anti-inflammatory, anti-cancer,
antioxidant, hypoglycaemic and other effects [5, 6].
Curcumin’s mechanism of action is based mainly on
the inhibition of the NF-kB signalling pathway
related to both inflammation and tumour biology [7].
Other pharmacological targets of this phytochemical
include growth factors, protein kinases and other
enzymes such as cyclooxygenase 2 and 5
lipoxygenase [8]. The oral application of curcumin,
albeit very attractive, has major drawbacks as it is
characterized by chemical instability, low water
solubility, low intestinal absorption, rapid
metabolism and rapid elimination of the drug,
leading together to a disappointingly low
bioavailability [9]. Considering these issues and the
cutaneous manifestation of CTCL, curcumin can be
successfully applied topically, thus bypassing the
pharmacokinetic barriers and attaining
pharmacologically active levels at the targeted
neoplastic lesions. Moreover, an anticipated
advantage of topical curcumin versus the available
conventional local treatments in CTCL, such as
retinoids, corticosteroids, photosensitizers and
especially cytotoxic agents such as mechloretamine
is the excellent safety profile of this natural
compound.

The literature survey shows several approaches
for topical delivery of curcumin employing
hydrogels [10], foams [11], sponges [12, 13]
nanosized delivery systems [14] and others in which
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itis used as wound healing [11, 12, 14], antipsoriatic
[15], anti-inflammatory [10] or anticancer agent
[13]. In particular, the macroporous sponges
represent a promising system for tissue engineering,
wound dressings and local drug delivery [16].
Controlling the release of the API by loading
macroporous sponges can result in an enhanced
bioavailability and better efficacy of hydrophobic
drugs such as curcumin [13].

The present study aims at developing original
sponge-like cryogels based on the natural polymer
dextran and [-cyclodextrin and to assess their
applicability as controlled drug delivery system for
curcumin intended to be used in the treatment of
CTCL.

MATERIALS AND METHODS
Materials

Dextran (DEX) from Leuconostoc spp. with
molar mass ~ 2 000 000 g/mol, B-cyclodextrin (B-
CD), acryloyl chloride, trimethylamine (TEA), (4-
benzoylbenzyl)  trimethylammonium  chloride
(BBTMACQC), N,N’-methylenebisacrylamide
(BAAmM), acetic acid (analytical grade), sodium
acetate, acetone, N,N-dimethylformamide (DMF,
anhydrous, 99.8 %), ethanol 95 % (analytical grade),
L-glutamine, RPMI-1640 cell medium and foetal
calf serum (FCS) were purchased from Sigma-
Aldrich (USA).

Methods

Synthesis of f-CD-acrylate

B-CD (4.0 g, 3.52 mmol) was added to 10 mL of
toluene and dried by azeotropic distillation. Then,
the dry B-CD was dissolved in 30 mL of freshly
distilled DMF and TEA (2 mL, 24.64 mmol) was
added via syringe. The solution was cooled down to
0°C by dint of an ice bath and acryloyl chloride (3.43
mL, 24.64 mmol) was added dropwise. The reaction
mixture was stirred at 700 rpm for 20 h at 20 °C.
Thereafter, the reaction mixture was filtered off to
remove the insoluble white salt. The residual
solution of B-CD-acrylate (B-CD-Ac) in DMF was
concentrated by rotary evaporation prior to
precipitation into a 10-fold excess of cold acetone (-
20 °C) and recovered by filtration. Yield 60%.

Synthesis of cryogels

Dextran (1 g) was dissolved in deionized water (8
mL) under stirring to obtain a homogeneous
solution. Then, the photoinitiator BBTMAC (0.05 g,
5 wt.% with respect to dextran) and crosslinking
agent, B-CD-Ac (0.25 g) or BAAm (0.05 g, 5 wt.%
with respect to dextran), dissolved in 2 mL water
were added under stirring at room temperature. The

solution was poured into 8 Teflon dishes (2 cm
diameter) forming layers with a thickness of 2.5 mm.
Then, the solution was frozen at -20 °C for 2 h. After
that the frozen system was irradiated with full
spectrum UV-vis light with “Dymax 5000-EC” UV
equipment with 400 W metal halide flood lamp for 5
min (dose rate = 5.7 J/cm2.min).

Calculation of gel fraction yield and swelling
degree

Gel fraction (GF) yield and swelling degree (SD)
of cryogels were determined gravimetrically. Prior
to calculation all samples were extracted in distilled
water for 6 days at room temperature, freeze-dried
and weighed. GF vyield was calculated by the
relationship:

weight of freeze — dried sample
GF (%) = ght of f p

initial weight of polymer and crosslinking agent
SD was determined as follow:

weight of swollen sample

~ weight of freeze — dried sample

The experimental errors of GF yields and SD
calculations are in the range of 2 — 3 %.

Drug loading and encapsulation efficiency

Curcumin was loaded onto the prepared cryogels
by physical adsorption. The cryogels based on
dextran and dextran/ B-cyclodextrin were immersed
into a solution of curcumin (0.5 mg/ml in anhydrous
ethanol:water 7:3 v/v mixture) and left in the dark at
36 °C for 6 h to allow loading of the API.
Afterwards, ethanol was removed by immersing the
cryogels in water for 15 min. Finally, the cryogels
loaded with curcumin were lyophilized.

The encapsulation efficiency of the model
systems based on dextran and dextran/p-
cyclodextrin  was calculated according to the
equation:

Curcumin (mg)in polymer disk

EE% = 100

Total Curcumin (mg) in loading solution *

The amount of curcumin loaded into the systems
was determined spectrophotometrically at 427 nm

after incubation of the cryogel disks for 24 h in
95% ethanol at 36 °C.

Release profiles
The curcumin release from DEX and DEX/B-CD
macroporous cryogels was investigated as a function
of time at 35 °C. As a dissolution medium 50 ml
acetate buffer (pH 5.5) with 10 % anhydrous ethanol
under constant stirring at 50 rpm was used. Samples
from the acceptor phase were withdrawn at
predetermined time intervals and the amount of
released curcumin was evaluated
spectrophotometrically at 427 nm on the UV-vis
793
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spectrophotometer Evolution EVOT063002
(Thermo Fisher Scientific, Germany). All samples
were measured in triplicate and the mean cumulative
percentage of drug release was calculated based on a
calibration curve of curcumin in the dissolution
medium in the concentration range from 0,0005 to
0,01 mg/ml (y=69.826x-0.0033; R?=0.994).

Y'H-NMR analysis of p-CD-Ac

The 'H-NMR spectrum of B-CD-Ac was
recorded in DO using a 600 MHz Bruker AC-
spectrometer.

Scanning electron microscopy (SEM)

The morphology of the fractured surface of
cryogels was examined on a scanning electron
microscope (JSM-5510, JEOL, Japan) operating at
10 kV. The samples were coated with gold for 30 s
using a sputter-coater (JSC 1200, JEOL, Japan) inan
inert argon atmosphere prior to imaging.

Differential scanning calorimetry (DSC)

DSC was performed on a DSC apparatus Q200,
TA instruments, USA. The temperature calibration
was performed with a sapphire disc supplied by TA
instruments in Standard aluminium pans (TA
instruments) in the desired temperature interval.
Samples with room humidity were tested in the same
type of pans from 20 to 250 °C with 10 °*C/min
heating rate under nitrogen flow (50 ml/min).

Cell lines and culture conditions

The cytotoxic activity of free drug and curcumin
loaded on macroporous cryogels was assessed
against the skin T-cell lymphoma derived cell line
Hut-78 and non-malignant human embryonal kidney
cells (HEK-293). The cell lines were purchased from
the German Collection of Microorganisms and Cell
Cultures (DSMZ GmbH, Braunschweig, Germany).
The cells were grown in controlled environment —
cell culture flasks at 37 °C in an incubator 'BB 16-
Function Line' Heraeus (Kendro, Hanau, Germany)
with humidified atmosphere and 5 % CO.. The
growth medium was 90 % RPMI-1640 + 10 % FBS.

DMF, RT oHo

% HO, CH
D I e

Cytotoxicity assessment (MTT-dye reduction
assay)

The cellular viability after exposure to free
curcumin or its formulations was assessed using the
standard MTT-dye reduction assay as previously
described [17] with slight modifications [18]. The
method is based on the reduction of the yellow
tetrazolium salt MTT to a violet MTT-formazan via
the mitochondrial succinate dehydrogenase in viable
cells. In brief, exponentially proliferating cells were
seeded in 6-well flat-bottomed microplates (3
ml/well) at a density of 1x10° cells per ml and after
24 h incubation at 37 °C, they were exposed to
various concentrations of the tested curcumin
formulations (see below) or free drug, used as a
reference antineoplastic agent for 72 h. For each
concentration a set of 3 wells was used. After the
exposure period, 100 ul MTT solution (10 mg/ml in
PBS) aliquots were added to each well. Thereafter,
the microplates were incubated for 4 h at 37 °C and
the MTT-formazan crystals formed were dissolved
through addition of 100 pl per well of 5 % formic
acid-acidified 2-propanol. The MTT-formazan
absorption was recorded using a LabeximLMR-1
microplate reader at 580 nm. Cell survival fractions
were calculated as a percentage of the untreated
control. In addition, 1Cso values were derived from
the concentration-response curves using non-linear
regression analysis (GraphPad Prizm Software for
PC).

RESULTS AND DISCUSSION

Macroporous dextran cryogels with incorporated
B-CD moieties (DEX/B-CD) were synthesized by
photochemical crosslinking of high molar mass
dextran and $-CD-Ac in frozen aqueous solution and
subsequent thawing. Firstly, B-CD-Ac was
synthesized by reacting -CD with acryloyl chloride
in DMF in the presence of triethylamine (Scheme 1).

TEA

g g

Scheme 1. Synthesis of crosshnklng agent based on B-CD.
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An excess of acryloyl chloride (7 mol eq. with
respect to B-CD) was used to achieve attachment of
several acryloyl groups to one -CD molecule. The
reaction product was purified, isolated and analysed
by *H-NMR (Fig. 1).

b a
/HC=CHz
0=C

D,0

BlHz,

£

5
e
[+r]
] 3 I B

o5 ) ) ) 5’5 ! 50 i B 4 a5

5
Chemical shift (ppm)

Fig. 1. Proton-NMR spectrum of -CD-Ac in D;0.

—5.01
3.85 wT

-

—3.57

Based on peak integrals assigned to the B-CD
protons at 5.01 ppm to the vinyl protons at 5.8 — 6.4
ppm a degree of substitution equal to four was
calculated. Thus, a crosslinking agent (denoted as -
CD-Acs), containing four reactive vinyl groups per
molecule, was synthesized and used for preparation
of cryogels. Macroporous dextran cryogels with
incorporated B-CD moieties were prepared by
freezing an aqueous solution of reagents at — 20 °C
for 2 h, irradiation with UV light for 5 min with an
irradiation dose rate of 5.7 J/cm?.min and subsequent
thawing to room temperature (Scheme 2). These
experimental conditions have been established in our

previous studies as optimal conditions for
--1--0-CH,
(o]
‘R0
OH --1-{--0-CH,
OH o]
a-16 ! OH
+ OH
a-1,3 OH
m
Dex «-1,6

l

1. Freezing
2. Photocrosslinking
3. Thawing

preparation of cryogels from high molar mass
polysaccharides with fairly high gel fraction yield
and good mechanical properties [19, 20].

The freezing of the aqueous solution led to
formation of a solid phase (ice crystals) and a liquid
microphase, where non-frozen water, dextran,
photoinitiator and cross-linking agent were located.
The reaction of crosslinking took place in the liquid
microphase by recombination of (macro)radicals
generated in dextran and B-CD-Ac molecules by UV
light. In fact, the liquid microphase acted as a
template for the formation of cryogel walls, while ice
crystals acted as a porogen. As expected, the
combination of  cryogenic  treatment and
photochemical crosslinking resulted in formation of
sponge-like cryogels comprising large
interconnected pores surrounded by thin walls (Fig.
2a).

In addition, dextran cryogels without B-CD were
synthesized following the same synthesis procedure
by using BAAm as a crosslinking agent instead of -
CD-Ac:. The use of a small amount of BAAmM was
essential to obtain gels of good strength since
dextran cryogels synthesized without crosslinking
agent were weak and fell to pieces on handling.
Importantly, DEX/B-CD cryogels exhibited similar
morphology and swelling properties as compared to
DEX cryogels. Actually, the calculated GF yield (73
+3 %) and SD (34 + 3) of DEX/B-CD cryogels were
comparable to the GF yield (82 £ 3 %) and SD (28 +
3) of pure dextran cryogels. This fact allowed us to
compare the two cryogels as carriers of curcumin
and to emphasize the role of B-CD on the release of
curcumin from the cryogel matrix.

Scheme 2. Preparation of sponge-like cryogels by photochemical crosslinking of DEX and B-CD-Acs in a frozen

aqueous solution and thawing.
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Fig. 2. SEM micrograph of freeze dried DEX/B-CD cryogel (a) and curcumin lodd DX/B-C cryoge (b).
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Fig. 3. DSC thermograms of Dex/B-CD cryogel, curcumin loaded Dex/B-CD cryogel and pure curcumin.

Both cryogels were loaded with curcumin by the
physical adsorption method. Freeze dried disks were
immersed in a solution of curcumin in ethanol/water
(7:3 v/v) and allowed to absorb the drug for 6 h at 36
°C. Since curcumin is a hydrophobic substance, one
may expect that in the case of DEX/B-CD cryogels a
portion of the drug will be located into the cavity of
B-CD molecules. In the next step, the curcumin
solution filling the cryogel pores (free volume) was
replaced by pure water to minimize the content of
drug molecules which are not embedded into
polymer matrix. Finally, the carriers were freeze
dried and utilized for further experiments.

The calculated encapsulation efficiencies of DEX
and DEX/B-CD cryogels were 36.2 % and 57.8 %,
respectively. This significant difference could be
attributed to the presence of cyclic oligosaccharides
in the polymer matrix. Being very hydrophobic (log
P=2.3) [21] curcumin has higher affinity towards the
hydrophobic cavities of B-CD and, therefore, larger
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amount of the drug were loaded into the DEX/B-CD
systems.

DEX/B-CD cryogels loaded with curcumin were
further analysed by SEM (Fig. 2b). In this case,
unlike the smooth surface of pure DEX/B-CD
cryogels (Fig. 2a), small particles regularly
distributed on the inner cryogel surface were
observed. Undoubtedly, this result confirms that
curcumin is loaded into the cryogel -carrier.
However, the surface analysis by SEM cannot
provide information whether and what amount of
curcumin is embedded inside the polymer matrix.
Additional information about the phase state of
curcumin loaded in the polymer carriers was
obtained from DSC analysis. DCS curves of pure
curcumin and DEX/B-CD cryogel with and without
curcumin are shown in Fig. 3.

Curcumin is a crystalline solid and DSC analysis
of pure powder showed a narrow melting peak at 182
°C. However, the melting peak ascribed to curcumin
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disappeared in the drug-loaded DEX/B-CD cryogel.
This fact implies that curcumin is in amorphous state
probably due to some specific interaction with the
polymer carrier. The broad exothermic peaks in the
40 — 120 °C temperature range are attributed to some
remaining bound water in the cryogel matrix. At first
glance DSC results seem contradictory to SEM
observation. Here, one should point out that DSC is
a quantitative analysis unlike SEM. On this ground,
one may suggest that the main portion of curcumin
is homogeneously entrapped into the polymer matrix
where the formation of typical crystalline structure
of curcumin (Fig. 4) inside the polymer network is
hindered. Most probably, the drug particles observed
by SEM on the cryogel inner surface are crystalline,
however, their portion is very small and cannot be
detected by DSC.

18kU Kls BEE  1BMm o IEM-5¢

Fig. 4. SEM micrograph of pure curcumin.

The evaluation of the dissolution test shows
sustained release from both model formulations (Fig.
5). After 72 h the amount of API released from DEX
cryogels was about 36.9 % while the released
amount from DEX/B-CD was almost twice as low
(14.98 %).

—— DEX-Cure
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Fig. 5. Cumulative dissolution profiles of curcumin
from the model formulations in acetate buffer (pH 5.5)
and 10% ethanol; mean + SD, n=3.

DEX cryogels showed burst release in the first
hour of the dissolution. This fact can be due to the
presence of some amount of curcumin on the inner
surface of the sponge, resulting in fast diffusion and
release into the dissolution medium in the beginning
of the process. In the case of DEX/B-CD systems no
burst effect was registered. Here, more pronounced
sustained release was observed. Although the
difference of the released curcumin in % is almost
double the actual amount released from DEX
cryogels is 0.331 + 0.007 mg/ml, while in the case of
DEX/B-CD it is 0.217 + 0.004. The difference in the
release behaviour is most probably due to the
location of some portion of hydrophobic curcumin
into the B-CD cavities as an inclusion complex,
which slows down the release of the drug to the polar
dissolution medium.

An integral element of the presented study was
the comparative bioassay of cell growth-inhibitory
effects of DEX and DEX/B-CD based systems vs.
free drug (DMSO solution). The pharmacological
study was conducted using the MTT-dye reduction
assay in the skin T-cell lymphoma derived cell line
Hut-78 and non-malignant human embryonal kidney
cells (HEK-293).

a b c
1004 HUT-78 —=— Curcumin 100 HEK-293 —=— Curcumin - HEK-293
—e— DEX:Cure —e— DEX:Curc 100 ’)_———f\———_é__*___%
—a— DEX/B-CD:Curg —a— DEX/B-CD:Curc =
g% 3 s 80
@ @« b
T 60 3 60 =
= = =
] 1 = ]
£ 40 £ 40 £ 404 - DEX
— DEX/p-CD
20 20 20
0 10 20 30 40 0 10 20 30 40 0 100 200 300 400

Concentration (pg/ml)

Concentration (pg/ml)

Concentration (pgfml)

Fig. 6. Growth inhibitory concentration-response curves of loaded cryogels and free drug (a, b) and cytotoxicity of
non-loaded systems (c) determined by the MTT-dye reduction assay after 72 h of continuous exposure. Each bar
represents cell survival fractions (as percentage of the untreated control) from 3 independent experiments.
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Evident from the concentration-response curves
depicted in Figure 6 (a), the free drug in DMSO
solution caused strong, concentration-dependent
inhibition of malignant cell (HUT-78) growth
(1C50=13.35 pg/ml), which was practically paralleled
by the cytotoxicity pattern of curcumin, loaded in the
dextran-based system (1Cs0=15.11 pg/ml.). The
slower and less steeper release pattern of curcumin
from the DEX/B-CD-system as compared to the
dextran carrier was consistent with the less
pronounced tumour cell growth inhibition at all data
points, which is undoubtedly conditioned by the less
intensive exposure to the free antineoplastic natural
compound. The 1Cso of DEX/B-CD-loaded curcumin
was 29.71 ug/ml. Compared to the malignant cells
the tested formulations showed far less cytotoxicity
against non-malignant cell line (HEK-293) (Fig. 6
b), whereby they failed to induce 50 % inhibition of
cellular viability. This finding could be explained
with the pronounced selectivity of curcumin against
tumour cells.

In order to determine whether the cytotoxic effect
of the prepared formulation is caused only by the
cytotoxic potential of curcumin rather than the toxic
effect of the cryogel carriers, we sought to determine
the intrinsic inhibitory potential of the non-loaded
DEX and DEX/B-CD sponges. As is evident from
the results presented the non-loaded cryogels are
practically devoid from cytotoxic activity against the
cell line under investigation. Even at the highest
tested concentrations on empty sponges (200 ug/ml)
the cell viability was only slightly affected and over
90 % of treated cells retained their vitality as
compared to the untreated control (Fig. 6c).

CONCLUSIONS

Novel dextran/B-cyclodextrin and dextran
macroporous cryogels were synthesized as potential
platforms for dermal controlled delivery of curcumin
for topical treatment of CTCL. The elaborated
sponges were characterized with high drug loading
efficiency (up to 57.8 %). DSC analysis showed that
the encapsulation of curcumin into macroporous
sponges is associated with transition from crystalline
to amorphous state of the drug. This is a prerequisite
for improved aqueous solubility of curcumin. Both
model formulations demonstrated sustained release
profiles of API within 72 h and in the case of DEX/p-
CD no burst effect was evident. The cytotoxicity
assessment of curcumin loaded DEX and DEX/pB-
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CD showed comparable activity with the free drug
while maintaining pronounced selectivity against
tumour cells. Consequently, the novel macroporous
cryogel systems based on dextran/B-cyclodextrin
can be considered as an advantageous alternative to
the current CTCL local treatment options.
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HOBU MAKPOITOPECTU KPUOT'EJIOBE OT JEKCTPAH/B-LUIUKJIIOAEKCTPUH 1
JEKCTPAH 3A JEPMAJIHO JOCTABAHE HA KYPKYMMUH I1PU JIEHEHHUE HA KOXEH
T-KIIETBYEH JINM®OM

M. UB. Cnaskosal, /. b. Momekosa?, B. JI. Koctogal, I'. 1. Momekog?, I1. JI. ITerpos®*

YDdapmayesmuuen paxynmem, Meouyuncku ynueepcumem-Coghust, yi. JJynas Ne2, Cogus 1000, Bvaeapus
2Uncmumym no nonumepu, Bvieapcka akademus na naykume, yu. axao. Ieopau Bonues Nel(03A4, Cogus 1113,
bvneapus

IMonyyena Ha 31 mapt, 2017 r.; npuera Ha 5 mait 2017 1.
(Pesrome)

Koxxnata ¢opma Ha T-knerpuer mumbpom (CTCL) npencraBisaBa psako 3a00isiBaHe, KOSTO 3acsira KaKTO MAIllMEHTH
HAa cpelHa BB3pacT, Taka W Jerna. HavalHuTe CTaiuu MOTaT YCIENIHO Ja OBJaT JISKyBaHH C JIOKAJTHA JIEKapCTBEHA
Tepanusi. KypKyMUHBT — NPUPOTHO, (PUTOXUMHYHO BEIIECTBO C JOKa3aHA IUICHOTPONHA MPOTHUBOBBH3MAIKUTEIIHA H
MPOTHBOTYMOPHA aKTUBHOCT, MPEIOCTaBs 0€30IacHa aNTepHATHBA Ha HACTOSINATA TEPaIusl, HE3aBUCUMO OT HHUCKATa CU
BOJIHA Pa3TBOPHMOCT M XMMHUYHA HECTAOMIIHOCT. B HACTOSAIIOTO M3Clie/IBAHE OPUTHHAIHYA KPUOTEIIOBE HA OCHOBATa Ha
CMeC OT JIEKCTpPaH M [-IUKOJCKCTPUH U YHCT JCKCTpaH Osxa MPOJYYCHHU M OICHEHU KaTo IaT(GopMu 3a JepMajHO
JIOCTaBsiHEe HAa KypkyMuH. Kprorenose ¢ MakpornopecTa CTpyKTypa 0sixa CHHTe3upaHH 4pe3 (POTOXUMUYHO OMPEKBAHE B
3aMpa3eHo CBhCTOSIHHE C IOCJeBAaIlo pa3mpaszsiBane. Kypkymun Oerile HaToBapeH upe3 (u3uvHa amcopOuusi npu
3a0BONUTENNHA €(QUKACHOCT Ha CHKAICyITUpaHe, 0cOOEHO B ciydas Ha KpPHOTENIOBE OT JAEKCTpaH/B-IHUKOIEKCTPUH
(57.8%). In vitro tectoBeTe 3a 0CBOOOK/IaBaHe MOKa3axa 3a0aBEHO JICKAPCTBEHO OCBOOOXKIaBaHEe B paMKHTe Ha 72 d,
KAaTO 32 HOCHTEJIUTE OT JEKCTPaH/B-IIMKOIEKCTPHH, 0CBOOOK/IABAHETO HA KYPKYMHH € TIaBHO 0e3 MbpBOHaYaleH eeKT
Ha OBp30 OcBOOOXIaBaHe. [[UTOTOKCHYHUAT TOTEHIMAT Ha HATOBAPEH B MAaKPOIIOPECTUTE HOCHTENN KYPKYMHH Oe
OLICHEH B CPaBHUTEJICH acIieKT ChC CBOOOJIHOTO BEIECTBO BBPXY TYMOPHH KJIETKH C MPOM3X0A OT T-KkieTbueH tumMdom
U BbPXY HEMAJITMHCHU KIICTKH. HOHy’{eHI/ITe pe3ylTaTu IOKaszaxa CbU3MEpHUMa MUTOTOKCUYHA AKTUBHOCT U
CEJIEKTHBHOCT ChC CBOOOJHOTO JIEKAPCTBEHO BELIECTBO. [Ipe/ioskeHnTe HOBU MAaKpOIIOPECTH KPUOTEIOBE IMOKa3BaT
MOTEHLMAJ 32 IPUII0KEHHE KaTO CHCTEMH 32 KOHTPOJIMPAHO JAEPMAITHO JIOCTaBsHE Ha KypKyMuH nipu jtedenue Ha CTCL.
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New aroylhydrazones derived from 5-nitrosalicylaldehyde, namely 5-nitrosalicylaldehyde benzoylhydrazone, 5-
nitrosalicylaldehyde-4-hydroxybenzoylhydrazone and 5-nitrosalicylaldehyde isonicotinoylhydrazone were designed and
synthesized. The compounds were characterized by elemental and thermogravimetric analyses, IR, *H and C NMR
spectroscopy. Geometry optimization of the neutral hydrazones were carried out using density functional theory with
Becke’s three-parameter hybrid method and correlation functional of Lee, Yang and Parr with 6-31+G (d,p) basis set.
The calculated bond lengths and angles of the new hydrazones are in good agreement with the experimental electron
diffraction data. Molecular electrostatic potential calculations showed that the most preferred sites for iron chelation are
the carbonyl oxygen atom, the imine nitrogen atom and the hydroxyl oxygen atom.

Keywords: 5-nitrosalicylaldehyde; aroylhydrazones; iron chelators; DFT calculations; molecular electrostatic potential.

INTRODUCTION

Development and synthesis of novel hydrazone
derivatives continuously attracts the attention of
organic and medicinal chemists due to interesting
biological properties and coordinative capability of
these compounds. Hydrazones demonstrate many
pharmacological  activities, such as anti-
inflammatory [1, 2], analgesic [2], antituberculosis
[3, 4], antibacterial [5], antimicrobial [6], anti-HIV
[6, 7] and anticancer [6, 8-9] activity. Moreover,
hydrazones are some of the most widely used ligands
as they easily form stable complexes with many
transition metals. Hydrazone derivatives have been
intensively studied for their potential as chelating
agents in medical treatment for reducing the toxic
effects of metals.

Iron overload is a common clinical problem,
arising as a consequence of continued blood
transfusions for various blood disorders. Iron is
essential for life as it plays an important role in many
cellular processes. Excessive amounts of iron,
however, may become very toxic to the human body.
Iron ions can catalyze the generation of damaging
oxygen radicals, leading to oxidative damage and
subsequent cell death. Therefore, it is important to
eliminate the unnecessary iron before damage can
occur. The medicinal iron reduction is accomplished
with chelation therapy, i.e. pharmacological removal
of iron with iron-chelating agents. Only two iron
chelator drugs are currently approved for
administration - desferrioxamine and deferasirox.
Regrettably, these medicines possess many side

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

effects and can affect individual people in different
ways. This fact inspires the development of novel
chemotherapeutic agents with potent chelating
activities and reduced side effects. Very promising
iron chelators are hydrazones derived from 3-
hydroxy-5-(hydroxymethyl)-2-methylpyridine-4-
carbaldehyde (pyridoxal) and salicylaldehyde [10-
12]. Iron chelators are capable of binding the toxic
metal ions to form complex structures which are
easily excreted from the body.

Salicylaldehyde  benzoylhydrazone  (SBH)
belongs to a series of iron chelators effective in
chemotherapy of iron overload diseases such as -
thalassemia [13-16]. Many derivatives of SBH and
their metal complexes have been synthesized to
obtain new pharmacologically active compounds
[17-20]. Hydrazones  obtained from  3-
methoxysalicylaldehyde  exerted a  potent
antiproliferative effect on a wide spectrum of human
tumor cell lines [20]. This activity may be due to the
high ability of the hydrazones to chelate Fe(l11) from
the cells thus inhibiting the proliferation of the
neoplastic cells [19]. In this paper, we describe the
synthesis of new potential iron chelating agents
derived from 5-nitrosalicylaldehyde and three acid
hydrazides. The structures of the new
aroylhydrazones are shown on Fig.l. These
compounds possess several potential donor sites and
can chelate metal ions in versatile manners. To
predict the coordination ability and the preferred
sites for binding during chelation with iron and other
metal ions, the molecular electrostatic potential
values were calculated and the reaction properties of
the novel 5-nitrosalicylaldehyde  hydrazone
derivatives were evaluated.

800 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



B. I. Nikolova-Mladenova, S. E. Angelova: Synthesis of 5-nitrosalicylaldehyde based hydrazones and DFT-calculations of ...

1

2
DfN\©?\/{“NfI:H 4.
H 8]
& *9:";10

5nSBH

OH
0
oA NP
oM ©

an3ShBH

-ltl) =" "N
o Xy~ ‘-\xl
5nSIH

Fig. 1. Chemical structures of the synthesized
hydrazones: 5-nitrosalicylaldehyde benzoylhydrazone
(5nSBH), 5-nitrosalicylaldehyde-4-hydroxybenzoyl-
hydrazone  (5nShBH) and  5-nitrosalicylaldehyde
isonicotinoylhydrazone (5nSIH).

EXPERIMENTAL
Materials and Measurements

All chemicals used for the synthesis of the
compounds: 5-nitrosalicylaldehyde, benzhydrazide,
4-hydroxybenzhydrazide, isonicotinoyl hydrazide
and 96% ethanol, were purchased from commercial
sources (Merck, Sigma-Aldrich) and were used
without any further purification. The carbon,
nitrogen and hydrogen contents of the compounds
were determined by elemental analyses on a “Euro
Vector SpA” apparatus. The melting points were
determined in open capillary tubes using a Biichi B-
540 apparatus. The IR-spectra were recorded in solid
state (in KBr pallets) on a Bruker Tensor 27
spectrophotometer in the range of 4000-400 cm™.
The *H NMR and **C NMR spectra were recorded
on a Bruker Avance DRX 250 instrument in DMSO-
ds as a solvent. Chemical shifts (8) were reported in
parts per million (ppm), J values were given in Hz.
Thermal decomposition studies were carried out on
a Setaram Setsys TG-DSC 15 apparatus in air
atmosphere by using a corundum crucible with a
sample weight of 10 mg in the temperature range of
20 - 600 °C.

Synthesis of the hydrazones

A solution of 5-nitrosalicylaldehyde (1.671 g, 10
mmol) in 96% ethanol (30 mL) was slowly drop-
wise added to the solutions of the respective
benzhydrazides (10 mmol) in 50% aqueous ethanol
(100 mL) and immediately precipitates were formed.
The mixtures were stirred for 30 min and then were
left to stay for 24 h at room temperature. During this
time the products fully precipitated as dark-yellow
solids. The crude solids were filtered off and washed
with 96% ethanol. The solid hydrazones were dried
for 2 days in a vacuum desiccator.

5-nitrosalicylaldehyde benzoylhydrazone
(5nSBH) (1): Yield: 79%; m.p. 303-304 °C; Color:
YeIIow; Anal. Calcd. for C1sH11N3O4: C 58.95, H
3.89, N 14.73, O 22.43. Found: C 58.92, H 3.88, N
14.80, O, 22.40. IR (KBr, cm™): 3440 (Ar-OH),
3303 (N-H), 1632 (C=0), 1602 (C=N), 1576 (C-
NH), 1242 (C-0). *H NMR (250 MHz, DMSO-de) &
7.12 (d, J 9 Hz, 1H, ArHadenyde), 8.17 (d, J 9 Hz, 1H,
ArHamehyde), 8.59 (S, 1H, ArHamehyde), 7.59 (m, 3H,
ArHhyarazide), 7.95 (d, J 7 Hz, 2H, ArHhydrazide,), 8.75
(s, 1H, N=CH), 12.26 (s, 1H, N-H), 12.26 (br s, 1H,
O-H). 3C NMR (250 MHz, DMSO-ds) & 117.09,
119.95, 123.80, 126.51, 127.67, 127.67, 128.04,
128.04, 132.04, 132.65, 139.91 (C-NO,), 144.39
(CH=N), 162.55 (C=0), 163.00.

5-nitrosalicylaldehyde-4-hydroxybenzoyl-

hydrazone (5nShBH) (2): Yield: 93%; m.p. 338-
339 °C; Color: Yellow; Anal. Calcd. for
C14H11N3Os: C 55.82, H 3.68, N 13.95, O 26.55.
Found: C 55.98, H 3.85, N 14.05, O 26.12. IR (KBr,
cm?): 3440, 3400 (Ar-OH), 3300 (N-H), 1654
(C=0), 1603 (C=N), 1592 (C-NH), 1236 (C-0O).
H NMR (250 MHz, DMSO-dg) & 7.10 (d, J 9 Hz,
1H, ArHagenyae), 8.15 (d, J 9 Hz, 1H, ArHadenyde),
8.54 (s, 1H, ArHadenyde), 6.88 (d, J 8.75 Hz, 2H,
ArHhyarazice), 7.84 (d, J 8.75 Hz, 2H, ArHnydrazide),
8.69 (s, 1H, N=CH), 12.08 (s, 1H, N-H), 10.17 (s,
1H, O'thdrazide), 12.43 (br s, 1H, O‘Haldehyde)- 13C
NMR (250 MHz, DMSO-dg) & 115.09, 115.09,
117.09, 119.91, 123.04, 124.02, 126.28, 129.85,
129.85, 139.89 (C-NO), 143.80 (CH=N), 161.00,
162.57 (C=0), 163.00.

5-nitrosalicylaldehyde isonicotinoylhydrazone
(5nSIH) (3): Yield: 97 %; m.p. 318-319 °C; Color:
Yellow; Anal. Calcd. for CisH10N4O4: C 54.55, H
3.52, N 19.57, O 22.36. Found: C, 54.42, H 3.50, N
19.24, O 22.84. IR (KBr): 3350 (Ar-OH), 3301 (N-
H), 1664 (C=0), 1609 (C=N), 1582 (C-NH), 1243
(C-0). *H NMR (250 MHz, DMSO-dg) & 7.10 (d, J
9Hz, 1H, ArHadenyde,), 8.16 (d, J 9Hz, 1H,
ArHaigenyde), 8.59 (S, 1H, ArHaigenyae), 7.84 (d, J 6 Hz,
2H, Athydrazide), 8.79 (d, J 6 Hz 2H, Athydrazide),
8.75 (s, 1H, N=CH), 12.16 (s, 1H, N-H), 12.34 (br s,
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1H, O-H). C NMR (250 MHz, DMSO-ds) &
117.07, 119.94, 121.48, 121.48, 123.45, 126.77,
139.81, 139.93 (C-NO,), 145.07 (CH=N), 150.34,
150.34, 161.58, 162.55 (C=0).

Theoretical studies

The geometry optimizations of the neutral
hydrazones were carried out using density functional
theory (DFT) calculations with Becke’s three-
parameter hybrid functional [21] combined with the
Lee-Yang-Parr [22] correlation functional - B3LYP
with 6-31+G (d,p) basis set. The calculations of the
studied hydrazones were performed using the
Gaussian 09 program suite [23]. A tight SCF
convergence criterion (108 Hartree) was employed
in all calculations. Frequency calculations were
carried out to examine the stationary points in the
optimization procedure and no imaginary
frequencies were found.

Further, the molecular electrostatic potential
(MEP) was calculated. The electrostatic potential
created by the nuclei and electrons of a molecule in
the surrounding space is well established as a guide
to the interpretation and prediction of the chemical
reactivity of a number of biological systems which
take part in both electrophilic and nucleophilic
reactions [24-28]. The electrostatic potential study
also explains the electronic distribution and structure
formation in a molecule. The MEP of a molecule is
a real physical property that can be experimentally
determined by diffraction methods, as well as
computationally. At present, however,
computational approaches are more often used as a
practical alternative. The calculated values were
used to predict the reactive behavior and the
potential donor sites of the new hydrazones as
ligands for iron chelation.

RESULTS AND DISCUSSION
Chemistry

5-Nitrosubstituted hydrazones were synthesized
by condensation of 5-nitrosalicylaldehyde with three
benzhydrazides as previously described [20, 29]
according to Scheme 1.

The structures of the isolated products were
confirmed on the basis of their respective analytical

Ph = CHs, 4-hydroxy-C.H,, 4-Pyr

and spectral data. The water content was determined
thermogravimetrically. The DTA and TGA data
showed that the three hydrazones are anhydrous. The
structures of the new compounds were characterized
using IR, *H NMR and C NMR spectral analyses
and by comparison with the available literature data.

The IR spectra of all compounds show a medium
intensity band at 3350-3440 cm™ due to v(O-H) of
the phenolic groups. The stretching vibration of the
NH group appears as a weak broad band at 3300-
3303 cm™. The above band, accompanied by a C=N
absorption band between 1602-1609 cm?, is a good
evidence for the presence of an azomethine linkage.
The strong band in the region 1632-1664 cm™ was
assigned to stretching vibration of the carbonyl
group of amide v(C=0). Another important band at
1576-1592 cm™ was attributed to v(C-NH).

The hydrazones were further studied by their *H
NMR and 3C NMR spectra in deuterated dimethyl
sulfoxide. 'H NMR spectra revealed the presence of
the aromatic protons in the region of & from 6.88 to
8.79. Signals for the protons of the azomethine group
HC=N- (characteristic for hydrazones) were
observed between 6 8.69 and 8.75. The broad
singlets around 6 12.26-12.43 were assigned to the
protons of the hydroxyl group from the aldehyde
ring. C NMR spectra demonstrated signals
corresponding to the carbon atoms of azomethine
group between 6 143.80 and 150.34. The peaks at &
162.55-162.57 were assigned to the C=0 group.

Computational study

The molecular structures of the new compounds
were studied theoretically and quantum-chemical
calculations were carried out. The structural
parameters were computed at B3LYP level of theory
using a 6-31+G (d, p) basis set. This level of
calculations was tested in our previous study on 3-
methoxysalicylaldehyde hydrazones and the results
obtained showed a very good agreement with the
experimental structural parameters available [20].
The calculated bond lengths and angles of the new
hydrazones were compared with the experimental
crystallographic data for SBH and 5nSBH. The
experimental data and the calculated structural
parameters are presented in Table 1 (the atomic
numbers are shown in Fig.1).

0
EtOH, t° 05N \N/NH“/Ph
_—
@)
=Fp8 OH

Scheme 1. Synthesis of the hydrazones.
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Table 1. Selected bond lengths (A) and angles (°) for SBH and 5-nitro derivatives.

Selected geometric ~ SBH SBH  5nSBH 5nSBH  5nShBH  5nSIH
parameters (A, °)  Meas. calc. Meas. calc. calc. calc.
C1-N2 1.291 1.291 1.266 1.288 1.289 1.289
N2-N3 1.365 1.360 1.382 1.355 1.354 1.357
N3-C4 1.332 1.388 1.338 1.392 1.394 1.388
C4-C5 1.502 1.501 1.489 1.498 1.492 1.503
C1-C7 1.432 1.452 1.464 1.455 1.455 1.454
C4-011 1.221 1.222 1.233 1.221 1.222 1.220
C8-09 1.356 1.346 1.339 1.336 1.336 1.336
09-H10 - 1.291 0.850 0.990 0.990 0.989
C1-N2-N3 118.2 118.7 115.2 119.5 119.6 119.3
N2-N3-C4 118.9 120.1 119.9 119.6 119.5 119.6
N3-C4-011 123.1 122.3 122.3 121.8 121.4 122.5
N3-C4-C5 116.9 114.8 116.8 114.9 115.2 114.7
C5-C4-011 119.9 122.9 120.9 123.2 123.3 122.7
C1-C7-C8 122.6 121.9 119.8 121.9 121.9 121.9

The average calculated bond length C1-N2 in the
three 5-nitro-compounds is 1.289 A, very close to
the experimentally measured one for SBH (1.291 A)
and perfectly matches the length of the double bond
C = N equal to 1.29 A. The calculated length of the
bond N3-C4 is slightly above that experimentally
determined for 5nSBH and SBH, whereas the
average calculated distance N2-N3 (1.355 A) is
slightly shorter than the experimental one in 5nSBH
(1.382 A). An excellent match exists between the
experimentally measured and calculated distances of
the carbonyl group C4-0O11 for the three compounds
(1.221 A) and the typical length of a double bond C
=0 (1.22 A).

The values of the calculated angles are very close
to the experimentally measured ones and reveal that
all carbon atoms are in sp? hybridization. Minor
differences of about + 3 ° were observed in the
calculated angles C1-N2-N3, N3-C4-C5 and C5-C4-
O11.

Despite the small differences obtained, the
optimized geometries of nitro-hydrazones are in
good agreement with the experimental electron
diffraction data. The substituents at the 4™ position
in the hydrazide ring insignificantly affect the bond
lengths and angles and all 5-nitrosalicylaldehyde
hydrazone derivatives have similar geometry. The
optimized structures of the 5-nitro derivatives are
presented in Fig.2.

Aroylhydrazones can act as polydentate ligands
depending on the reaction conditions, the nature of
metal ion and hydrazone ligand, and the pH of the
medium. Salicylaldehyde benzoylhydrazone and its
substituted derivatives have four donor atoms N2,
N3, 09 and 011 which allow binding to a central
metal ion in a versatile manner. However, in most of
their complex compounds, they react as tridentate
ligands in mono-anionic form after deprotonation of

the phenolic hydroxyl group [32-35]. Deprotonation
equilibrium  between the neutral and the
deprotonated form occurs in weak basic medium
(Scheme 2) and the phenolic hydroxyl group loses
its proton [36].

In general, the most negative value of the
electrostatic potential in the neutral molecules LH is
focused on the carbonyl oxygen O11, whereas the
other donor atoms have a higher, even positive value
of the electrostatic potential. So it is practically
impossible to realize a complex compound with the
neutral forms of the hydrazones. Deprotonation of
09 brings about considerably negative values of the
electrostatic potential for it, as well as the
appearance of such over N2. Appearance of a NO,-
group in the salicylaldehyde moiety slightly
increases the value of the electrostatic potential,
probably due to its negative inductive effect.

In view of these observations it can be concluded
that the hydroxyl oxygen atom 9, the imine
nitrogen atom N2 and the carbonyl oxygen atom
O11 will be the preferred sites for complex
formation with metal ions. Compounds 5nSBH and
5nSIH will have similar activity like SBH, 5nShBH
being the most potent chelating agent among the new
compounds.

The nitro-group withdraws electron density from
the aldehyde ring, thus the replacement of the
hydrogen in SBH with a nitro group in nitro-
derivatives will result in partially positive charges at
ortho- and para-positions. Additionally, this will
increase the polarity of the phenolic group on para-
position and will influence and facilitate its
deprotonation during complexation.

To predict the reactivity of the new hydrazones
as iron-chelators, MEP was calculated. The negative
regions in the molecules with negative values of
electrostatic potential were related to the
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Fig. 2. B3LYP/6-31+G (d,p) optimized structures of
5nSBH, 5nShBH and 5nSIH.

LH form

electrophilic reactivity and were found as the
reactive sites where the metal ion will prefer to
coordinate. An approaching iron ion will be attracted
to the region of the molecule with the most negative
values, i.e., where the effects of the electrons are
dominant [24]. Table 2 presents recently calculated
minima of the molecular electrostatic potentials Vimin
for the nitro-derivatives, compared with these of
SBH [37]. Both of the oxygen atoms - O9 and
O11 have two values of the electrostatic
potential due to the presence of two electron
pairs around them. The values for O9 in the
neutral form LH are identical and only one is
shown.

CONCLUSIONS

In  conclusion, three  hydrazones, 5-
nitroderivatives  of  salicylaldehyde  benzoyl
hydrazone were synthesized. The molecular
formulas of the substances were confirmed by
elemental, thermogravimetric and spectral analyses
such as IR, *H NMR and *C NMR. Computational
studies were carried out in order to evaluate the
molecular structure. The substitutions in the
aromatic nuclei insignificantly influenced the
geometries and all derivatives have similar structure.
The DFT-calculated molecular electrostatic
potentials for all molecules indicate the favorable
sites for iron chelation - hydroxyl oxygen atom,
imine nitrogen atom and carbonyl oxygen atom.

L form

Scheme 2. Equilibrium of 5-nitrohydrazones in basic media.

Table 2. Calculated minima of the molecular electrostatic potentials Vmin / kcal mol* for selected atoms in the neutral

molecules LH and deprotonated molecules L.

LH L
Molecule Viin Vmin Vin Vmin Vmin Vin Vimin Vin
09 N2 N3 011 09 N2 N3 011
-53.02 -179.0 -145.0
SBH -44.43 2127 -5.65 032 1576 1787 -87.7 1199
-37.96 -158.6 -125.8
SNSBH - -3L75 -1355 4176 a096  13g3 107 802 4504
-4581  -208.6 -194.8
5nShBH  -31.69  -10.67 +7.53 118 1770 2009 -1387 oo
-38.84  -155.4 -125.8
5nSIH -2598  +188  +1845 0 ool <1446 -76.1 1010
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CHUHTE3 HA XUJIPA30HH, ITOJIYUEHU OT 5-HUTPOCAJIMIWJIAJIAEXWUI U DFT-
N3YUCIEHKA 3A TAXHATA CTPYKTYPA U PEAKITMOHHA CITOCOBHOCT

B. 1. Huxonosa-ManenoBa'*, C. E. Anresnosa?

Y @apmayesmuuen gpaxynmem, Meduyuncku ynusepcumem Cogpus, Coghust 1000, Bvreapus
2 Uncmumym no opaanuuna xumus ¢ Llenmop no gpumoxumus, bBvneapcka Axademus na Hayxume, Cogpus 1113,
bvneapus

IMonyyena Ha 14 noemBpu, 2016 r.; nmpuera Ha 5 maii, 2017 r.
(Pesrome)

CHHTE3UpaHU ca HOBH apOWJIXUIPA30HU Ype3 KOHICH3ANMATA Ha S-HUTPOCATHIMIAIACXHU] U TPH apOMAaTHH XUIpa3uIa
— Oensxuapasuj, 4-XuAPOKCUOCH3IXUIAPA3U] U H30HUKOTHHOWI Xujpazuj. CheIMHEHHATA Ca OXapaKTCPU3UPAHU C
eneMeHTeH u TepMorpaBuMerpuden anamms, MU, 'H u BC SIMP cnektpockonus. I'eoMeTpunte Ha HEyTpaIHHTE
XHIPa30HH ca ONTHMHU3HNPAHU ¢ METOANTE Ha Teopus Ha (yHIMOHaNa Ha rbTHOCTTA (density functional theory, DFT),
KaTo ca m3noisBanu Qpynkiuonan B3LYP u 6asucen Habop 6-31+G (d, p). 3umcineHnTe IbKWHA HA BPB3KH U BIIIH HA
HOBHTE XHIIPA30HU ca B T0OPO ChITIACHE C EKCIIEPUMEHTATHUTE JaHHHU OT PEHTTCHOCTPYKTYpeH aHanu3. Vzuncnennure
CTOWHOCTH Ha eNIEeKTPOCTATHYHHS TIOTCHIMAJ ITOKa3BaT, 4e HaW-TIPeNMOYNTaHWTE MecTa 3a XeJaTroTepamus ca
KHUCJIOPOJHHUAT aTOM OT KapOOHWJIHATA TpyHa, a30THUAT aTOM OT HMHHO TpynaTa ¥ KUCIOPOJHUAT arOM OT
XHJPOKCUITHATA TPYIIA.
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The energy performance is one very important parameter in evaluating the resilience of industrial processes. The
optimal usage of the energy is a key task today, because it determines the state of the environment and the final product’s
price. In this paper is described a method for minimizing energy consumption by heat integration in conventional brewing.
A scheme for heat integration with usage of separated heat tanks is proposed, their aim is to save heat energy. A
mathematical model that describes the heat transfer processes is developed. Based on this model is proposed a strategy
for optimal management of energy resources with separate heat tanks. The optimization task is formulated in accordance
with the mathematical nonlinear programming MNLP and is solved with the program package GAMS. The proposed

method was tested with data from a real working production.

Keywords: heat integration, batch reactors, heat tanks, brewing

INTRODUCTION

Energy saving is cited as one of the global
problems to be solved in the contemporary world.
Sources of energy constantly decrease which has a
negative effect on the environment. This fact
provokes work in two main directions - searching for

alternative energy sources and developing
approaches for optimal utilization of energy
resources.

In industrial production systems, the optimal use
of energy sources is one of the main problems [1].
The use of energy and raw materials in different
industrial productions requires improving of the
efficiency in process management and waste
minimization to meet the environmental
specifications [2, 3]. The contemporary tendencies
indicate that the industry is working towards waste
reduction and improving the sustainability of the
processes. This is because the effective usage of the
sources is admitted as a key element of sustainable
development and a successful strategy for reducing
negative environmental impacts and production
costs. One of the approaches used in solving the
problems related to the optimal use of energy, is the
integration approach. It can be described as a
systematically oriented method that is used during
the design and reconstruction of industrial
production systems for optimal use of resources
(energy or raw materials) and/or reduction of the
emissions of harmful gases. The method of heat
integration of the processes is focused on optimizing
the consumption of heat, power and fuel [4, 5].

* To whom all correspondence should be sent:
E-mail: bivanov1946@gmail.com

In most batch productions, there is a large number
of processes requiring heating and cooling from
external sources. Utilization of heat energy in batch
processes is limited in terms of temperature levels
and time intervals [6, 7]. Such is the production of
dairy products, beer, biochemical substances. They
require large amounts of water and energy [8]. In
particular, upto 8% of the total production costs of
beer are estimated as energy costs [9]. There are
various scientific studies, which present approaches
for improving energy efficiency of the breweries. In
[10-11] it is presents guide layout of monitoring and
measuring energy, the consumption of utilities and
target setting for brewing in Canada and in London.
It is provided information on the relationship
between the use of energy and the generation of
greenhouse gases in the brewing industry. The guide
attention is directed to potential opportunities to
improve energy efficiency in brewery processes. The
research [12] provides information on potential
energy efficiency opportunities for breweries. In
[13], it is suggested includes cogeneration systems
with different prime movers (steam turbine and gas
turbine), and a generation system with a back-
pressure steam turbine. The paper [14] gives an
overview over the state of the art in the brewing
industry commonly realized in large breweries and
presents important barriers to efficiency in smaller
companies. It is proposed [15] a brewery modeling
tool, who can predict industrial thermal energy
demand variables to satisfactory extent.

Due to growing concerns about the increased

emissions of CO, and the need to implement more

sustainable solutions are offered measures, such as
those presented by [16] and [17].
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Numerous studies in this area indicate the
ongoing interest of the authors, caused by the
untapped potential of batch production of the food
industry, eg. beer production. Most of the proposed
solutions are based only on theoretical assumptions
and do not take into account data from existing
industries. Because of this, the question for optimal
management aiming to reduce energy dependence
on real production processes, still remains.

The aim of this work is to propose a practical
method for energy saving through process heat
integration in a batch system by conventional
brewing.

PROCESS DESCRIBTION
It is studying a beer production process, which
corresponds to the conventional brewing and
includes the following main stages (Figure 1):

Stage 1: Milling - Before the mashing process, the
malt/barley must be milled in a wet or dry process.
It is done for easier malt degradation to sugars,
amino acids and other substances;

Stage 2: Mashing - Mashing is carried out after
mixing of the malt with water 45-C. This process
forms a so-called malt mash. A special feature here
is that the temperature during the mashing is raised
in steps and then kept constant for a while at different
mashing rests;

Hot part
R 1
| 150°C |
Hop
I I
|| Malt . |
| o—> I 78 16 I
| g’ Mash S |
| Water | @ Filtration % © |
I = g :
: l bran > |
| Condensate T3 |
| T, ¢ = |
I I
I I
I I
| Cold |
Separ
Cold part
I Yeast
\ 4

Main-alcoholic

Post-

fermentation

Filtration

Bottling, packaging and pasteurization

[

I

I

I

| fermentation
I

I

I

I

Fig.1. Scheme of conventional beer production without heat integration
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Stage 3: Mash Filtration - During mash filtration,
the wort is separated from the spent grains with filter
bags. The wort is with temperature of 78 C. From
wort subsequently is obtained beer.;

Stage 4: Boiling - After mash filtration, the wort is
boiled together with hops to add bitterness to the
taste of the beer. The boiling takes roughly an hour
and the boiler is heated with steam. After the
brewing the wort’s temperature is 98°C ;

Stage 5: Hot separation of hops and malt residues -
During this stage, is formed a sludge as a boiling
result. The process is carried out by temperature
98-99°C;

Stage 6: Cold separation - Cold sludge is formed
after cooling the hopped wort. Cooling is carried out
in two sections. In the first section, wort is cooled
with water with a temperature of 16°C. The second
section cools with water with a temperature of 2°C.
At the end of the process, the wort is with
temperature 12°C.

Stage 7: Adding of yeast
Main-alcoholic fermentation performed by yeast;

Post-fermentation and maturation - two interrelated
processes that naturally follow the main alcoholic
fermentation;

Stage 8: Filtration of beer;
Stage 9: Bottling, packaging and pasteurization

The so called “Calming” of beer is mandatory
operation that occurs immediately after its filtration.
Then beer is fed for bottling.

The production process of beer is presented as
composed of two parts - hot (production of wort
Stage 2 - Stage 6) and cold (fermentation, maturing
and beer processing Stage 6 - Stage 9). Figure 1
presents the scheme of conventional beer production
without heat integration.

PROBLEM DESCRIPTION

The focus in this work is the conventional
brewing process, presented in two parts - hot (wort
production) and cold (fermentation, maturation and
beer treatment). For the purposes of heat integration,
we are interested in the hot part of brewing. This is
so because there could be seen the basic processes of
"Heating" and "Cooling." Generally, after wort
boiling with hops and the following separation of
hops and malt waste, the mixture with temperature
98'C is cooled to 12°C . For the cooling purposes is
used water with temperature 16°C and water with
temperature 2°C. The idea for the reduction of
energy consumption is to integrate processes
"Heating" and "Cooling" by using thermal tanks.

These reservoirs act as separate heat reservoirs. The
purpose of this operation is that the heated water,
stored in the heat storage tanks is used for carrying
out the processes of mash production and mash
filtration and for vessels washing.

In this case, it is not necessary to stick to a work
schedule of the devices in industrial unit. This leads
to reducing the amount of wastewater and steam.

This idea can be realized through the creation of an
appropriate scheme, along which we need to define
the set of independent variables to ensure minimum
means spent for carrying out of processes. Figure 2
presents the proposed scheme for process
management.

Heat integration using heat tanks

From the presented technology can be seen that
there are processes "Heating" and "Cooling", which
demand usage of energy from outside. The reduction
of energy used from outside can be achieved by
certain scheme of heat integration. Due to process
constraints it is not possible to use the scheme for
direct heat integration. For this it is proposed the
usage of segregated heat tanks serving for storing
thermal energy for its use in another time interval
(Fig. 2).

The characteristic feature of the proposed scheme
shown in Figure 2 is the block for cooling and heat
integration. Wort with temperature TS and debit

m " enters for cooling in heat exchangers A, A
, A3 A4' The waste water after the heat exchangers

V-

Washing ! Waste

*

is stored in four tanks Vs;‘, V4;,

The task of process management is limited to the
determination of multitude independent variables
which to minimize the money spent to conduct
processes. The task restrictions are related to the
technological requirements for carrying out the
processes, and also with the demands to the technical
equipment for performing cooling.

Mathematical model of the motivation example

The proposed method for heat integration can be
applied to traditional brewing. The technological
process includes 9 main stages. The data about the
parameters of the "heating-cooling™ process are
presented in Table 1.

It is assumed that the process of cooling and heat
integration is carried out in N successive time
intervals. For each time interval the cooling is
carried out with a constant debit of streams.
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Stages of the technological process |- — —

150°C steam steam
hop

78°C 98°C 98°C-99°C

4
Jf!
condensate < I,

Water

consumption
m

Sn

Vo i

)nal

another time

interval

I
I
I
| .
I ftomV/,
I
I
I

v V,

Washing Waste

............... N EoDmo—o—o\ Ao aococodd

45°

-

Fig.2. Scheme of the system for heat integration with separated heat tanks

The mathematical ~model describing the  water temperature after the heat exchanger A will
temperature levels (for then-th time interval) that are

achieved in each of the heat exchangers is given by be T, :
the following relationships:
) P Tls = -I-oP - (ToP —Ti ) De,,
For heat exchanger A that performs wort cooling , Q)
from starting temperature T,” to temperature T,”, the Tin =Tis + (TO ~Ti ) ki, D8y,

where
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k = |T16 —T — m:CpP
1 )
Tlrl? _T0P| mlnCple
1 1

W = - 1

" m7Cp,  m,Cp,
T =Ty _ 1-exp(-w,U,A)
TlE _T16 1- kln exp(_WanlAl)

Qe =

Table 1. Parameters of the processes in a brewery

Parameters Value Dimension
Cps 3970 [kIm 2K ™]
CPu,0 4190 [kIkm K ]
my 0.0139 [m* /sec]
m,, 0.025 [m®/sec]
Ty 98 [C]
T 16 ['C]
T, 2 ['C]
Vo <35 [m®]
Vis <34 [m3]
Vivashing <35 [ms]
Vivaste <35 [m®]
Costyg 2,184 [Ilw/m?]
Coeam  0.075510°  [lw/kJ]
Cu> 0.16210°° [lw/kJ]

For heat exchanger A; that performs wort cooling
from starting temperature T,” to temperature T,

the water temperature after the heat exchanger A,
will be T, :

TzFr: = T1E - (Tli —Ti ) De,,

o (2)

T =T +(Tln _TlG)an(DeZn

where
‘. :|T12—T22 _ mPCp, |

|T2n _Tln mZnCplG

W — 1 3 1

“ miCp,  m,Cpy
de,, = Tzz —Tlﬁ _ 1—exp(—w2nU2A2)

TzFr: _T16 - 1- k2n exp(_wanZAz)

For heat exchanger A, that performs wort
T, to

temperature T, , the water temperature after the heat

cooling from starting temperature

exchanger A, will be T, :

Tsi = TzFr: - (Tzz —Tis )(Desn

o 3)
Ton =T +(T2n _T16)k3nq)e3n
where

k _|T16 _T3n _ mnPCpP

3n |T P —T P | - C I

3n 2n M, CPgs

oo 1 o1

" mCp, m,Cp’
(Desn _ Tsz _Tzz _ 1_eXp(_W3nU3A3)

Ts? _T16 - 1- k3n eXp(—W3nU3A3)

For heat exchanger A, that performs wort
cooling from starting temperature TSE to temperature
T, , the water temperature after the heat exchanger
A, willbe T, :

T; = Tsz - (Taz — Ty ) De,,

p (4)

Tp=Tg+ (TSn _T16)k4nq)e4n

where
k4 =|T16 — T — m:CpP ’

|T4?1 _Tsi m4nCp16

W = 1 3 1

" miCp, m,Cpy’
De, - T -T,  1-exp(-w,U,A,)

TAE _T16 - 1- k4n exp(—w4nU4A4)

For heat exchanger A, that performs wort

cooling from starting temperature T; to
temperature TSf: , the water temperature after the heat
exchanger A, will be T :
Tsf\ = T4|:1 - (TAZ -T, ) De;,
(5)
P
Ty, =T, + (TAn -T, ) ks, e,

where
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k :|T2_T5n :mnPCpP ,
> |T5'r31 _T4Fr: manpz
1 1
W5n =" p -
mn CpP mSnsz
TSE :T;'
De,, = TSE _T4T1 _ 1—exp(—w5nU5A5)

Tsz _Tz - 1- kSn exp(_WSnUSAS)

The mathematical model describing the working
temperature and volume, which are reached as a
result of the heat exchange for each heat tank is given
in the following way:

For heat tank V,the volume V,, and the

temperature T, arereached as a result of heat
exchange:

5

Vsz = Z(mlntn ) (6)

n

in™n
*

Tso =B (7
(mlntn )

=1
5

(T,myt,)
-1

M

n=1

For heat tank V, the volume V, and the

temperature T,. is reached as a result of heat
exchange:

5

Vo =3 (m,t,) ®)

n=

5

2 (Tumyt,y)

*

T45 = n=15 )
Z(mZntn )
n=1
For heat tank V., the volume V', - and
the temperature T*Washing is reached as result of heat
exchange:
5
VWashing = Z(mBntn) (10)
n=1
5
Z (T3n m3ntn )
TWashing = n:15 (11)
2 (myt, )
n=1
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the volume V", and the

Waste

For heat tank V,

Waste

is reached as a result of heat

*

temperature T .

exchange:
5
Vidase = 2 (Mot ) (12)
n=1
5
. Z (T4n m4ntn )
TWaste = n=15— (13)
(Mot
n=1

The energy that is necessary to carry out the
processes can be presented by the following
mathematical relationships:

E45 = (T45 _T4§ )V4*5Cp16 +

. (14)
(T45 — Ty ) (V45 ~Vis ) Cpys
Eg = (Tso _Tst) )VBBCplG +

) (15)
(Tso - T16 ) (Vso _Vso ) Cp16
EWashing = (TWashing _Tv:lcashing*)vvcashingcpm + (16)
(TWashing _T16 )(VWashing _VWashing ) Cple
E, = 5 (CpZmSntn (TSn -T, )) (17)

n=1

The cost of the energy that is necessary to ensure
the technological processes is calculated according
to the relation:

Cost = (Ey + Egy + Eypaging JCOSEs + E,CoSt,  (18)

Variables

The essence of the management process is to
determine the set of independent variables to ensure
the fulfillment of the objective function or in other
words to minimize the money spent on conducting
the processes.

These independent variables are:

X :{min,Aj,mP t } vi,n

where
m,,, Vne(l,N),Vie(l,S)}

(19)
A,m..t, vne(LN)
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Restrictions

Task restrictions are related to the technological
requirements for carrying out the processes, and also
with requirements to the technical equipment
carrying out the cooling. In this case, the plurality of
task restrictions are:

TA’; < T45 } (20)
V4*5 =V45
TSB < T80 } (21)
V8:) =V
T\/\’;ashing = TWashing (22)
chashing S\/Washing
n=5
Vaeer = 2 (1.7 (23)
n=1
<A™, Vvie(15) (24)
n=5
t, <t.q (25)
n=1
T <T, (26)

Aim of heat integration

The aim of heat integration is to minimize the
amount of used energy resources for carrying out the
processes. This can be achieved by providing a
possibility of maximum utilization of the heat from
the cooling of the wort.

The objective function of the heat integration is:

MINIMIZE {Cost(X )} (27)

The presented task is formulated in terms of the
mathematical nonlinear programming MNLP and it
is solved with programming package GAMS.

RESULTS

As a result of applying the method of heat
integration using heat tanks in the process of
brewing were achieved results presented in the
following tables:

In Table 2 the optimal temperature levels of the
wort are shown that are reached at the output of the
heat exchangers.

Table 2 shows that by the proposed scheme with
heat integration (Fig.2) the temperature of the wort
gradually decreases after leaving each of the heat
exchangers, which results in reducing the energy
usage required for the cooling process.

Table 2. Optimal temperature of the wort at the output
of the heat exchangers

Temperature Temperature Temperature

Heat b_y scheme k_)y scheme k_)y scheme
exchangers without heat with one heat with separate
integration tank heat tanks
[*C] [°C] [°C]
Ay 22 22 55.016
Az 12 12 36.095
Az - - 23.308
Ay - - 18.560
As - - 12.000
Table 3 presents the optimal parameters

(temperature and volume) in the used additional heat
tanks.

Table 3. Optimal temperature and volume in the heat
tanks

Scheme . Scheme with
. Scheme with
Hot  without heat separate heat
. - one heat tank
tank integration tanks

VIm’] T[°C] V[m]] T[)C] V[m’] TI[C]

Vgo - 35 80

Vas - - 140 4557 34 45
Vwash - - - - 35 35.039
Vuwaste - - - - 36 22872

The energy required to carry out the processes in
the execution of various schemes is presented in
Table 4. It follows from Table 4 that by the
implementation of the heat integration scheme with
usage of separate heat tanks (Fig.2) the energy
needed to obtain water with a temperature of 45°C
and water with a temperature of 80°C is minimized.
The total amount of energy required to carry out the
processes by using separate heat tanks (Fig.2) is by
about 45% lower than that according to the scheme
realized in the practice (scheme with one heat tank).

Table 4. Energy needed for carrying out the processes

Energy needed Energy Energy
to carry out needed to needed to
processes carry out carry out
Resource without heat processes with  processes
integration  one heat tank  withseparate
heat tanks
[kJ] [kJ] [kJ]
E: 1432469.724 1432469.724 1432469.724
Ess 4131340.000 81171.729 1.944
Eso 9385600.000 5049190.867 2.145
Ewash ~ 5719350.000 1382940.867 2927238.395
Total  20668759.72 7945773.187 4359712.208

From Table 5 is clear that the optimal process
control leads to significant cost reductions for
obtaining water with temperature of 45°C and 80°C.
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Table 5. Cost of energy sources without heat
integration and with heat integration processes

Cost of energy Cost of energy Cost of energy

by scheme by scheme by scheme
Resource Without heat with one heat with separate
integration tank heat tanks
[Iv.] [Iv.] [Iv.]
Cost, 232.060 232.060 232.060
Costys 311.916 -6.128 1.467841E-4
Costgo 708.613 381.214 1.619686E-4
Costwasn 431.811 104.412 221.006
Total 1684.400 711.558 453.067

The installation of one heat tank, as is often the
case in practice, leads to a reduction in energy
consumption by about 57% compared to the case
without heat integration. When specialized
segregated tanks are used, as shown in Fig.2, the cost
of energy is by 36% lower compared to the case
realized in practice.

It can be noted that by optimal process
management no special devices that provide optimal
change of the coolant flow are necessary.

CONCLUSIONS

In this study, it was described a conventional
brewing. The production process was presented as
composed of two parts - hot and cold. In presented
paper, it was proposed strategy for optimal
management of processes "Heating" and "Cooling".
It was designed a new structure for heat integration
with separated heat tanks and the suitable
mathematical model describing the process of wort
production.

Optimization task was formulated in accordance
with the mathematical nonlinear programming
MNLP, aiming to minimize the cost of reusing
energy resources, and was solved with the software
package GAMS. The proposed method was tested
with data from a real working production. The
results were indicated in a few summary tables. As a
strategy result (when specialized segregated tanks
are used), it is possible the energy cost to be a 36%
lower compared to the case realized in practice.

NOTATIONS
Cp Heat capacity, [kJm’3 K ’1]
P Density, [kg /m3]

Flow temperature, [*C ]
V Volume of apparatus, [m3]
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t Time intervals, [S]
C

Cys Costof water with temperature 5°C , [lw/kJ]
F MAX

Cost of steam, [lw/kJ]

Steam

Maximum flow rate, [m3 /S]

A Heat exchange surface, [mz]

U Coefficient of heat transfer, [k.] sec ™ m?K ‘l]
M  Flow rate, [m3 /sec]
E

Energy needed to carry out the processes, [kJ ]

Volume, which is reached as a result of heat
exchange, lmSJ

Vecer Volume of cooling wort, [ms]

MAX
A Maximum heat exchange surface, [mz]

T-  Temperature of the cooled wort, [°C ]

. 3
Vs Volume of water with temperature 45°C , [m ]

. 3
g0 Volume of water with temperature80 c Im ]

V,
V, . Volume of water for washing, [ms]
‘ashing

T, Water temperature 45°C
Tg,  Water temperature 80°C

—.  Water temperature 16°C
T

Washing T€Mperature of washing water, [*C ]

T,  Water temperature

Cost,, Cost per unit of energy consumed to heat water
16°C for technological needs, [IV]

COS'[2 Cost per unit of energy by cooling the beer with

water 2°C,[Iv.]
Iv. Bulgarian levs
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2Unemumym no unocenepna xumus, BAH 2p Copualll3, ya Axao. Cm. Anzenos, 61 103

Ioctemmna va 8 Mapr, 2016; Kopurupana na 3 ®espyapu 2017

(Pesrome)

EnepruiiHata eQeKTHBHOCT € €IMH MHOTO Ba)kKeH ITOKA3aTesl MPH OICHKa yCTOMYMBOCTTA HA MPOMUIIICHUTE
nporiecd. ONTUMATHOTO W3MOJ3BAaHE Ha CHEPrHsATa € OCHOBHA 3ajada W JHEC, Th KaTO OIpeNeNs ChCTOSHHUETO Ha
OKOJIHATA cpela W KpaifHaTa IleHa Ha Mpoaykra. Hacrosmara pa3paboTka ommcBa METOJ 33 MHHHMHU3UpPaHE
KOHCyMAaIllATa Ha €Heprus 4Ype3 TOIUIMHHA WHTEeTpanus Ha MpPOIEeCHUTEe MPH KOHBEHIIMOHAIHO MHBOIPOM3BOJCTBO.
[IpemmokeHa e cxeMma 3a TOIUIMHHA WHTETPAIMsl C W3IIOJI3BaHE HA pa3felHW TOIUIMHHHU pPE3epPBOApH, CIYXKEHH 3a
ChXpaHEHHE Ha TOIUTMHHA eHeprus. Pa3paboTeH e MaTeMaTH4eH MOJIeN, KOMTO ONKCBa TOIUIONPEHOCHUTE mporecu. Ha
0aza Ha MOJieJa € MpeJJIoKEeHa CTPaTerusl 3a ONTHMAIIHO YIIPaBJICHUE HAa €HEPropecypcruTe ¢ U3MOJI3BaHE Ha pa3/ieIHU
TOIUTMHHU pe3epBoapu. ONTHMHU3AIMOHHATA 33j7a4ya ¢ (GopMyiaHpaHa B TCPMUHUTC Ha MATEMaTHYHOTO HEITUHEWHO
nporpamupae MNLP u e periena ¢ nporpamuus naker GAMS. IlpeanoxeHusT MeTO € TECTBaH C U3M0JI3BaHEe HA JaHHU

OT peaHo paboTelo IPOU3BOCTBO.
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Diamond green dye is an example of textile dye. In this study, Daucus carota (carrot) waste and Solanum tuberosum
(potato) peels were used for dye removal from water. These are low-cost and commonly available materials. Their
adsorption capacity for Diamond green dye was tested for the first time in this study for possible application on industrial
scale water treatment. Optimum conditions for the removal of 25 ppm of Diamond green dye from 100 mL of synthetic
wastewater by carrot pulpy waste were: 0.6 g adsorbent dose, pH 2.0, 40 min contact time, 30°C temperature and 150
rpm agitation speed. Using potato peels, the optimum conditions were: 0.4 g adsorbent dose, pH 1.0, 15 min contact time,
30°C temperature and 50 rpm agitation speed. Various conditions affecting the sorption of Diamond green dye from water
were optimized by carrying out isothermal and kinetic studies. Isothermal studies indicated that chemisorptive mode is
predominant over physio-sorption with maximum removal capacities for carrot waste and potato peels of 4.14 and 3.13
mg/g, respectively. Kinetic studies pointed to a pseudo-second order model. Both materials are suitable for bulk-scale

removal of Diamond green dye from waste water streams.

Keywords: Diamond green dye; Carrot pulpy waste; Potato peels, Isotherm; Kinetic models.

INTRODUCTION

Rapid growth in population in recent years
resulted in higher development of industrialization
to support people economically and to offer them
better living standards. But this leads to
environmental pollution which may be lethal for
living creatures. It acts as a slow poison, e.g., toxic
metals or excessive organic pollutants discharged
into water bodies. Mainly dyes, colorants, synthetic
drugs, pesticides, herbicides, germicides, and
detergents are the common examples of organic
pollutants found in industrial waste water streams.
Organic pollutants are sometimes biodegradable, but
synthetic dye stuff is resistible to biodegradation. So,
its removal from waste streams is necessary.

Dyes removal by adsorption process is getting
more important nowadays. Different researchers are
working with various types of waste materials from
indigenous sources to remove toxic matter from
water by adsorption.

Agricultural waste, like leaves, peels, seeds, pulp,
etc., is more popular among them due to its easy
handling, availability and non-toxic nature [1-8].

In this work, the removal of Diamond green dye
from water by carrot waste and potato peels was
studied. Its Amax is 625 nm and the formula is given
in Fig. 1. It is a textile dye with synonyms used in
various texts: Brilliant green, Astradiamant green

* To whom all correspondence should be sent:
E-mail: ktm7ro@yahoo.com

GX, Basic green 1, Emerald green, Ethyl green,
Malachite green G and Solid green JO.
A~
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| HO-S
(J 0
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Fig. 1. Structure of Diamond green.

It is injurious to health if comes in skin or eye
contact or orally ingested. Burning of items coated
with this dye results in NOy and SO fumes, causing
air pollution, leading to eye infection and skin ulcer
[9-11].

Various adsorbents were used for its removal
from aqueous medium, e.g., saklikent mud, cactus
fruit peels, saw dust, rice husks, fly ash, eucalyptus
wood, bottom ash, de-oiled soya, palm kernels,
sunflower, rubber wood, babassu coconut epicarp,
etc. [12-32].

Potato (Solanum tuberosum) peels and carrot
(Daucus carota) pulpy waste were used for
adsorption of Diamond green dye. Carrots and
potatoes are extensively used as food. They are not
only used in homemade food items, but also
extensively employed in industrial level-processed
food like chips, French fries, carrot juice, muraba,
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pickles, desserts, cakes and soups [33-41]. Both of
them are nutritionally rich and economical food.
They are easily available all over the world. Their
adsorption capacity for removing Diamond green
dye was tested for the first time in this study for
possible application on industrial scale water
treatment. Their use on a large scale can significantly
increase the organic matter in water due to leaching,
but that organic matter is decomposable; moreover,
it usually contains different chelating agents that can
reduce toxic metallic ions concentration in waste
water streams. So their usage as adsorbents is
preferable as compared to synthetic adsorbents.

EXPERIMENTAL
Materials and instrumentation

Diamond green dye (Amax = 625 nm), HCI
(Merck), NaOH (Merck), Vis spectrophotometer
721, grinder (Philips), digital balance, FT-IR
spectrometer (Perkin Elmer), oven (Haier).

Sorbent matter preparation

Potato peels and carrot pulpy waste were
collected from cafeteria of home institutes making
potato chips and carrot juice. They were washed,
strained, dried in sunlight and ground to fine powder.
The ground material was sieved through 60 mesh
and stored in plastic jars. Potato peels were labeled
as S.T.P and carrot waste - as D.C.W. Their FT-IR
spectra were recorded on a Perkin Elmer
spectrometer (ATR supported) and are given in Figs.
2 and 3, respectively. Their physical characterization
was carried out using standard methods and is
reported in Table 1.

Adsorption studies

Adsorption studies were carried out with
synthetic Diamond green dye solutions. The effect of
various parameters on the rate of the biosorption
process was investigated by varying biosorbent
amount (0.2-2.0 g), contact time, (5-60 min), initial
pH of the solution (1-10), agitation speed (0-200
rpm) and temperature (20-70 °C) using potato peels
and carrot waste. The solution volume (V) was kept
constant (50 mL). 25 ppm dye solution was used and
photometric measurement was done at Amax = 625
nm. Diamond green (B.G) dye adsorption was
calculated by the following equation:

% adsorption of B.G dye = (C, - C¢)/Co x 100 Q

After completion of the adsorption process, the
adsorbents were separated from water by vacuum
filtration using a Blichner funnel.

Isothermal modeling
Optimized operational conditions were applied
on dye solutions of various concentrations (from 15
to 80 ppm) for isothermal modeling of equilibrium
data. Langmuir model equation is [35]:
1 1 1
= +

q quce qm (2)

where q is the adsorption capacity (mg/g) [33-
35].

The value of b was used to calculate the
separation factor R and AG®.

Separation factor is determined by:

Ri=1/(1+bCy) (3

When its value is greater than 1, the adsorption
process is unfavorable using that specific adsorbent.

AG°=-RTInK ()

Here K = 1/b and Gibbs free energy is given in
KJ/mol [7-12].
Freundlich isotherm is [12]:

logg =log K. +%IogCe (5)

Kinetic modeling
Optimized operational conditions were applied
on a 50 ppm dye solution for different time periods
ranging from 5 to 120 min for kinetic modeling of
the equilibrium data. Kinetic modeling was done
using equation 6 and equation 7 [12]:

k
lo —-q,)=1lo -——1 1t
9(g. —q,) ad;. 5303 ©)
t 1 t
[ 4+ —
d K0 O @)

Here t corresponds to the time interval of contact
between sorbent and dye solution in min, ki is a first-
order constant and k is a second-order constant.

RESULTS AND DISCUSSION
Characterization of adsorbent samples

Different functional groups were identified by
FT-IR studies on the biosorbent samples that can
interact with dye molecules and ionized species in
aqueous medium (see Fig. 2 for Solanum
tuberosum). —OH, C-H, C=0, N-H bonds at peaks
3300.20, 2924.09, 1244.09, 1149.57 and 1639.49,
1537.27 cm™ were found in the spectrum of potato
peels. The FT-IR spectrum of carrot waste (Fig. 3)
shows the same trend.
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Fig. 2. FT-IR spectrum of potato peels.
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Fig. 3. FT-IR spectrum of carrot pulpy waste.

After dye adsorption, the samples were again
analysed for observing if changes took place. After
comparing with the original adsorbent before
adsorption, it was observed that the wavenumber
values shifted towards lower numbers, indicating
that chemisorption mode is predominant.

Table 1 indicates that potato peels have a more
acidic nature which will help to adsorb cationic dye
more efficiently.

Table 1. Physical characteristics of adsorbents

Carrot pulpy  Potato peels

Physical properties

waste
pH 7 6
Moisture content 7.4 8.6
(%)
Ash (%) 351 3.93
Volatile matter (%) 18.8 21.4

The moisture, ash and volatile matter contents
were higher in potato peels than in carrot waste. This
is an evidence for the easy decomposition of potato
peels after usage, which will help in dumping of
waste after adsorption of dye. Higher ash content
indicates that the physisorption capacity of potato
peels for dye removal is higher as compared to carrot
waste. This was further confirmed by isothermal
modeling of equilibrium data.
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Results of optimized operational conditions
Adsorbent dose

The effect of adsorbent dose is shown in Fig. 4
which indicates that the maximum removal of
Diamond green dye by D.C.W occurred at 0.4 g and
by S.T.P at 0.6 g. The use of a lower quantity with
maximum removal of dye within 20 min revealed
that carrot waste contains a larger number of binding
sites for chemisorption of Diamond green dye. So, it
is better than potato peels for adsorption of Diamond
green on bulk scale removal of dye.

120

,_.
<
o

A

——D.CW
40 - W —u=S.TP

%age adsorption of B.G
[=))
[=)

02040608 1 12141618 2
Adsorbent dose (g)
Fig. 4. Adsorbent dose effect on the removal of
Diamond green dye.
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60 T T )
20 30 40 50 60 70
Temperature "C
Fig. 5. Temperature effect on the removal of Diamond
green dye.

Temperature

The effect of temperature on the adsorption of
Diamond green dye by potato peels and carrot pulpy
waste is presented in Fig. 5 which indicates that the
maximum removal occurs at 30°C using both
adsorbing materials, carrot pulpy waste providing a
higher percent removal.

This means that higher temperature does not
favour the removal of Diamond green dye, because
it is an exothermic process. Additional movement of
molecules surges with rise in temperature; therefore
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depression in adsorption occurred at higher
temperatures [28].

Dye solution pH

Dye solution pH alters the various ionized
species present in solution that can interact with
biosorbent surface. So its effect was monitored and
is shown in Fig. 6.

95
90 -

[='s]
h
L

\
\
7/

=4=D.CW
=1=8TP

%oage Adsorption
o = =
h = h

60 T T T T T T T T T |

pH
Fig. 6. Dye solution pH effect on the removal of
Diamond green dye.

It indicates that the maximum removal of
Diamond green dye takes place at pH of the dye
solution of 2 and 1 for carrot pulpy waste and potato
peels, respectively. Depression in adsorption occurs
at higher pH of Diamond green dye solution.
Alteration in the molecular structure of Diamond
green dye due to ionization and protonation in acidic
medium along with changes in functional groups of
the carrot pulpy waste and potato peels are
responsible for this effect. In basic conditions, the
higher concentration of hydroxide ions leads to
polarization of the adsorbent surface that in turn can
easily remove a cationic dye like Diamond green by
stronger electrostatic attraction. This can be pictured
by the following equations [16, 25]:

[Adsorbent surface]---OH + OH- — [Adsorbent surface] + H,O

(in aqueous dye solution)

[Adsorbent surface] + Dye* — [Adsorbent surface]----Dye
Contact time

The effect of contact time is shown in Fig. 7
which indicates that the maximum removal of
Diamond Green dye occurs in 40 min using carrot
waste and in 15 min using potato peels. This trend is

due to the fact that carrot waste is more porous and
contains a larger number of binding sites as
compared to potato peels, so it needs more time for
attaining adsorption equilibrium with Diamond
green dye molecules. Also, the adsorbed amount is
larger than with potato peels. At the initial stage of
the process, the removal of Diamond green dye is
rapid, but with passage of time, the process slows
down because now the surface binding sites are
covered by dye molecules. Further removal of dye
can only occur, if the dye molecules penetrate into
deeper layers of the sorbent. So after the saturation
point of the sorbent, further adsorption was
suppressed [30].
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Fig. 7. Contact time effect on the removal of Diamond
green dye.
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Fig. 8. Agitation speed effect on the removal of
Diamond green dye.

Agitation speed

Agitation of the dye solution helps the
penetration of dye molecules into deeper layers of
the sorbent, which enhances the contact with.

Table 2. Langmuir isothermal parameters for the adsorption of Diamond green dye

Adsorbent Slope Intercept R? Gmax b AG
(mg/g) (L/mg) (KJ/mol)
Carrot pulpy waste 0.8856 0.2044 0.921 4.44 0.674 -9.772
Potato peels 6.754 -0.479 0.937 3.13 0.949 -0.13
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Table 3. Freundlich isothermal parameters for the adsorption of Diamond green dye

K
Adsorbent Slope Intercept R? (mgl-(l/n)T_lln oY) n
Carrot pulpy waste 0.707 0.078 0.900 0.77 6.86
Potato peels 1.464 0.906 0.896 0.124 0.68
Table 4. Kinetic modeling parameters for the adsorption of Diamond green dye.
Pseudo-first order Pseudo-second order

Adsorbent Oe(cal) ) Geceal) , Qe(exp)

k1 malg R ) malg R mg/g

Carrot pulpy waste 0.0311 0.758 0.938 0.0351 1.354 0.991 1.2

Potato peels 0.0223 0.203 0.929 0.0397 2.287 0.996 2.2

binding sites. However, very high agitation speeds
have a negative effect on adsorption, because in that
case less time is available to contact dye molecules
with the active sites of the sorbent. It is clear from
Fig. 8 that the maximum removal of Diamond green
dye is achieved at 150 rpm for carrot pulpy waste
and at 50 rpm for potato peels

Isothermal studies of adsorption data

Isothermal studies were carried out on the
mechanism of removal of Diamond green dye by
carrot pulpy waste and potato peels and the results
are presented in Tables 2 and 3.

R? (regression coefficient) value is greater for
Langmuir isotherm than for Freundlich model using
both carrot pulpy waste and potato peels. This means
that chemisorption occurred on homogenously
distributed active binding sites rather than physio-
sorption in multilayer fashion.

The greater value of gmax (4.44 mg/g) for carrot
waste proves it a better adsorbent as compared to
potato peels. In this study, the separation factor R.
value less than unity using both carrot pulpy waste
and potato peels points to the favorable sorption of
Diamond green dye on these sorbents [40, 41]. AG?
values are negative, indicating the spontaneous and
exothermic nature of Diamond green dye removal
process using carrot pulpy waste and potato peels.

The values of Kr and n for carrot pulpy waste and
potato peels indicating that first one provides more
removal of Diamond green dye.

Sorption kinetics

Generally, the pseudo-first order kinetic equation
is not applicable for biosorption of dye systems.
Same is the case here. Kinetic parameters are given
in Table 4. The correlation coefficient of the
pseudo-second order model was greater than that of
the other model using carrot waste and potato peels
for Diamond green dye removal from water. This
indicated that the adsorption system is not a first-
order reaction. Secondly, the Qecay values of the
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pseudo-second order kinetic model are closer to
Qeexp)- SO both these parameters suggest that the
pseudo-second order kinetic model is followed in
Diamond green dye adsorption by carrot pulpy waste
and potato peels.

CONCLUSIONS

It is found that Diamond green dye can be easily
removed from water by employing carrot waste
(D.C.W) and potato peels (S.T.P) as sorbents with
maximum adsorption capacity of 4.44 mg/g for
carrot pulpy waste and 3.13 mg/g for potato peels.
Optimum conditions for the removal of 25 ppm of
Diamond green dye from 100 mL of synthetic
wastewater by carrot pulpy waste were: 0.6 g
adsorbent dose, pH 2.0, 40 min contact time, 30°C
temperature and 150 rpm agitation speed. Using
potato peels, the optimum conditions were: 0.4 g
adsorbent dose, pH 1.0, 15 min contact time, 30°C
temperature and 50 rpm agitation speed. Kinetic
modeling of equilibrium data indicated that pseudo-
second order model was followed and
thermodynamic studies revealed the spontaneous
nature of this process. Both of these adsorbents, i.e.,
carrot pulpy waste and potato peels, can be easily
employed for bulk-scale Diamond green dye
removal from waste water streams.
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OTCTPAHABAHE HA BAT'PMJIOTO IUAMAHTEHO 3EJIEHO OT BOJI1 YPE3
AZICOPBLIMA BBPXY OTITAABYHA MOPKOBEHA ITVJIIA 1 KAPTO®EHHW OBEJIKH

P. Pexman!, C. Anam?, JI. Mury?*

Uncemumym no xumus, Ynusepcumem na Ienooca6, Jaxop-54590, Haxucman
2[lenapmamenm no xumus, Yuueepcumem na IHumewu, umewu-110040, Pomvuus

IMonyuena Ha | rouu, 2016 r.; kopurupana Ha 25 maii 2017 r.
(Pesrome)

BarpuioTo anamMaHTEHO 3€JIEHO € IpUMep 3a TeKCTHIHA 00sl. B ToBa npoyyBaHe e M3MoJI3BaHa OTHAbYHA ITyJIIa OT
mopkosu (Daucus carota) u obenku ot kapTodu (Solanum tuberosum) 3a orcTpansiBane Ha 6arpuioTo OT Boxara. Tosa
ca eBTHHHM M JIECHO JIOCTBITHM MaTepHand. TeXHuST aJcOpOLMOHEH KamaluTeT 3a OTCTpaHsABaHE Ha OarpuioTo
JIMaMaHTEHO 3€JICHO € TECTBaH 3a MPBHB IIT B TOBAa MPOYYBAaHE C OIJIe BH3MOXKHO NPHIOKEHUE 33 MHAYCTPHAIHO
npedncTBaHe Ha Bojara. ONTUMaNTHUTE YCIOBUS 3a OTCTpaHsIBaHEe Ha 25 ppM auamaHTeHO 3eneHo Oarpuio ot 100 mL
CHUHTETHYHA OTIaJHa BOJA 4pe3 OoTHaablu oT MopkoBH ca: 0.6 g ancopbent, pH 2.0, 40 MunyTu koHTakTHO Bpeme, 30
°C temmeparypa u 150 rpm ckopoct Ha pa3dbspkBane. Korato ce m3momsBar o0eku 0T KapTo(H, ONTHMATHATE YCIOBHS
ca: 0.4 g ancopbent, pH 1.0, 15 munyTH KoHTakTHO Bpeme, 30 °C temmepaTypa u 50 rpm ckopocT Ha pa30bpKBaHe.
PaznnuHuTe yCcnoBus, BAMSIEHIN BPXY cOpOIMATa Ha OarpmiioTo ANaMaHTEHO 3€JICHO OT BOJA, ca ONTHMHU3UPAHH Upe3
N30TEPMUYHH ¥ KHHETHYHM H3ciIeaBanus. M30TepMuiHUTE IPOyIBaHUS IOKA3BaT, Y€ XEMHCOPOLUsITa IpeodiiaaBa Hall
¢$usncopOIHATa, KATO MAKCUMAITHHUAT KalalUTeT 3a OTCTPaHsIBaHE Ype3 OTHAIbIH OT MOPKOBH U 00€IKH OT KapTodu e
cboTBeTHO 4.14 1 3.13 mg/g. KunetnuHuTe M3CICABAHUS COYAT MOJIEIN OT IICEB0-BTOPH NMOpsAbK. M aBata copbenra ca
MOJIXO/IAIIH 32 OTCTPaHsABaHe Ha 0AarpmiIoTO TMaMAaHTEHO 3€JIEHO OT OTIaJAHU BOJH.
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In this study, caffeine contents in tea samples and beverages were determined photometrically using UV/Visible
spectrometry which is a rapid, precise and accurate method. Calibration solutions were prepared in the concentration
range of 1-25 ppm from a 100 ppm stock solution. Absorbance of all calibration solutions was measured at the absorption
maximum at 274 nm. Caffeine was extracted from tea samples and beverages by chloroform and reading was performed
against chloroform as a reference. The concentration of unknown samples was read from the calibration graph. Various
concentrations of caffeine were present in the tea samples and beverages. Results showed that in case of tea samples the
highest amount of caffeine (16.111 mg/g) was present in Tetley and the lowest amount (0.251 mg/g) - in Ghatnctr. In case
of beverages the highest amount of caffeine (222.3 mg/L) was present in Boost and the lowest (0.101 mg/L) - in 7-up.

Keywords: Beverages, tea samples, UV/Vis spectrometry, caffeine.

INTRODUCTION

Caffeine is an alkaloid belonging to the
methylxanthines family. pH of a 1% solution of
caffeine in water is 6.9. It is a stimulant drug having
bitter taste in its pure state and it is white crystalline
xanthine [1]. 1,3,7-trimethylxanthine is the
systematic name of caffeine. Other names of
caffeine are trimethylxanthine, theine, mateine,
guaranine and methyl theobromine. Formula of
caffeine is given in Fig. 1and molar mass is 194.19
g/mol. It is an odorless white powder or needles.
Density of caffeine is 1.2 g/cm3. Caffeine solubility
is very low in water, slight in ethyl acetate,
pyrimidine, pyrrole, acetone, and very high in
petroleum ether, ether, benzene and chloroform. The
melting point of caffeine is 237 °C and the boiling
point is 178 C (sublimation) [2].
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Fig. 1. Caffein structure.
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Acidity of caffeine is 10.4. At room temperature
caffeine solubility in water is moderate (2 g/100
mL), but very high in boiling water (66 g/100 mL).
It is also moderately soluble in ethanol (1.5 g/100

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

ml) [3]. Caffeine is weakly basic having a pKavalue
of 0.6; a strong acid is required to protonate it.
Caffeine is included in achiral molecule [4] because
it contains no stereogenic centres. Methylation of
theobromine forms caffeine. Caffeine and related
compounds contain an imidazole ring fused to a
pyrimidine ring [5]. The metabolic product of
caffeine is divided into three primary metabolites
(paraxanthine  84%, theobromine 12% and
theophylline 4%) - metabolic products formed in the
liver. Caffeine is an antagonist of adenosine. It
possesses diuretic action (favors urination) [6].
There are many sources of caffeine including tea,
coffee, soft drinks, energy drinks, chocolates, cocoa
beans, etc. Tea is a common major source of
caffeine. Certain types of tea such as black tea and
oolong tea contain a higher concentration of
caffeine, as compared to other types of tea, such as
green tea. Small amounts of theobromine are present
in tea. The latter also contains theophylline at a
slightly higher level as compared to coffee. The
colour of tea is not a good indicator of caffeine
amount because the colour of caffeine is white [5].
Tea is included in aromatic beverages;
preparation of tea is by pouring hot or boiling water
over leaves of the tea plant. China is the origin of tea
as a medicinal drink [7]. Tea is derived from a plant
called Camellia sinensis, which is a shrub native to
China and India (Asian countries) but its cultivation
also occurs in tropical and subtropical areas. Tee
contains unique antioxidants called flavonoids.
During the seventeen century it became popular in
British countries. The British are responsible for the
introduction of tea in India. Anti-inflammatory and
neuroprotective properties have been known in tea
catechins, helping to regulate food consumption [1].
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The risk of diseases such as stroke, cognitive
impairment, and osteoporosis is lower for elderly
people consuming green tea. Many other nutrients
including anti-oxidants, minerals, caffeine, vitamins,
amino-acids, theobromine and theophylline which
have strong beneficial effects on human health are
also present in tea. The tea differences arise from
geography, growing conditions, method of
processing and time of vintage. White, green, black
and oolong tea include herbal infusions, also called
herbal tea. Each type of tea has specific
characteristics including different taste and varyous
benefits to health. There are five basic types of tea:
black, oolong, green, white, and puer.

The purest form of tea includes white tea and has
light flavor and color, the most delicate form of all
teas is white tea. Green tea is the most favorite
choice of beverage in Asia. It is made of steamed tea
leaves having high amount of epigallocatechin
Gallate (EGCG). Green tea has a subtle flavor. Non-
fermented tea is green tea having catechins in a large
amount as compared to black tea or oolong tea. Wu
long tea is another name of Oolong tea, having a
flavor full aroma. Oolong tea is undergoing partial
oxidation. The taste and fragrance of fresh flowers
are often compared to Oolongs. Oolong tea contains
large amounts of antioxidants. Black tea has a robust
flavor. Aged black tea is imported from China. It is
incredibly deep and rich in flavor without bitterness.
It is made of fermented tea leaves; black tea has the
greatest caffeine content and a high quantity of
polyphenols such as flavonoids. These flavonoids
work  against  harmful agents [8]. Y
The most common component of soft drinks is
caffeine, such as Coca-Cola, which is derived from
kola nuts. 10 to 50 mg of caffeine per serving are
present in soft drinks but the energy drink Bull
contains 80 mg of caffeine per serving [9].

There are many advantages of caffeine like: it is
used to reduce physical fatigue due to its medicinal
properties [6]. Caffeine can induce hair growth.
Dopamine concentration increases in the brain by
caffeine which helps to ease depression. Glutamate
and dopamine concentrations enhance by caffeine in
shell of nucleus accumbens [10]. Caffeine increases
stamina, protects the person from eyelid spasms,
cataracts, prevents skin cancer. Caffeine can
decrease the risk of several types of cancer including
liver and colorectal cancer. These cancer risks are
reduced by drinking coffee. Caffeine reduces the risk
of type 2 diabetes and Parkinson’s disease. In type 2
diabetes, the ability to use insulin regulates blood
sugar effectively in the body [11].

There are many disadvantages of caffeine, e.g., it
can cause anxiety if high doses of 300 mg or higher
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are taken [12], accelerates bone loss at the spine in
elderly postmenopausal women and causes an
increase in the likelihood of experiencing auditory
hallucinations. The central and sympathetic nervous
systems are stimulated by caffeine which results in
an elevation of hormones which causes the body to
enter in a state similar to that of the fight or flight
response [11]. Excess or higher dosages of
caffeine can cause several problems that include
high blood pressure, restlessness, irritability,
anxiety, heartburn, headache (sometimes severe),
sleeplessness, increased heartbeat, nausea,
enhanced urination, heart palpitations,
gastrointestinal disturbance (diarrhea), dizziness,
nervousness and jitters.

The absorbance of calcium, magnesium, zinc,
chloride and sodium in the body is reduced by using
caffeine. Osteoporosis is caused by caffeine. Iron
present in blood is oxidized by caffeine as much as
75%. Sugar and fatty acid concentrations in blood
and homocysteine level increase by caffeine.
Melatonin formation is reduced by caffeine [13].

Beverages are drinks containing caffeine mainly
for human use [14]. There are two types of
beverages: alcoholic and non-alcoholic beverages.
Non-alcoholic drinks include those beverages that
have a small quantity of alcohol or alcohol may not
be present. Examples of non-alcoholic beverages are
non-alcoholic wine, energy drinks including Red
Bull, Monster and Power House. Alcoholic
beverages are those which contain alcohol in varying
amounts. Examples of alcoholic drinks are cider,
wine, etc.

There are many advantages of drinking tea.
Antioxidants present in green tea affect the growth
of bladder, breast, stomach, pancreatic, lungs and
colorectal cancers. The antioxidant EGCG is present
in green tea, which can treat various diseases. Green
tea has health enhancing benefits as compared to
black and oolong tea [15]. White tea can help you
look younger, white tea helps to inhibit wrinkle
production by strengthening the collagen and elastin.
Antioxidants found in oolong tea decrease the bad
cholesterol levels. Wuvi is a variety of oolong tea
used as a weight loss diet; green tea also reduces the
bad cholesterol amount and prevents platelet
clumping [16].

There are many disadvantages of drinking tea.
Fluoride is present in all tea leaves, mature leaves
contain a higher amount of fluorides as compared to
young leaves from the same plant [17];
overconsumption of tea can cause fluorosis in
humans [18]. Tea leaves contain some amount of
aluminium [19]. The levels are safe but sometime
that level of aluminium becomes the cause of
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Alzheimer's disease [20]. The symptoms of
Alzheimer’s disorder are lack of learning skills, loss
of memory, lack of imagining power and reasoning
skills in acute cases. Oxalates are also present in tea,
kidney stone are formed by oxalates. Oxalates are
accumulated in the Kkidney tissue [21]. Large
amounts of black tea use by men, enhance risk
of prostate cancer by 50% [22]. Uv/Vis spectrometry
is used for the determination of caffeine in tea, coffee
and beverages [23].

EXPERIMENTAL WORK
Chemicals

The chemicals used in this study include
hydrochloric acid (HCI), chloroform (CHCIs)
obtained from Friend’s laboratory chemical, sodium
carbonate (Na,CQOs3) obtained from Riedel-de Haen
and caffeine obtained from AppliChem.

Sample collection

Different samples of tea and beverages were
purchased from different markets of Kasur
(Pakistan). Different types of energy drinks and soft
drinks including Coca-Cola, Pepsi, diet cola,
mountain dew, Gourmet cola, Boost, Panda, Red
bull, Sting, Mask, Pepsi diet, Power house were
purchased from the local markets in Pakistan.

Instrument

The UV/vis spectrometer Labomed UVD-3500
was used for the analysis of caffeine in different
samples of tea and beverages.

Calibration solutions preparation

Caffeine stock solution of 1000 ppm was
prepared by dissolving 0.1 g of pure caffeine in 100
mL chloroform. It was analyzed by UV/Vis
spectrometry for determining Amax and the resulting
spectrum is shown in Fig. 2. Further dilutions were
prepared in the range of 1-25 ppm and their
absorbances were measured at Amax 274 nm as shown
in Fig. 2. The resulting values are given in Table 1.
They were used to draw the calibration line for
caffeine analysis as shown in Fig. 3. Cuvettes of
plastic were not used because chloroform dissolved
plastic.

Extraction of caffeine from tea

All glass apparatus was rinsed with chromic acid
and distilled water before use. 2 g of dried tea
powder was taken in a beaker and 20 mL of distilled
water was added to it and boiled. After boiling, 2 g
of sodium carbonate was added for precipitating
tannins, then filtered. The filtrate was heated and
concentrated to 5 mL. Then 5 mL of chloroform was

added for extraction of caffeine using a separatory
funnel. The extract was analyzed for caffeine
contents and the average values are reported in Table
2.

Extraction of caffeine from beverages

A beverage portion was drawn by a 10 mL pipette
and poured directly in a separatory funnel, then 1 mL
of 20% (w/v) sodium carbonate solution and 5 mL
of chloroform were added and shaken for few
minutes. The lower (organic) layer containing
caffeine was taken in a sample cell [6].

Preparation of a sample solution of tea

The best solvent used for the direct UV-Vis
spectrophotometric determination of caffeine in tea
and beverages was chloroform, as shown by Maidon
[1]. He compared four solvents for caffeine analysis
including chloroform, methanol, ethyl acetate and
water. Among them, chloroform displayed th best
ability to dissolve tea leaves [1]. Initially 0.1 mL of
the extract of tea, present in the sample cell was
taken to the test tube and 5 mL of chloroform was
added to it. Then the absorbance of the solutions was
measured at 274 nm. Three samples of each brand
were used for caffeine analysis and the average
values are given in Table 2.

Preparation of a sample solution of beverages

0.1 mL of the extract of beverages, present in the
sample cell, was dissolved in 5 mL of chloroform to
form the sample solution. Reading was performed at
a wavelength of 274 nm. Three samples of each
brand were used for caffeine analysis and the
average values are given in Table 3.

RESULTS AND DISCUSSION
Calibration line preparation for caffeine analysis

In Fig. 2 the caffeine spectrum is given which
indicates that its maximum absorption occurs at 274
nm. So further photometric analysis of all samples
was carried out at 274 nm.

In Fig. 3 the calibration curve for caffeine was
drawn by using calibration solutions of caffeine in
the concentration range of 1-25 ppm and absorbance
was measured on a UV/Vis spectrometer at
wavelength 274 nm, as shown in Table 1.
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Fig. 3. Calibration curve of caffeine.

Table 1. Absorbance of the calibration solutions of
caffeine

No.  Concentration (ppm) Absorbance
1 1 0.088
2 5 0.322
3 10 0.633
4 15 0.906
5 20 1.12
6 25 1.411

Determination of caffeine in different tea samples

The UV/Vis spectrometric method was used for
the quantitative analysis of caffeine in different
samples of tea and beverages. This method is rapid,
cheap, simple, reproducible, accurate and precise.
The concentration of caffeine in the tea samples was
determined in triplicate and the average values are
given in Table 2. Some tea samples contain large
amounts of caffeine, and others less. Thirty two
different samples of tea were analyzed. The level of
caffeine in Tetley, Lipton, Alkozoay, Doctor, Utility
and Vital tea samples lies in the range of 16.111-
11.371 mg/g, whereas in Tezdam, Al Kark,
Danadar, Supreme samples, it was in the range of
7.622-6.44 mg/g. In Khuli Kenya, Qamar,
Bangladesh Kenya, Kenya, Islam Brand Kenya,
Golden Kenya and Green leaf samples, the
concentration of caffeine was in the range of 5.744-
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3.262 mg/g. The lowest range was found in the tea
samples of Sapna, Thomata, Malnya 8, Sea Shad 49,
Kanya F1, Kagra, Kateve F1, Malnya F1, Kagway,
Tameta, Manga, Sea shad 55 and Ghatnctr. The
Tetley sample had the highest amount of caffeine
and the Ghatnctr — the lowest one. Al Rasbi
analyzed different tea samples and according to his
result Lipton tea contained 22 mg/g of caffeine but
in this analysis Lipton tea contained 13.672 mg/g of
caffeine [24].

Table 2. Determination of caffeine in different tea
samples available in Pakistan.

Caffeine Caffeine
Sample Concentration  Sample Concentration
(mg/g) (mg/g)
Ghatnctr 0.251 Green leaf 3.262
Kanya F1 0.312 Kenya 3.421
Seashad55  0.363 Golden 3.791
Kenya
Malnya 8 0.422  Bangladesh 4.353
Kenya
Kagway 0.421 Qamar 5.712
Seashad49  0.430 Khuli 5.744
Kenya
Kagra 0.430 Supreme 6.442
Malnya F1 0.433 Danadar 6.821
Kateve F1 0.511 Al kark 6.991
Thomata 0.582 Tezdam 7.622
Manga 0.591 Vital 11.371
Tameta 1.011 Doctor 11.532
Sapna 2.221 Utility 12.071
Lajpal 2.273 Alkozoay 12.892
Islam brand - o5, Lipton 13.672
Kenya
Alaichee 3,006 Tetley 16.111

Result obtained in these analyses were different
from the reported one, maybe due to the different
place, laboratory conditions and most importantly
different tea brewing method. Tea brewing
conditions and time are mainly responsible for
caffeine contents determination by UV/Visible
spectrometry.

Analysis of caffeine in different beverages

In beverages different concentrations of caffeine
were found. Various analytical techniques are used
for the analysis of caffeine in different beverages,
like: high performance liquid chromatography,
derivative spectrophotometry, ion chromatography,
Fourier transform infrared spectrophotometry,
partial least squares method, solid phase Fourier
transform-Raman  spectrometry, a novel auto
analyzer method, continuous-flow solid-phase
spectrophotometric  sensing method, GC/MC
method, sample pre-treatment method, solid phase
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extraction method, multivariate method, reversed
phase ultraviolet visible high performance liquid
chromatography method, etc. In this study, UV/Vis
spectrometric method was used. In table 3 the
concentration of caffeine in different beverages is
reported as an average of three replicates.

Fourteen different beverages were analyzed. The
level of caffeine in Coca Cola, Pepsi, 7-up, Gourmet
Cola, Mountain Dew, Big Apple, Diet Cola, and
Pepsi Diet was found to be in the range 0f 0.101-96.1
mg/L. The concentration of caffeine in Boost, Power
Horse, Panda, Red Bull, Sting, Mask was in the
range of 130.2-222.3 mg/L. In all of these samples,
Boost had the largest amount of caffeine
(222.3mg/L), whereas the smallest amount (0.101
mg/L) was found in 7-up. Carbonated soft drinks
contain lower amounts of caffeine as compared to
energy drinks available in the commercial market.

Tauta et al. [6], also worked on carbonated soft
drinks and energy drinks. Tauta used a UV-Vis
spectrometric method for the determination of
caffeine content in different beverages. The result
obtained by this method was that carbonated Coca
cola had small amount of caffeine and Red Bull had
large amount of caffeine. Kalra also worked on
beverages and showed that the highest concentration
of caffeine was present in Power-ex (46 pg/mL) and
the lowest concentration - in XXX (19.5 pg/mL)
[25].

Musa Ali also worked on beverages. The result
obtained was that energy drinks contained large
amount of caffeine as compared to carbonated soft
drinks [2]. Results obtained in these analyses were
not similar, maybe due to the different place,
seasonal changes and different laboratory
conditions.

MgO supported catalysts with 5 wt. % Co0304 or
CoFe,04 loading were prepared by incipient wetness
impregnation [15]. Bulk CozO4 and CoFe;O4 were
prepared by the precipitation/co-precipitation
method.

XRD patterns of the samples were obtained on a

TUR M62 powder X-ray diffractometer (XRD)
using Co-Ka radiation (A= 1.789 A) at 40 kV and 20
mA. The morphology of the catalysts was
characterized by a JEOL JEM 2100 high resolution
transmission electron microscope (TEM) using an
accelerating voltage of 200 kV. Two basic regimes
of microscope mode were used — bright field
transmission microscopy (TEM) and selected area
electron diffraction (SAED). The pH of the point of
zero charge (pHezc) of the catalysts was determined
by the pH drift method [17]. The amount of cobalt
and iron in the prepared samples as well as the
concentrations of leached Co and Fe in the solution
were measured by atomic absorption spectroscopy
(AAS, Perkin-Elmer).
Catalytic oxidation of RhB with PMS was carried
out in a 400 cm? glass reactor at 293 K with constant
stirring at around 400 rpm. In a typical experimental
procedure, a fixed amount of catalyst was added to a
200 c¢md solution containing 50 mg dm™ of RhB and
the suspension was stirred for 30 min to achieve
adsorption-desorption equilibrium. The reaction was
initiated by addition of oxidant to attain the
predefined PMS/RhB molar ratio. Aliquots of 4.0
cm® withdrawn from the mixture at given time
intervals were immediately mixed with 1 mL
methanol to quench the reaction. The RhB
concentration in aqueous solution was determined
by means of UV/Vis spectrophotometry (Cintra 101,
GBS) at 554 nm. All tests were conducted in
triplicate to ensure reproducibility of experimental
results.

CONCLUSIONS

UV/Vis spectrophotometry was used for the
determination of caffeine in tea samples and
beverages. Caffeine is the world’s most widely
consumed psychoactive drug. It is important to
obtain information about the drinks because they

Table 3. Determination of caffeine in different beverages available in Pakistan.

Caffeine Caffeine Caffeine Caffeine
Sample Concentration Concentration Sample Concentration Concentration
(mg/10mL) (mg/L) (mg/10mL) (mg/L)
7 up 0.001 0.101 G%‘éﬁg“*t 0.381 38.1
Panda 0.091 9.1 Diet cola 0.812 81.2
Big Apple 0.102 10.2 Coca cola 0.961 96.1
Mountain 0.105 105 Power 1.302 130.2
dew horse
Mask 0.17 17 Sting 1.643 164.3
Pepsi 0.199 19.9 Red bull 1.914 1914
Pepsi diet 0.319 31.9 Boost 2.223 222.3
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are widely consumed all over the world. Various
analytical techniques are used for tea analysis like
HPLC because these technique has high accuracy
and precision but UV-Vis spectrophotometry is
mostly used because it is cheap and easily available
in laboratories. Results showed that in case of tea
samples the largest amount of caffeine was present
in Tetley and the smallest amount - in Ghatnctr. In
case of beverages the largest amount of caffeine was
present in Boost and the smallest amount - in 7-up.
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AHAJIN3 HA CBABPXKAHUETO HA KO®ENH B ThbPI'OBCKU HAIIMTKH U ITPOBU OT
YA C IIOMOIITA HA YB-CIIEKTPOMETPUA

P. Pexman™, C. Ampad
Hucmumym no xumus, Ynueepcumem 6 Ilynoca6b, Jlaxop-54590, Iaxucman
Ioctenuna Ha 13 anpun, 2016 r.; npueta Ha 26 maii, 2017 r.
(Pesrome)

B ToBa n3cnensane ce onpenens GOTOMETPUYHO ChIBPKAHETO HAa KOGEHUH B Ya€HU NPOOU M B HAITUTKHU C IIOMOILTA
UV/Vis-cnekrpodoromerpus. MeToasT € Obp3 1 ToueH. KannOpoBkaTa € HallpaBeHa B HHTEPBAJ OT KOHIEHTPAIMH
1-25 ppm ot u3xoaeH pastBop ot 100 ppm. AScopOiusaTa Ha BCUUKH KaJIMOPAIIMOHHK Pa3TBOPH MPH aOCOPOITMOHEH
MakcuMyM nipu 274 nm. KodennsT ce excrpaxupa ot npoodute ¢ xjiopodopm, KOWTO ce u3Moi3Ba KaTo GoH npu
¢doromerpusita. PesynraTure nokassar, 4e B Ciry4as Ha YaeHU NPOOH KOGEHHBT € B HO-T'OJIIMO KOJIMYECTBO Ha KOEenH
(16.111 mg/g) B 4as ,, Tetley, a naii-uucko — 8 Ghatnctr (0.251 mg/g). [Ipu HAMUTKUTE Ha#-BHCOKO € ChABPKAHUETO
B Boost (222.3 mg/L), a naii-uucko - 7-up (0.101 mg/L).
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All insensitive munitions contain explosive trains which need to meet insensitive munitions criteria but reliably initiate
the main charge explosives. The traditional cylindrical booster pellets have insufficient energy output for reliably
initiating the insensitive main charge explosives. To ensure that the requirement can be achieved, a horn-shaped booster
pellet having high initiation capacity was designed and experimentally studied. The results show that the horn-shaped
booster pellet has higher initiation capacity than the cylindrical booster pellet for the same mass and density of explosive.
The convergence pressure of the horn-shaped booster pellet is 34 GPa, which is higher than the value of 27 GPa for the

cylindrical booster pellet.

Keywords: booster pellet, insensitive main charge, pressure, initiation capacity.

INTRODUCTION

The first demonstration of the Munroe effect for
high explosives was achieved by Munroe C. E. in
1885 [1]. In one of his experiments, Munroe
observed that when a cavity was formed in a cylinder
of explosive, opposite the point of initiation, the
depth of the crater produced in the steel target was
deeper compared with the cylindrical explosive
without cavity. The increase in penetration resulted
from the focusing of the detonation products by the
hollow cavity. The history of shaped charges was
discussed in reference [2].

Now, the shaped charge effect is widely applied
in the following fields: the common term in military
terminology for shaped charge warhead is high
explosive anti-tank (HEAT). HEAT warheads are
frequently used in anti-tank guided missiles,
unguided rockets, rifle grenades, and various other
weapons. In  non-military applications, shaped
charges are used in the explosive demolition of
buildings and structures, in particular for cutting
through metal piles, columns and beams [3]. Shaped
charges are used most extensively in the petroleum
and natural gas industries, in particular in the
completion of oil and gas wells, in which they are
detonated to perforate the metal casing of the well at
intervals to admit the influx of oil and gas [4].
Shaped charge technique is also regarded aimed at
the formation of hypervelocity fragments for the
investigation of space debris effects on shielding
screens [5, 6]. Smirnov [7] considered the problem
of non-stationary formation of a cumulative jet in a
medium that offers resistance to the motion of the jet
and obtained an analytical solution of the non-

* To whom all correspondence should be sent:
E-mail: hlsly1314@163.com

stationary problem. However, the number of studies
using the shaped charge effect to initiate insensitive
explosives is limited.

The insensitive main charge explosives are
assuming a key role in the development of modern
weapons. The exploitation of the insensitive
munitions technology resulted in improved
survivability from accidents, enemy actions, weapon
systems and their associated platforms [8]. The
munitions contain a number of explosive trains to
provide reliable initiation and detonation transfer.
The main charge explosives filled in the weapons are
becoming increasingly insensitive to hazard stimuli.
The traditional method of increasing the energy
output for reliably initiating the insensitive main
charge explosives is to increase the size and amount
of the booster explosives [9]. This approach resulted
in the explosive train becoming a significant factor
in weapons vulnerability.

The developmental efforts in booster explosives
have therefore been aimed at highly effective booster
charge structures that reliably initiate insensitive
main charge explosives in small size and quantity.

Dallman [10] investigated the initiation capacity
of a hemispherical booster pellet and reported that its
output is powerful even when it is small in size.
Spahn [11, 12] conducted studies on an embedded
can booster and also a booster explosive ring. The
results showed that the initiation capacities of the
embedded can booster and booster explosive ring are
more powerful than the initiation capacity of a
cylindrical booster pellet. In a recent work of the
authors [13], the initiation capacities of the ring and
conical ring booster pellets were studied. The results
showed that the initiation capacities of the ring and
conical ring booster pellets are higher than those of
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the cylindrical pellets. The energy output of the
conical ring booster pellet was found to be higher
than that of the ring booster pellet.

In this paper, a booster pellet with a horn-shaped
cavity was experimentally studied. The initiation
capacities of horn-shaped and cylindrical booster
pellets were compared.

DESIGN THEORY

In order to produce a powerful convergence
shock wave, the products moving to the focus from
different points of the explosive surface should be
simultaneously converged. The problem in two
dimensions was studied and an “energy-
convergence” curvilinear equation was deduced.
The diagram of the energy-convergence surface is
shown in Fig. 1.

F /\
. /\ N
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Y/
A
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o
(0] X

Fig. 1. Diagram of the energy-convergence surface

Origin of the coordinates is set on the focus of
this curve. Suppose explosion starts from the point
O. According to the Fermi principle, it can be got
that

OA AF OF
—+T=T=COHS'[ (1)
D ] u
where point A is any point along the charge
surface, point F is the convergence focus of
explosion products, arc OA is the propagation
distance of detonation wave, lines AF and OF are the
propagation distances of explosion products. D is the
detonation velocity, g is the velocity of explosion

products. Then, the length expression of arc OA
could be gained,

OA=[; ?+ (= (OF-AR 2 -
5 2 do u )
?(ro - r)

u
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where r is the length of line AF, ro is the length
of line OF, ¢ is the angle between line FN and line
FA. Through ¢ differential to Equation (2), it gets

dr d
ar ___d¢ 3)
r D?

@

solve it and then,

b
r=re'" (@)

This is the logarithmic spiral equation.

After the surface of revolution (rotation axis is
line OF) is formed, the energy-convergence surface
that forms the convergence shock wave could be
calculated. As we know, the logarithmic spiral has
the following property: the angle between the
tangent line of any point A and the radius vector is a
constant. It can be seen clearly from Fig. 1 that this

angle is 90" —» (y is the angle between the normal
line of any point A and the radius vector), and
90" —y =180" — (@ + @) (« is the inclination angle
of the tangent line).

Therefore,
y=a-90"+¢ (5)
Since
r_ tan ¢
tan(90°' —a) =cotg =———— =
" tang+1 ©)
r

tan[arctan r? —g]=tan[-(¢ + )]

So,
;
arctan—=—-y @)
r
;
—=—tany (8)
r

However, we have known that,

ro 1 ©

r 2
[
0

Therefore,
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tany = 1 (10)
DZ

. o
siny =— 11
75 (11)

So, the logarithmic spiral is the sole curve during
focusing of explosion products, the logarithmic
spiral not only has the property of Fermi principle,
but also could guide the explosion products from
every surface element to the focus at the same
parameters and same angle.

The volume charge is formed by rotation of the
logarithmic spiral centered as line OF. It could
produce convergence shock wave of explosion
products. If the volume charge is large enough in
size, it could generate pressure of millions of
atmospheric pressure at the focus. The average
initial pressure of the explosion products is equal to
100000 atmospheric pressures.

The surface formed by rotation of the logarithmic
spiral is the “energy-convergence” surface of the
charge. Cut the charging part (e.g. along the plane N-
N) that is formed by rotation of a logarithmic spiral,
and the actual energy-convergence charge which
could generate high pressure could be acquired.

According to that, the horn-shaped booster pellet
was designed and it is shown in Fig. 2.

FF  F [
—|_ o ?.5-—|_ —|_
+ + |4
4/ BN+
+ g0"

1 o2
® 32

Fig. 2. Structure and size of the horn-shaped booster
pellet

EXPERIMENTS
Experimental method

Four different methods were selected to
comprehensively study the initiation capacity of the
horn-shaped booster pellet [14, 15].

(1) Main charge detonation distance method. The
main charge is initiated by the booster pellet. The

detonation distance of the main charge represents the
initiation capacity of the booster pellet. The
detonation distance of the main charge is affected by
the initiation energy of the booster pellet. The more
powerful the initiation energy is, the longer the
detonation distance propagates.

(2) Main charge axial-steel-dent method. In this
method, the main charge in contact with the steel
witness plate is directly initiated by the booster
pellet. The depth of the dent represents the initiation
capacity of the booster pellet.

(3) Booster pellet axial-steel-dent method. The
booster pellet is in direct contact with the steel
witness plate. Initiated by the detonator, the booster
pellet detonates and produces a steel dent. The depth
of the dent represents the initiation capacity.

(4) Pressure test method. In the pressure test
method, low-resistance manganin piezoresistors
sensor was used for accurate measurement of the
convergence pressure [16, 17].

The convergence pressure could be calculated by
using the following relationship:

AR,

p=0.9447 +35.5887 x (A—;) +6.986 x (F) (12)

where, R is the resistance of the manganin
piezoresistors sensor, AR is the variation of
resistance, p is the convergence pressure.

In the experiment, a constant current source was
used to measure AU/U by an oscillograph. AR/R was
obtained from the following relationship:

AR ARl A
AR _ARI_AY 13

R RI U
where, U is the voltage, AU is the variation of

voltage, | is the electric current.
Experimental conditions

The plastic-bonded booster explosive PBXN-5
was selected for the experiments. The density of the
compacted booster pellet was 1.68 g/cm®. The
density and diameter of the cylindrical pellet were
1.68 g/cm? and 29.58 mm, respectively.

Nitroguanidine-based composite explosive was
chosen as the main charge. The nitroguanidine-based
composite explosive contains nitroguanidine (NQ),
polytetrafluoroethylene (PTFE) and graphite (G).

The steel witness plate was an ordinary carbon
steel of size ®100x50 mm.

Experimental devices

The experimental device of the main charge
axial-steel-dent method and the main charge
detonation distance method is shown in Fig. 3. The
booster pellet axial-steel-dent method is similar to
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Fig. 3. Experimental device of the main charge axial-steel-dent method and the main charge detonation distance
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Fig. 4. Installation diagrammatic illustration of the pressure test method

the main charge axial-steel-dent method except that
it excluded the main charge and the steel witness
plate 2. The testing instrument used for measuring
the convergence pressure is illustrated in Fig. 4.

EXPERIMENTAL RESULTS AND DISCUSSION

Comparison of initiation capacities of horn-shaped
and cylindrical booster pellets

The initiation capacities of the horn-shaped and
cylindrical booster pellets were measured using the
main charge detonation distance method. The main
charge explosive was an NQ-based composite
explosive. The components of the main charge were
in the following proportions: NQ/PTFE/G=46/53/1.
The density, diameter and height of the NQ-based
composite explosive were 1.17 g/cm?, 70.0 and 80.0

mm, respectively. The results obtained from the
experiments are presented in Table 1.

The results in Table 1 show that when the main
charges were initiated by the horn-shaped booster
pellet and the cylindrical pellet at the same density
of explosive, the average detonation distance of the
main charge initiated by the cylindrical booster
pellet is 55 mm. However, the one initiated by the
horn shape booster pellet is 75 mm. Therefore, the
horn shaped booster pellet has more initiation
capacity than the cylindrical booster pellet for the
same mass and density of explosive.

The data of the present work are the results of five
parallel experiments. The detonation distances of the
main charge initiated by the cylindrical booster
pellets are 54.5, 54.8, 55.2, 56.2, 56.4 mm,
respectively, the variance value of the data is 0.57.
The detonation distances of the main charge

832



Bulgarian Chemical Communications, Volume 49, Number 4, (pp. 829 — 835) 2017

Table 1. Results of the initiation capacities of booster pellets for the detonation distance method

Booster pellet Main charge
. Average Detonation Time of
Shape I\/I(a)s S Tﬁ:ggt Distance Experiment
: (mm)
Hom'Shpaeﬁf; booster 19.6 800.2 75.04 5
Cylindrical booster pellet 19.6 80+0.2 55.42 5

Table 2. Results of the initiation capacities of booster pellets for the axial-steel-dent method and pressure test method

Shane Mass, (q) Dent depth of Dent depth of Convergence
P 9 method (2), (mm) method (3), (mm) pressure, (GPa)
Cylindrical 19.7 1.20 2.65
Cylindrical 22.4 1.46 3.02 97
Cylindrical 26.7 1.72 3.44
Cylindrical 33.1 1.90 3.86
Horn-shaped 25.3 2.16 11.62 34

initiated by the horn shape booster pellets are 73.8,
74.1,75.2, 75.3, 76.8 mm, respectively, the variance
value of the data is 1.12. The variance values were
small, therefore, it can be reasonably considered that
the results are true and considerably credible.

Additional studies on the initiation capacity of
horn-shaped booster pellet

Experiments using the main charge axial-steel-
dent, booster pellet axial-steel-dent, and pressure test
method were also conducted. The components of the
main charge were in the following proportions:
NQ/PTFE/G=70/29/1. The density, diameter and
height of NQ-based composite explosive were 1.20
g/cm?3, 42.6 and 40 mm, respectively. The results are
shown in Table 2. The pictures of the steel witness
plates employed in the booster pellet axial-steel-dent
method are shown in Fig. 5.

(a) depth=3.86 mm (b) depth=11.42 mm

Fig. 5. Steel witness plates for the booster pellet axial-
steel-dent method

The pressure waveforms of the cylindrical and
horn shaped booster pellets are shown in Figs. 6 (a)
and (b), respectively.

The steel dent depth of the horn-shaped booster
pellet is higher than that of the cylindrical booster
pellet for both main charge and booster axial-steel-
dent methods. It can be seen that the convergence
pressure of the new booster pellet is 34 GPa, which

is higher than the value of 27 GPa for the cylindrical
booster pellet. The results from the three methods are
in good agreement.

From Fig. 5 (b) it can be seen that the hole at the
center of the steel witness plate is deep and the ring
around the hole is shallow. The hole at the center is
produced by the convergence pressure. The ring dent
is created by the detonation wave pressure. It is also
seen that the convergence pressure is higher than the
detonation wave pressure.

(b) Horn-shaped booster pellet
Fig. 6. Pressure waveform of the cylindrical and horn-
shaped booster pellets
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The dent depth h is expressed as [18, 19]:

thMr (14)

po V pOO-s :

where, h is the dent depth, M is a constant
determined by the explosive and metal material, po
is the pressure of the shock wave, os is the dynamic
elastic limit of the metal material, r. is the explosive
radius. So, the higher the shock wave pressure is, the
deeper becomes the dent depth. That is to say that
the horn-shaped booster pellet has more powerful
energy output than the cylindrical booster pellet.

Factors influencing the experimental results

There are two main factors affecting the
experimental results.

(1) Effect of PTFE powder content. The main
charge explosive contains PTFE powder as the inert
material. But the PTFE powder is difficult to be
press molded. The more PTFE powder is added, the
looser is the main charge. So, the densities of the
main charge explosives are variable. The
experimental results are not in agreement with each
other, but the difference is small.

(2) Effect of the manganin piezoresistors. When
the horn-shaped booster pellet is initiated, the
detonation wave propagates downward in the form
of a spherical wave. When the detonation wave
reaches the energy cavity surface, the detonation
wave attenuates into the shock wave. The shock
wave begins to converge towards the energy cavity
center, and the output pressure of the bottom center
area of the horn-shaped booster pellet is the largest.
However, the test point of the manganin
piezoresistors sensor is very small, the size of the
sensitive area is 0.5x0.5 mm. It is difficult to align
the test point of the manganin piezoresistors sensor
with the bottom center point of the horn-shaped
booster pellet. Therefore, the data of the output
pressure are not in agreement with each other, and
the maximum one was chosen.

CONCLUSIONS

The initiation capacity of the horn-shaped booster
pellet was studied experimentally. Following are the
conclusions.

The initiation capacity of the horn-shaped booster
pellet is higher than that of the cylindrical booster
pellet for the same mass and density of explosive.

The output pressure of the horn shaped booster
pellet was studied experimentally. The valve is much
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higher than that of the cylindrical booster pellet for
the same density of explosive.
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EKCIIEPUMEHTAJIHO U3CJIEABAHE HA POI'O-OBPA3HU B3PMMIBHU KAIICVYJIN
JLII. Xy'*, 5.®. Cyn?

YWyunuwe no oxonna cpeda u mexnuxa na 6esonacrnocm, Cegepen ynueepcumem na Kumaii, 030051, Taioan,
Hlancu, Kumaiicka HP

2[Toporcasna 1abopamopust no eKCRI03UEHY HAYKA U mexHono2uu, Ilekuncku uncmumym na mexmojio2uume,
10081, Ilexun, Kumaiicka HP

[Mony4ena Ha 26 cenremBp, 2016 r.; Ilpuera na 17 romu, 2017 r.
(Pesrome)

Bcenuku MYHHUIHUU CBABPIKAT ACTOHATOPU, KOUTO TpSI6Ba Ja OTroBapsAT Ha OHNPCACJICHU KPUTCPUH, HO Hali-Beue Ja
WHUIUUPAT B3PHUBABAHCTO HAa OCHOBHUSA CKCIUIO3UB. TpaL[I/IIII/IOHHI/ITe MUIMHAPWUYHU B3PpUBATCIIU HAMAT AOCTATHYHO
CHEPIrud 3a HAACKIHOTO B3PHUBSABAHC HAa OCHOBHUSA C€KCILJIO3UB. 3a MOBHIIIABAHETO HA Ta3H HaJACKJIAHOCT, CC Ipeajiarat
HOBH pOTr0-00pa3HM B3pHBATENH, MPOSKTHPAHH M W3MUTAHHW EKCIIEpHMEHTaIHO. Pe3ynraTWrTe mokas3BaT, e HOBHTE
B3PUBATEIN UMAT MO-T'OJISIM MHUIUHUPAIT KalalUTET OT MUWIMHAPUYIHUTE IIPU ChIlaTa Maca U INTbTHOCT HAa €KCIIJIO3WBA.
KonBeprenTHOTO HanArane Ha poroBute Karcynu ¢ 34 GPa, mo-BHCOKO OT HANATAHETO MPH HWIHHAPUIHATE KATCYIH -
higher than the value of 27 GPa.
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The aim of this study was to assess the biological activity of five different extracts of the plant Echium italicum L. and to
determine their phytochemical composition. The chloroform, ethyl-acetate, ethanol, acetone and petroleum ether extracts of
the plant were examined. The ethanol extract of the plant E. italicum had the highest content of total phenolics and flavonoids,
while the chloroform and acetone extracts had the highest tannin content. Several different methods were used to determine
the antioxidant activity of the tested extracts, and the ethanol and acetone extracts of the plant displayed the best antioxidant
activity. HPLC analysis showed that the main phenolic compounds in the tested extracts were rosmarinic acid, chlorogenic
acid, p-hydroxybenzoic acid and rutin. Evaluation of the antimicrobial activity of plant extracts was conducted by to the
microdilution method. The results of MIC ranged from 3.91 to 500 ug/ml. Determinations of cytotoxic activity were done
according to the MTT assay on human rhabdomyosarcom cells (RD), a cell line derived from human cervix carcinoma
(Hep2c) and a cell line derived from mouse fibroblast carcinoma (L20B). This study suggests that the examined extracts of

the plant E. italicum L. may serve as sources of antioxidants and antibiotic agents.

Keywords: Echium italicum L., phytochemical composition, biological activity.

INTRODUCTION

Throughout history and across the globe, the
plant kingdom has provided a variety of medicines.
From ancient times, traditional medicinal plants
have been known to possess diverse biological
activities as antimicrobial, analgetic, anticancer,
antipyrexial, and antihypertensive activity and to be
an important source of many biological active
compounds [1]. Medicinal plants have been used
extensively for their health care and remedy of
diseases during 2000 years and a high degree of
correlation between traditional medicinal plant uses
and laboratory analysis has been revealed [2].
Today, using the most modern instrumental
methods, detailed qualitative and quantitative
analysis, isolation and testing of even traces of
substances present in plant tissue is possible [3].
The most interesting area of application of
medicinal plant extracts is the inhibition of growth
and reduction in the number of serious pathogens
[4, 5], and a great deal of efforts is focused on using
available experimental techniques to identify
natural antioxidants from plants. In the search for
sources of natural antioxidants, in recent years
some medicinal plants have been extensively
studied for their antioxidant activity and radical-
scavenging activity [6, 7]. Also, a number of
clinical trials have shown that various secondary

* To whom all correspondence should be sent:
E-mail: ivana.boskovic@pof.ues.rs.ba

metabolites of plants can be used in the treatment of
different cancer types [8].

The family Boraginaceae is known as medicinal
plants classified as dicotyledones. Many members
of the Boraginaceae family produce secondary
metabolites such as alkaloids, naphthoquinones,
polyphenols, phytosterols and terpenoids [9, 10].
Polyphenols, including flavonoids and phenolic
acids, produced by the family Boraginaceae, have a
wide range of pharmaceutical activities, including
antiinflammatory, antiviral and antibacterial
activities [11, 12]. Echium italicum is a perennial,
shrub-like plant, inhabiting thermophilic, sandy
grounds of the submediterranian area [13]. Its
leaves are used as seasoning; apiarists use the plant
to make uniquely flavoured honey [14]; flowers are
used as an ,,anti-stress", tranquilizer, and energizer
drink, fighting common cold and bronchitis. In
Turkish folk medicine, roots of Echium italicum
and Echium vulgare are used externally for healing
wounds [15-18]. Phytochemical analysis of the E.
italicum plant has shown that the contents of
condensed tannins and gallotannins were 21.49 mg
Ga/g and 28.85 mg GA/g, while the total
antioxidant capacity of the plant extract was 112.92
pg AA/g [19]. Albreht [20] identified in the root of
E. italicum L. nine shikonin pigments: shikonin,
acetylshikonin, propionylshikonin, isobutyl-
shikonin, tigla shikonin, 3,3-dimethylacrylshikonin,
angelylshikonin, 2-methyl-n-butyrylshikonin and
isovalerylshikonin. The E. italicum oil exhibited

836 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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concentration-dependent antimicrobial activity on
all microorganisms tested [21]. The aim of this
study was to assess in vitro the biological activity
of five different extracts of Echium italicum L. and
to determine their phytochemical composition.

EXPERIMENTAL
Preparation of the plant extracts

The plant material was collected from Brdjanska
gorge near Gornji Milanovac in June 2013, in the
flowering stage. The above-ground parts of the
plant were crushed using a cylindrical crusher. The
plant material was extracted in a Soxhlet extractor.
The plant material was degreased by extraction
with petroleum ether (40°C), followed by extraction
with a series of solvents. The resulting solutions
were allowed to cool and after 24 h their pairing in
a rotary vacuum evaporator at a temperature of
40°C was performed. Investigations were carried
out in the chemical and microbiological
laboratories of the Faculty of Agronomy in Cacak.

Determination of total phenolic content

Total phenols were estimated according to the
Folin-Ciocalteu method [22]. The extracts were
diluted to a concentration of 1 mg/ml, and aliquots
of 0.5 ml were mixed with 2.5 ml of Folin-
Ciocalteu reagent (previously diluted 10-fold with
distilled water) and 2 ml of NaHCOs (7.5%). After
15 min of staying at 45°C, the absorbance was
measured against a blank sample at 765 nm.

Determination of flavonoid content

Total flavonoids were determined according to
Brightene et al. [23]. A total of 0.5 ml of 2%
aluminium chloride (AICls) in methanol was mixed
with the same volume of methanol solution of plant
extract. After 1 h of staying at room temperature,
the absorbance was measured at 415 nm on a
spectrophotometer against a blank sample.

Determination of tannin content

The method for determination of condensed
tannins  relies on the  precipitation  of
proanthocyanidins with formaldehyde [24]. First,
total phenolics were measured using the Folin-
Ciocalteu reagent as described above. A 0.5 mol
equivalent of phloroglucinol was added for every
gallic acid equivalent in the extract. An aliquot of 2
ml of the extract dissolved in methanol was mixed
with a calculated amount of phloroglucinol,
followed by 1 ml of 2:5 HCI/H;O solution and 1 ml
of formaldehyde solution (13 ml of 37%
formaldehyde diluted to 100 ml with water). After
overnight incubation at room temperature,

unprecipitated phenols were determined in the
supernatant by the Folin-Ciocalteu method.

Determination of total antioxidant activity

The total antioxidant activity of E. italicum
extracts was evaluated using the
phosphomolybdenum method [25]. This assay is
based on the reduction of Mo (VI) to Mo (V) by
antioxidant compounds and subsequent formation
of a green phosphate/Mo (V) complex at acidic pH.
A total of 0.3 ml of sample extract was combined
with 3 ml of reagent solution (0.6 M sulfuric acid,
28 mM sodium phosphate and 4 mM ammonium
molybdate). The tubes containing the reaction
solutions were incubated at 95°C for 90 min. After
staying at room temperature, the absorbance of the
solutions was measured at 695 nm against a blank
sample. Methanol (0.3 ml) was used as the blank.

Determination of DPPH free radical scavenging
activity

The method used by Takao at al. [26] was
adopted with  suitable modifications from
Kumarasamy et al. [27]. DPPH (8 mg) was
dissolved in MeOH (100 ml) to obtain a
concentration of 80 pg/ml. Serial dilutions were
carried out with the stock solution (1 mg/ml) of the
extract. Solutions (2 ml each) were then mixed with
DPPH (2 ml) and allowed to stay for 30 min to
allow any reaction to occur, and the absorbance was
measured at 517 nm. Ascorbic acid (AA), gallic
acid and BHT were used as reference standards and
were dissolved in methanol to prepare stock
solutions with the same concentrations (1 mg/ml).
Control samples were prepared containing the same
volume without test compounds or reference
antioxidants.

Determination of inhibitory activity against lipid
peroxidation

Antioxidant activity was determined by the
thiocyanate method [28]. Serial dilutions were
carried out with stock solutions (1 mg/ml) of the
extracts, and 0.5 ml of each solution was added to a
linoleic acid emulsion (2.5 ml, 40 mM, pH 7.0).
The linoleic acid emulsion was prepared by mixing
0.2804 g of linoleic acid and 0.2804 g of Tween-20
as an emulsifier in 50 ml of 40 mM phosphate
buffer and the mixture was homogenised. The final
volume was adjusted to 5 ml with 40 mM
phosphate buffer, pH 7.0. After incubation at 37°C
in the dark for 72 h, 0.1 ml aliquot of the reaction
solution was mixed with 4.7 ml of ethanol (75%),
0.1 ml of FeCl, (20 mM) and 0.1 ml of ammonium
thiocyanate (30%). The mixture was stirred for 3
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min and the absorbance was measured at 500 nm.
Ascorbic acid, gallic acid, a-tocopherol and BHT
were used as reference compounds.

Determination of hydroxyl radical scavenging
activity

The ability of E. italicum extracts to inhibit non-
sitespecific hydroxyl radical-mediated peroxidation
was carried out according to Hinneburg et al. [29].
The reaction mixture contained 100 pl of extract
dissolved in water, 500 ul of 5.6 mM 2-deoxy-D-
ribose in KH,PO,~ NaOH buffer (50 mM, pH 7.4),
200 pl of premixed 100 uM FeCls, 104 mM EDTA
(1:1 v/v) solution, 100 pl of 1.0 mM H-0, and 100
ul of 1.0 mM aqueous ascorbic acid. Tubes were
vortexed and incubated at 50°C for 30 min.
Thereafter, 1 ml of 2.8% TCA and 1 ml of 1.0%
TBA were added to each tube. The samples were
vortexed and then heated in a water bath at 50°C for
30 min. The extent of oxidation of 2-deoxyribose
was estimated from the absorbance of the solution
at 532 nm. The percentage inhibition was
calculated from the absorbances of the controls
(Ac) and the samples (As), where the controls
contained all reaction reagents except the extract or
positive control substance. The values are presented
as the means of triplicate  analyses.
Spectrophotometric measurements were performed
using a UV-Vis spectrophotometer MA9523-
Spekol 211 (ISKRA, Horjul, Slovenia).

HPLC analysis of E. italicum plant extracts

Determination of polyphenol components in the
tested extracts was done on the HPLC Agilent 1200
Series instrument (Agilent Technologies, USA)
with UV-Vis DAD for multiwavelength detection.
After injecting 5 pl of sample, the separation was
performed in an Agilent-Eclipse XDB C-18 4.6-150
mm column. The column was thermostated at 25
°C. Two solvents were used for the gradient elution:
A - (H,0+2% HCOOH) and B - (80% ACN+2%
HCOOH+H,0). The elution program used was as
follows: from 0 to 10 min 0% B, from 10 to 28 min
gradual increase 0-25% B, from 28 to 30 min 25%
B, from 30 to 35 min gradual increase 25-50% B,
from 35 to 40 min gradual increase 50-80% B, and
finally for the last 5 min gradually decrease 80-0%
B. All identifications of individual compounds were
based on the retention times of the original
standards, where available, and spectral data.

Measurement of minimum inhibitory concentration
(MIC and MBC) of E. italicum extracts

MIC of the crude extracts was determined by the
microdilution ~ method using  96-multi-well
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microtiter plates [30]. In the experiment were
included pure cultures of the following bacteria:
Listeria ivanovii ATCC 19119, Listeria inocuu
ATCC 33090, Enterococcus faecalis ATCC 29212,
Listeria monocytogenes ATCC 19112, Bacillus
spieizenii ATCC 6633, Enterococcus faecium
ATCC 6057, Staphylococcus aureus ATCC 25923,
Staphylococcus  saprophiticus ATCC 15035,
Klebsiella pneumoniae ATCC 13883, Escherichia
coli ATCC 25922, Proteus vulgaris ATCC 13315,
Proteus mirabilis ATCC 14153, Salmonella
enteritidis ATCC 13076, Enterobacter aerogenes
ATCC 13048, Citrobacter freundii ATCC 43864,
Salmonella  Typhimurium ATCC 14028,
Pseudomonas aeruginosa ATCC 27853 and yeast
Candida albicans ATCC 10231 and Aspergillus
niger ATCC 16404, obtained from the
Microbiological laboratory of the Faculty of
Agronomy in Cagak. All tests of bacterial and yeast
cultures were performed in Mueller—Hinton broth
and Sabouraud dextrose broth, respectively. In the
first row of the plate 100 pl of a stock solution of E.
italicum extracts (200 pg/ml) and a solution of
cirsimarin (2 mg/ml) in 10 % DMSO were applied.
In the other wells 50 pl of Mueller Hinton or
Sabouraud dextrose broth containing Tween 80 to a
total concentration of 0.5 % (v/v) was added for
analysis of the extracts. From the first row test
wells a volume of 50 ul was transferred into the
second row wells. Thereafter, from the second to
the twelfth well a volume of 50 pl of scalar dilution
was transferred. Then, to each well 10 pl of
indicator solution (prepared by dissolving resazurin
in sterile distilled water) and 30 pl of nutrient broth
was added. Finally, to each well 10 pl of bacterial
suspension (106 CFU/ml) and yeast spore
suspension (3x104 CFU/mI) were added. Amracin
(tetracycline hydrochloride) and ketoconazole were
used as positive control for the test bacteria and
yeast, respectively. The plates were wrapped
loosely with cling film to ensure that bacteria did
not become dehydrated. The plates were prepared
in triplicate and incubated at 37 °C for 24 h for the
bacteria and 48 h for the yeast. Mean MIC (n = 3)
for the test extracts and standard drugs were taken.
For the determination of MBC, a portion of liquid
(5 ) from each plate well that exhibited no growth
was taken and then incubated at 37 °C for 24 h. The
lowest concentration that revealed no visible
bacterial growth after subculturing was taken as
MBC.

Measurement of cytotoxic activity by MTT assay

Determinations of cytotoxic activity were done
according to the MTT assay (3-[4,5-
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dimethylthiazol-2-yl-2,5  diphenyl  tetrazolium
bromide test). The following cell lines were used:
Hep2c (cell line derived from human cervix
carcinom), RD (cell line derived from human
rhabdomyosarcom), and L20B (cell line derived
from mouse fibroblast carcinom). Using 96-well
cell culture plates, the cells were seeded in nutrient
medium (minimum essential medium—MEM) and
grown at 37 ° C in humidified atmosphere for 24 h.
After completing 24 h of incubation the medium
was replaced with 100 ml of medium with different
concentrations of extracts of the test plant (25, 50,
100, 250, 500, 750 and 1000 pg/ml). Control cells
were added to fresh medium without the extract.
After incubation of the cell extracts MTT was
added (to a final concentration of 5 mg/ml PBS) to
each well, and the plate was incubated for 24 h at
37° C. Colored formazan crystals generated were
dissolved with 150 ml of DMSO. The absorbance
was measured at 570 nm on a microplate reader.
The percentage of viable cells was determined as
the ratio of absorbance of treated cells and control
cells multiplied by 100. Experiments as those using
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] are based on the
ability of the viable cells to dissolve the tetrazolium
salt. 1Csp concentration was defined as the
concentration of an agent inhibiting cell survival by
50%, compared with a vehicle-treated control. The
results of the measurements were expressed as the
percentage of positive control growth taking the
Cis-DDP used in positive control wells as 100 %
growth [31-33]. All experiments were done in
triplicate.

Statistical analysis

The results were subjected to a one-factor
analysis of variance (extracts), and the significance
of differences was computed by the LSD test. The
results of antioxidant activity are presented as
means * standard deviations of three analytical
determinations.

RESULTS

The results of total phenolics, flavonoids and
tannin content of various extracts of the plant E.
italicum are presented in Table 1. The phenolic
contents in the ethanol (109.15+0.51 mg GA/qg),
chloroform (105.22+0.07 mg GA/g) and acetone
extract (104.39+£0.18 mg GA/g) were higher than
the phenolic contents in the ethyl acetate and
petroleum  extract.  Statistically  significant
differences in the concentrations of total phenolics
are between chloroform and ethanol extracts in
comparison to the ethyl acetate and petroleum ether

extracts. The highest flavonoid contents were in the
ethanol (25.16+0.19 mg RU/g) and petroleum ether
extracts (25.03£0.29 mg RU/g). Statistically
significant differences in the concentrations of
flavonoids were between petroleum ether and
ethanol extracts in comparison to the chloroform
extract. The tannin contents ranged from
75.44+0.26 to 79.60+0.18 mg GA/g in the
chloroform extract (79.60£0.18 mg GA/g) and the
acetone extract (79.43+0.20 mg GAJ/g) had the
highest value of tannins. Statistically significant
differences in the concentrations of tannins were
between chloroform and acetone extracts in
comparison to the other examined extracts.

Table 1. Total phenolics, flavonoids and tannins
content in the various extracts of the plant E. italicum

Extracts of E. T. phenolics Flavonoids  Tannins
italicum (mgGA/g) (mgRU/g) (mgGA/g)
Chloroform 105.22+0.07b 23.20+0.51b 79.60+0.18a
Et. acetate 97.10+0.25c 24.09+0.60ab 78.18+0.38b
Ethanol 109.15+0.51a 25.16+0.19a 75.97+0.34c
Acetone  104.39+0.18b 24.11+0.06ak 79.43+0.20a
Petr. ether 93.02+0.38d 25.03+0.29a 75.44+0.26¢

Statistically significant difference for the level
of 0.05% is shown by the letter next to the
concentration value (compared to extract
employed). With the same letters that difference is
not significant. If the letters are different, the
difference is significant. Several methods were used
to determine the antioxidant activity of the tested
extracts - Table 2. The values of total antioxidant
capacity ranged from 86.09+1.40 pug AA/g to
97.31+0.69 png AAJ/g, and ethanol extract
(97.31£0.69 pg AA/g) and chloroform extract
(95.22+£0.78 pg AA/g) had the highest values of
total antioxidant capacity. The acetone extract
(42.54+1.13 pg/ml 1Cso) and chloroform extract
(43.29£1.20 pg/ml 1Csp) displayed the highest lipid
peroxidation inhibition. The ethanol extract
(61.55+£0.79 pg/ml ICso) and the acetone extract
(62.15+0.27 pg/ml ICso) had the highest hydroxyl
radical scavenging activity. The acetone extract had
the highest DPPH scavenging activity (62.46+0.66
ug/ml |C50).

HPLC analysis of the phenolic components from
various extract of the plant E. italicum enabled the
identification of 9 compounds (Table 3). The
petroleum ether extract had the highest number of
identified compounds, followed by the acetone
extract, the ethanol extract, the ethyl acetate extract
and the chloroform extract. Among the identified
constituents, rosmarinic acid, chlorogenic acid, p-
hydroxybenzoic acid and rutin were found as
major components in the tested extracts.
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Table 2. Total antioxidant capacity, inhibitory activity against lipid peroxidation, hydroxyl radical and DPPH

scavenging activity of the plant E. italicum

S L Hydroxyl
. Inhibition activity .
Extracts of Total antlc?;(ldant against radlca.I DPPH
E. italicum (ﬁzp:‘z\/)é) lipid E)erjnxildation sc:(\:/g\r;%yg (ug/ml)
ho/mb) (ug/mi)
Chloroform 95.22+0.78 43.29+1.20 63.00+0.98 65.07+1.02
Et. acetate 93.12+0.55 47.26+£1.12 65.37+0.68 66.00+0.92
Ethanol 97.31+0.69 44,56+1.29 61.55+0.79 63.59+0.48
Acetone 94.15+0.78 42.54+1.13 62.15+0.27 62.46+0.66
Petr. ether 86.09+1.40 49.36+1.10 70.16+0.78 71.79+0.89
Gallic acid - 255.43+11.68 59.14+1.10 3.79+0.69
Ascorb.acid - > 1000 160.55+2.31 6.05+0.34
BHT - 1.00£0.23 33.92+0.79 15.61+1.26
a-Tocopherol - 0.48+0.05 - -
Table 3. HPLC analysis of the plant E. italicum
Compound/ Petroleum ether Chloroform Acetone Ethyl Ethanol
sample (mglg) (mglg) (mglg) SRS (mgig)
(mg/g)
Protocatehuic acid
p-Hydroxybenzoic acid 9.143 1.468 4.865 1.930
Caffeic acid
Vanillic acid
Chlorogenic acid 10.776 1.915 1.293
Syringic acid
p-Coumaric acid
Ferulic acid 0.928 0.408 0.519 0.346
Synapic acid
Rutin 6.024 6.080 4.926 9.091 10.739
Luteolin-glycine 2.542 0.748 0.626
Apigenin-glycine
Rosmarinic acid 44,134 1.632 12.131 2.494 8.452
Quercetin 0.887 0.581 1.006 0.879 0.902
Luteolin
Naringenin 0.244 0.371 0.411
Caempherol 0.729 0.287 0.985 0.919 0.927
Apigenin
) 75.163 10.700 27.466 13.383 25.626

Antimicrobial activity was tested using the broth
dilution procedure for determination of minimum
inhibitory concentration (MIC). MICs were
determined against seventeen strains of bacteria,
and the antifungal activity was tested against
Aspergillus niger and Candida albicans - Table 4.
The tested extracts showed strong antimicrobial
activity against Gramm-positive, Gramm-negative
bacteria and fungi. MIC of the ethyl acetate extract
for Escherichia coli ATCC 8739, Proteus vulgaris
ATCC 13315, Citrobacter freundii ATCC 43864
were 3.91 pg/ ml, and for Listeria inocuu ATCC
33090, Listeria monocytogenes ATCC 19112,
Enterococcus faecium ATCC 6057 and Aspergillus
niger ATCC 16404 were 7.81 pg/ ml. MICs of the
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petroleum ether extract were 3.91 pg/ ml for
Proteus mirabilis ATCC 35659, Enterobacter
aerogenes ATCC 13048 and Aspergillus niger
ATCC 16404, and MIC for Listeria ivanovii
ATCC 19119, Enterococcus faecalis ATCC 29212
and Staphylococcus saprophiticus ATCC 15035
were 7.81 pg/ml. MIC of the acetone extract were
3.91 pg/ml for Salmonella enteritidis ATCC 13076,
and 7.81 pg/ml for Escherichia coli ATCC 8739,
Klebsiella pneumoniae ATCC 13883, Proteus
vulgaris ATCC 13315, Enterococcus faecium
ATCC 6057 and Candida albicans ATCC 10231.
MIC of ethanol extract were 3.91 pg/ml for
Salmonella Typhimurium ATCC 14028 and
Staphylococcus aureus ATCC 25923, and for
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Table 4. MIC/MBC values (ug/ ml) of E. italicum plant extracts

MIC/MBC (ug/ ml)

. Ethanol Ethyl acetate  Chloroform  Petroleum Acetone  Amracin Ketoconazole
Bacteria
extract extract extract ether extract extract

Proteus mirabilis  250.00/500.0C 125.00/250.00 7.81/15.625  3.91/7.82  62.5/125.00 0.49 -
Escherichia coli 62.5/125.00  3.91/7.82 15.625/31.25 31.25/62.5 7.81/15.625 0.97 -

Klebsiella -5 nor050.00 3125625 ~ 3.91/7.82 62512500 7.81/15.625 0.49 .

pneumoniae
Proteus vulgaris  250.00/500.0C 3.91/7.82  125.00/250.00 62.5/125.00 7.81/15.625 0.49 -

salmonella enteritidis 7.81//15.625 31.25/62.5

Enterobacter o 5031 95 62.5/125.00
aerogenes
Citrobacter freundii  31.25/62.5 3.91/7.82
Salmonella 3.91/7.82 125.00/250.00 7.81/15.625
Typhimurium
Pseudomonas g1/15 605 62.5/125.00
aeruginosa

Listeria ivanovii
Listeria inocu 31.25/62.5
=nterococcus faecalis 125.00/250.0C 31.25/62.5

Listeria 31.25/62.5
monocytogenes
Bacillus spieizenii ~ 7.81/15.625  31.25/62.5

=nterococcus faecium 62.5/125.00 7.81/15.625

Staphylococcus 3.91/7.82  62.5/125.00
aureus

Staphylococcus

62.5/125.00 125.00/250.00 3.91/7.82
31.25/62.5
125.00/250.00 62.5/125.00 500.00/1000 0.49 -

3.91/7.82

125.00/250.0C 31.25/62.5 250.00/500.00 7.81/15.625 62.5/125.00
7.81/15.625 125.00/250.00 500.00/1000 62.5/125.00 0.49 -
250.00/500.00 7.81/15.625 62.5/125.00 0.97 -

7.81/15.625 125.00/250.00 500.00/1000 62.5/125.00 0.97 -

125.00/250.00 62.5/125.00
31.25/62.5

7.81/15.625 125.00/250.00 15.625/31.25 0.97 -

0.49 -
3.91/7.82 125.00/250.00 0.97 -

31.25/62.5 125.00/250.00 0.49 -

125.00/250.00250.00/500.00 0.97 -
0.97 -

31.25/62.5  0.97 -
15.625/31.25 7.81/15.625 0.49 -

saprophiticus 62.5/125.00 125.00/250.00 31.25/62.5 7.81/15.625 31.25/62.5 0.97 -
Aspergillus niger 31.25/62.5 7.81/15.625 15.625/31.25 3.91/7.82 62.5/125.00 - 0.97
Candida albicans  15.625/31.25 31.25/62.5 500.00/1000 31.25/62.5 7.81/15.625 - 1.95
Salmonella enteritidis ATCC 13076, Pseudomonas (RD), cell line derived from human cervix

aeruginosa ATCC 27853, Bacillus spieizenii
ATCC 6633 MIC values were 7.81 pg/ml. MIC of
chloroform extract were 3.91 pg/ml for Kilebsiella
pneumoniae ATCC 13883 and Pseudomonas
aeruginosa ATCC 27853, and 7.81 pg/ml for
Proteus mirabilis ATCC 35659, Salmonella
Typhimurium ATCC 14028 and Staphylococcus
aureus ATCC 25923. The results of MBC are
shown in Table 4. The MBC values ranged from
7.82 pg/ml to 1000 pg/ml. The lowest MBC values
7.82 pg/ml had the ethyl acetate extract for
Escherichia coli ATCC 8739, Proteus vulgaris
ATCC 13315, Citrobacter freundii ATCC 43864,
the petroleum ether extract for Proteus mirabilis
ATCC 35659, Enterobacter aerogenes ATCC
13048 and Aspergillus niger ATCC 16404, the
acetone extract for Salmonella enteritidis ATCC
13076, the ethanol extract for Salmonella
Typhimurium ATCC 14028 and Staphylococcus
aureus ATCC 25923, and chloroform extract for
Klebsiella pneumoniae ATCC 13883 and
Pseudomonas aeruginosa ATCC 27853.
Determinations of cytotoxic activity were done
according to the MTT assay on the three cell lines:
cell line derived from human rhabdomyosarcom

carcinom (Hep2c) and cell line from mouse
fibroblast carcinom (L20B) - Table 5. The ICs
values of cytotoxic activity of the tested extracts
ranged from 87.30 +£4.09 pg/ml to 172.52+2.44
pug/ml. The chloroform (87.30+4.09 pg/ml) and
acetone extracts of plant (91.56+2.31 pg/ml)
showed the best cytotoxic activity on L20B cells.
The ethanol and acetone plant extracts significantly
influenced Hep 2c, the petroleum ether extract
significantly influenced RD cells and the
chloroform and acetone extracts significantly
influenced L20B cells.

Table 5. Cytotoxic activities (ug/ml) of Echium
italicum plant extracts

Extract Hep 2c RD L20B
Chloroform 129.70+2.04b 161.56+0.43b 87.30+4.09c
Et. acetate 158.42+0.36a 173.61+1.30a 137.36+0.53b

Ethanol  121.48+0.85c 172.52+2.44a 133.20+0.04b
Acetone  122.37+1.47c 162.35+0.28b 91.56+2.31c
Petr. ether 162.80+2.14a 106.59+1.21c 146.33+0.76a
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DISCUSSION

Phenolic compounds are a major class of plant
secondary metabolites. These compounds represent
an important component of human diets and exhibit
a wide range of biological effects, including
antioxidant, antimutagenic, and anticarcinogenic
effects. The phenolic contents in the ethanol,
chloroform and acetone extracts were higher than in
the ethyl acetate and petroleum extracts. The
highest total phenolic contents of the plant E.
italicum were found in the ethanol extract. The
highest flavonoid content was in the ethanol extract
and the highest tannin contents in the chloroform
and acetone extracts. The study of total phenolic
and flavonoid contents obtained from the ethanol
extract of roots and herbs of E. italicum L. [34]
showed a lower phenolics content and a higher
flavonoid content than our study. This can be
related to the type of solvent and the period of
collecting the plants (in June), which is consistent
with the results obtained by Meddini [35] that at the
flowering stage the plant has a higher level of
phenolic compounds than at the vegetative stage.
Bano et al. [36] have shown that the amount of
polyphenols in plants and their antioxidant
activities depend on both biological factors
(genotype, organ andontogeny) and edaphic and
environmental (temperature, salinity, water stress
and light intensity) conditions. The solubility of
phenolic compounds is governed by the type of
solvent  (polarity) used, the degree of
polymerization of phenols and their interaction
[37]. The content of total phenolics is in positive
correlation with the total antioxidant capacity.
These results were consistent with the findings of
various research groups, who reported positive
correlations between total phenolic content and
antioxidant activity [38, 39].

The acetone extract displayed the highest lipid
peroxidation inhibition, followed by the chloroform
and ethanol extracts. The results of hydroxyl radical
scavenging activity of the various extracts of the
plant E. italicum showed that the ethanol extract
had the highest ICso value, followed by the acetone
extract and the chloroform extract. The DPPH
scavenging activity in the various extracts of the
plant E. italicum showed that the acetone extract
had the highest activity 1Cso, followed by the
ethanol extract and chloroform extract. Previous
studies showed that concentration-response is
related to the DPPH scavenging activity, and an
increase in the concentration of extract is
synonymous Wwith an increase in scavenging
capacity [34]. Many researchers reported an
influence of different extraction techniques on the
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content of natural antioxidants in the extracts [40,
41]. Efficiency of solvents and methods is strongly
dependent on the plant matrix used [41-43].
Solvents such as methanol, ethanol, acetone,
propanol and ethyl acetate have been commonly
used for the extraction of phenolics from fresh
products [42, 43].

HPLC analysis of the phenolic components from
various extracts of the plant E. italicum enabled the
identification of 9 compounds. Among the
identified constituents, rosmarinic acid,
chlorogenic acid, p-hydroxybenzoic acid and rutin
were determined as major components in the tested
extracts. Rosmarinic acid and rutin have been
reported to have strong antioxidant properties and
also antidiabetic, antithrombotic, antiinflammatory
and anticarcinogenic activity [44, 45]. Bouayed et
al. [46] have found that chlorogenic acid has
anxiolytic and antioxidant activity.

The antibacterial activity of plants s
continuously attracting global attention [47]. The
antimicrobial activity may be due to the presence of
antioxidants in the extracts that have the potential
to prevent the activity of free radicals and reactive
oxygen species thus helping in fighting diseases
caused by bacteria and other pathogens [48, 49].
All extracts expressed a certain level of
antimicrobial activity with MIC values in the range
from 3.91 pg/ml to 500 pg/ml, which is considered
to be very good compared to standard antibiotics
amracin (for bacteria) and ketoconazole (for fungi).
The ethyl acetate extract dieplayed the greatest
antimicrobial activity against Escherichia coli,
Proteus vulgaris, Citrobacter freundii, the
petroleum ether extract - against Proteus mirabilis,
Enterobacter aerogenes and Aspergillus niger, the
acetone extract - against Salmonella enteritidis, the
ethanol extract - against Salmonella Typhimurium
and Staphylococcus aureus, the chloroform extract
- against Klebsiella pneumoniae and Pseudomonas
aeruginosa. Overall, the antibacterial activity of the
tested samples was noticeably higher against the
growth of Gram-negative bacteria strains compared
to Gram-positive bacteria strains. The antimicrobial
activity ofthe E.italicumoil was studied
against Bacillus subtilis, Staphylococcus aureus,
Escherichia  coli, Salmonella  Typhimurium,
Pseudomonas aeruginosa, Aspergillus
niger and Candida albicans and showed a
pronounced concentration dependence on all
microorganisms tested [21]. The MBC values
ranged from 7.82 pg/ml to 1000 pg/ml.
Antimicrobial activity of the plant extracts might be
explained by the synergistic or additive effects of
several phytochemicals rather than arising from a
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single compound. Different bioactive compounds in
a mixture can interact to provide a combined effect
which is similar to the sum of the effects of the
individual components (additive), or greater than
the sum of the individual components (synergistic).
The mechanisms of action of each phenolic
compound against various bacteria are also very
complicated [50, 51]. Therefore, it is necessary to
further investigate and understand the relationship
between antibacterial activity and chemical
structure of each phenolic compound in the tested
extracts.

Cancer development, a dynamic and long-term
process, involves many complex factors with
stepwise progression ultimately leading to an
uncontrolled spreading and growth of cancerous
cells throughout the body, called metastasis.
Laboratory research has further demonstrated that a
number of bioactive dietary components,
collectively referred to as natural products, have the
ability to prevent cancer [52] and other chronic
diseases [53, 54]. Results obtained in the present
study show that all examined samples exhibit in
vitro cytotoxic activity against the target cells.
Phytochemical analysis of plant extracts of Echium
italicum showed the presence of a large number of
bioactive phenolic components (chlorogenic acid,
p-hydroxybenzoic acid, naringenin, kaempferol,
lutein), and numerous literature data suggest their
anticancer effect [55-63]. Biological activity of the
plant extracts from the family Boraginaceae
growing in Serbia has been confirmed by other
authors [64, 65].

CONCLUSIONS

The results of this investigation which
determined the phytochemical composition and
biological activity of five different extracts of E.
italicum L., demonstrate that these might be
proposed as antioxidant dietary supplements for the
prevention and/or treatment of conditions that occur
due to oxidative damage and can protect DNA
damage by hydroxyl radicals. The plant has got a
broad spectrum of antimicrobial and biological
activity and could be a potential alternative for
treating various diseases.
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OUTO-XUMHNYEH CHCTAB U BUOJIOTMYHA AKTUBHOCT HA EKCTPAKTU OT
Echium italicum L.

N.J1. bomkosuda?, JIp.A. Jxykua?, 1.3, Mamkosuy?, JI.I'. Manguy?

YVuueepcumem ¢ Usmouno Capaeso, 3emedencku gpaxyimem, 71 123 Hzmouno Capaeso, Bocua u Xepyezoeuna
2Vuusepcumem ¢ Kpazyesay, Aeponomuuecku paxynmem, Yauax, Copbus

ITocTpnuna Ha 23 HoemBpwu, 2016 r.; npuera Ha 28 romu, 2017 1.
(Pesrome)

LlenTa Ha Ta3u pabora e na ce OLEHH OMOJOrMYHATA aKTHBHOCT HA HET Pa3iHYHE EKCTpakTa OT pactenuero Echium
italicum L. u na ce onpezenu TAXHUS QUTO-XUMHUYCH ChCTAB. M3muTanu ca XJIpohopM, eTUIAIETAT, ETAHOJ, alleTOH U
MeTpoJIeB eTep KaTo pa3rBoputenu. CoupTHHUAT ekcTpakT ot E. italicum e ¢ Hali-BuCOKO chabpikaHue Ha 00K heHOIH
n paBoHOM M, JOKATO EKCTPAKTHUTE B XJIOPO(POPM U alleTOH MMAT Hali-MHOTO TAHUHOBH BelllecTBa. Hskoiko paznnynu
METO/la Ca M3MOJI3BaHU 33 ONPEAENISHETO Ha aHTU-OKCHJAHTHA aKTUBHOCT Ha M3IHUTBAHUTE €KCTPAKTH, KaTo TEe3H B
€TaHOJ W aleTOH I0Ka3BaT Haii-Bucoka akTUBHOCT. HPLC-aHanu3bT mokassa, ue OCHOBHUTE ()CHOJIHM CHhEAMHEHUS B
W3NUTBAaHHUTE EKCTPAKTH Ca PO3MapHHOBA, XJIOPOI'CHOBA, P-XHIPOKCHOEH30€Ha KUCEIUHU M PYTHH. OnpesiensHeTo Ha
aHTU-MUKpOOHAaTa WM AaKTHBHOCT € W3BBPIICHO II0 METOJa Ha MHKpOpaszpexnaHusaTa. Pesymratute oT OT
MUKpOpaspekaanusiTa ca B rpanund ot 3.91 mo 500 pg/ml. OmpenensHeTo Ha MUTO-TOKCHYHATA aKTHBHOCT Ca
n3BbspmieHo mo merona MTT BepxXy doBemknm KiIeTKH Ha padgomuocapkoma (RD), xireTbyHa JWHUS OT YOBEUIKH
KaplUMHOM Ha MarouyHara mwmiika (Hep2C) u kinerbuHa nuHHS OT KapuuHoM Ha Muimu ¢ubporuactu (L20B).
W3cnenpaHeTro BHyIIaBa, 4e M3CJICIBAHUTE EKCTpakTH OT pacreHuero E. italicum L. Moxe na mocmyxar kato
W3TOYHHUIN HAa aHTHOKCHJAHTH U AaHTHOMOTHYHH areHTH.
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Natural oils play a pivotal role in corrosion inhibition of various metals and alloys. However, their potential inhibition
efficiency in acidic media has been barely investigated from a theoretical point of view. Despite a shared experimental
justification, the corrosion inhibition feature of such oils resulted in a sustained debate on how the inhibition mechanism could
be related to their ingredients. Given the need to better understand the protection behaviour of Argan oil on carbon steel in molar
HCI solutions, the electronic properties of two unsaturated fatty acids, i.e., oleic and linoleic acids were studied by density
functional theory (DFT) calculations. The protonated forms of oleic and linoleic acids yielded quantum chemical parameters
that confirm linoleic acid to be the most stable unsaturated fatty acid, which seems to be responsible for the inhibition efficiency

of Argan oil in acidic medium.

Keywords: Argan oil; Oleic acid; Linoleic acid; Corrosion inhibition; DFT.

INTRODUCTION

Despite its relatively limited corrosion resistance,
carbon steel is more commonly used than any other
metal, and has long been admired for its versatility
and low cost. Generally, the application of corrosion
inhibitors is one of the most common practices for
the protection of steel structures and their alloys in
industry [1]. In many cases, the role of inhibitors is
to form a surface coating one or several molecular
layers thick that serves as a barrier. This in turn
depends on the chemical composition, the structure
of the inhibitor, the nature of the metal surface, and
the properties of the medium. Structural and
electronic parameters such as type of the functional
group, steric, and electronic effects, are broadly
responsible for the inhibition efficiency of any
inhibitor, that is, for the adsorption mechanism [2].

Environmental awareness has been gaining
attention in recent years, along with growing
emphasis on substitution of harmful inhibitors with
effective non-hazardous  alternatives [3].
Considerable success has been achieved in this
regard through the use of some natural oils for
corrosion inhibition of different metals [4].

A recent study by Afia et al. [5] found evidence
that in the presence of Argan oil the corrosion of C38
steel in chloride solution was considerably slowed.
Argan oil, obtained from the pit of Argania spinosa,
is a vegetable oil rich in unsaturated fatty acids
(~80%) mainly oleic and linoleic acids (46-48 and
31-35%, respectively) [6]. The experimental results
showed that the inhibition efficiency of Argan oil
reached about 85% at a concentration of 5 g/L. A

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

tentative explanation was offered that this inhibition
effect may be due to physical adsorption resulting
from the displacement of adsorbed water molecules
by the inhibitor species, leading to specific
adsorption on the metal surface.

It is clear that an evaluation of the protection
property of Argan oil from a theoretical point of
view would be needed before more definite
conclusions about the underlying inhibition
mechanism could be drawn. The present study,
prompted by the successful application of theoretical
calculations in corrosion inhibitor research [7-13], is
offered as a further contribution to gain a better
understanding of the inhibition effect of Argan oil,
whose underlying mechanism is still far from
explicit.

COMPUTATIONAL DETAILS

All guantum mechanical geometry optimizations
and single-point energy computations were achieved
using the Gaussian 09 package [14]. Geometries of
all investigated systems were optimized at the
density functional theory level using the 6-
311G+(d,p) basis set and B3LYP functional. The
bulk solvent effects were included through the
Integral Equation Formalism version of the
Polarizable Continuum Model (IEF-PCM). For the
calculations of the interaction energies between oleic
and linoleic acids and iron surface, two models were
built based on the X-ray diffraction structures [15].
Each of them contained three individual oleic or
linoleic acid molecules oriented vertically on the
surface in lengthwise direction. A moderate spacing
of 10A was inserted between these molecules which
was seen to be sufficient to allow packing. The

846 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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carboxyclic oxygen atoms lie 3A above the Fe (110)
surface. The Fel0 cluster with a lattice constant of
2.86 A for body-centered-cubic Fe was used to
represent the Fe(110) surface [16]. Single-point
energy calculations were performed by using
universal force field approach with the
semiempirical quantum mechanical (QM/PM6)
method to calculate the interaction energy due to the
compromise between available computing power
and the attempt to study the system as thoroughly as
possible [17].

RESULTS AND DISCUSSION

Fatty acids are organic acids characterized by the
presence of a carboxyl group at one end and a methy!l
group at the other end. Due to their variation in
length and degree of saturation, they are classified
either as saturated or unsaturated. The saturated ones
are straight-chains and consist of a carbon chain with
single bonds, while the unsaturated ones contain one
or more double carbon-carbon bonds (C=C), which
introduces fixed bends into the carbon chain. The
results of gas chromatography analysis of Argan oil
[5] revealed that the oil tested as corrosion inhibitor
contained large amounts of unsaturated fatty acids.
The most abundant was the mono-unsaturated oleic
acid (45.1%) and the bi-unsaturated linoleic acid
(34.5%). This is the gist of why our theoretical
calculations particularly focus on those two
molecules. As can be seen from Fig. 1, oleic acid, a
C-18 fatty acid, consists of a long chain of carbon
atoms with a central C=C bond introducing a slight
kink and a monocarboxyl head. On the other hand,
linoleic acid is an 18-carbon unsaturated fatty acid
with two double bonds in positions 9 and 12,
respectively, and both are in the cis configuration.

Evidence  from  earlier  electrochemical
measurements propounds that the monolayer
characteristics of fatty acids are strictly dependent
upon pH change [18]. At low pH (< 7), oleic acid is
principally protonated and no added ion-dipole
interaction exists between the ionized and unionized
groups; at intermediate pHs (7-9) almost half of the
acid groups are protonated; at high pHs (>9) oleic
acid is mostly ionized, and ionic repulsion between
the carboxylate ions keeps the molecules apart [19].
The experimental data resorted to were predicated on
the results of electrochemical tests in 1 M HCI
solution, and therefore, a rough-and-ready way to
examine whether the criterion of protonation is
satisfied here was to run DFT calculations for the
protonated forms of these compounds (Fig. 1).

Thus, to validate whether the calculation method
selected fulfils the requirements of accuracy for

geometry optimization, one would need to compare
experimental geometric parameters with the
theoretical predictions. We will focus particularly on
the geometry of oleic acid (Fig. 1(a)) for which
experimental data are available. Below its freezing
point (13.3°C), three oleic acid solid state
polymorphs (a, £, and y) have been identified [20].

Fig. 1. Optimized structures using the B3LYP/6-
311+G(d,p) level for the protonated forms of (a) oleic acid
and (b) linoleic acid in the gas phase.

The S phase is unique in contrast to the o and y
phases due to its presence only in oleic acid and
appears as two forms: stable £1 and metastable 52.
Guided by known structures for the stable £1 phase,
configurations for two crystallographically different
molecules, A and B were considered [21]. Some
selected bond lengths, bond angles, and torsion
angles of molecules A and B were compared with
those calculated for oleic acid. Bond distances are
largely unremarkable: C-C single and double-bond
distances are virtually identical at ca. 1.51 A and
1.31 A, respectively. In addition, the C51-052 single
bonds and C51=054 double bonds are also very
similar for the structures. The carbon-carbon bonds
between C20 and C1 show slight contractions from
1.533 A to 1.509 (molecule A) and 1.502 A
(molecule B). This trend, although not pronounced,
is likely a consequence of reduced steric interactions
due to the increase in dihedral angles. There are no
other obvious trends noted except for nearly
uniformly larger bond distances for the optimized
structure. However, this corresponds to only about
0.06 A at its maximum and is not considered to be
very significant. Also, the predicted oleic acid
structure  agrees rather closely with the
experimentally determined conformations, given
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that the calculated results are for a single isolated
molecule. The sum of the angles around the
carboxylic carbon atom Cs; does not differ much
from planarity, and particularly for dihedral angles
between adjacent chain atoms Cz—Ci, very close
agreement with experimental data was obtained
(differences are less than 1°). Larger difference was
obtained for the carboxylic acid moiety. This
indicates that the positions of Csi, Os, and Oss atoms
are rather affected by the molecular packing. In
general, the bond distances and angles obtained from
the X-ray structure determinations compare
favorably with those determined from the
calculations, and can provide a starting point to
calculate other parameters, such as the energies of
the frontier molecular orbitals.

The chemical bond between the inhibitor and the
surface can be considered a combination of double
interactions of the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO). Certain quantum
chemical parameters, i.e., frontier orbital energies
such as Ewomo, ELumo, and AE= Eiumo — Ewomo,
were used for the sake of comparison in Table 1.
According to the results, the highest Enomo (-6.639
eV), the lowest ELumo (-0.309 eV) and AE (6.330
eV) values are found for linoleic acid. The results for
Enomo, ELumo and AE vyield that linoleic acid
molecule could prevail for the inhibitory action of
Argan oil as a constituent, compared to oleic acid.
These results were also supported by the global
reactivity parameters. In Table 1, global properties
obtained by the frontier molecular orbital energies
according to Koopmans theorem [22] are also listed.
The ionization potential (1) and electron affinity (A)

are given by | = -Enomo and A = -Erumo. In numerical
applications, chemical potential x and hardness # are
expressed on the basis of finite difference
approximations in terms of the ionization potential |
and the electron affinity A; - u =% (1 + A) =y and 5
=% (I - A), where x is the chemical potential and y
is the electronegativity. The electrophilicity is a
descriptor of reactivity that allows a quantitative
classification of the global electrophilic nature of a
molecule within a relative scale and is effectively the
power of a system to soak up electrons. The
electrophilicity index w can be expressed by o =
1?25 and the global softness is defined as o = 1/7.

During the interaction of the inhibitor molecule
with bulk metal, electrons flow from the lower
electronegative  molecule to  the  higher
electronegative metal until the chemical potential
becomes equalized. The fraction of the transferred
electron, AN, was estimated according to Pearson
[24], AN = ym —xi / 2 (ym + 7i), where the indices m
and i refer to metal atom and inhibitor molecule,
respectively. The fraction of transferred electrons
given in the table is calculated for iron metal, the
experimental work function of polycrystalline Fe
(4.5 eV) [25] was employed for electronegativity,
and a global hardness of zero was used due to the |
= A approximation for bulk iron. If AN < 3.6, the
inhibition efficiency increases by increasing the
electron-donating ability of these molecules to
donate electrons to the metal surface [7]. Linoleic
acid has the largest fraction of transferred electrons
to the iron metal, closely followed by oleic acid, in
agreement with the above ordering supported by
electronic parameters.

Table 1. Calculated quantum chemical descriptors at the B3LYP/6-311G+(d,p) basis set for oleic and linoleic acids

in gas and aqueous phases.

Compound Oleic acid Linoleic acid
Phase ? G A G A
Eromo (V) -6.714 -6.726 -6.639 -6.676
ELumo (V) -0.303 -0.422 -0.309 -0.421
AE (EL-En) (eV) 6.411 6.304 6.330 6.255

u (D) 2.064 2.507 (2.47/2.63%0.05) © 2.072 2.529
) 1.920 2.026 1.907 2.013
X 3.509 3.574 3.474 3.549

n 3.206 3.152 3.165 3.128

o 0.312 0.317 0.316 0.319
AN 0.155 0.147 0.162 0.152
Er -0.802 -0.788 -0.791 -0.782

aG — gas phase (¢ = 1.0), A — aqueous phase (g = 78.5); ® Ref. [26]
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The dipole moment of oleic acid in the gaseous
phase is not known, and as experimental moments
only the calculated dipole moments were available
for these molecules on the basis of Debye’s and
Kirkwood-Frohlich’s theories [26]. The fit of the
calculated dipole moments with the experimental
dipole moments is also of the same accuracy,
considering the values for aqueous phase. The dipole
moment of linoleic acid is found to be slightly higher
than that of oleic acid, which probably increases its
adsorption on the metal surface.

To understand the adsorption of Argan oil over
an iron surface at a molecular level, two models were
used for single-point energy calculations. For ease of
presentation, each model was composed of two-
directional oleic or linoleic acid molecules and two
ranks of Fe clusters labeled OA, LA, F1, and F2, in
which OA and LA represent individual oleic and
linoleic acid molecules, and F1 and F2 represent the
two ranks of Fe clusters (Fig. 2). To investigate the
interactions between the iron clusters in the model,
F1F2 and OAOA (or LALA) were considered to be
two independent entities. The interaction energy (E)
between the two ranks of iron clusters and the OA
molecules (Model 1) can be expressed as follows:

E (Model 1) = E(OAF1F20A) - E(FIF2) - E(OAOA) (1)

A similar equation can be written to express the
interaction energy (E) between the two ranks of iron
clusters and the LA molecules (Model 2):

E (Model 2) = E(LAF1F2LA) - E(F1F2) — E(LALA) )

According to the results derived from the
calculations by the PMG6 method, interaction
energies were found to be -5846.41 kcal mol™ and -
115.35 kcal mol™ for Models 1 and 2, respectively.
The results indicate that the interaction energy for
Model 2 is dominated by the main interaction
between Fe and O atoms of linoleic acid molecules
due to the hybridization. However, it should be noted
here that structural and energetic factors cannot
always be in direct correlation for a metal atom-=n
interaction because the strength of the interaction is
grossly decided by the electrostatic interactions and
the size of the m-system. Our calculated results
indicate a preference for linoleic acid to be oriented
towards the metal surface, and the hydrophobic
component to be oriented away from the surface. In
the light of the findings above, linoleic acid appears
to be the predominant molecule which
synergistically interacts with other active substances
naturally present in the oil and enables Argan oil to
be an effective corrosion inhibitor in acidic media.

Fig. 2. Regularly spaced iron clusters (purple spheres)
trapped in (a) Model 1 between OA molecules and (b)
Model 2 between LA molecules.

CONCLUSIONS

Despite the vast literature on natural oils as
corrosion inhibitors there was no unified explanation
for all known examples. We have shown how an
understanding of typical inhibition efficiency of
such oils can arise from the use of density functional
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theory calculations. Although a clear decomposition

of the energetic contributions of individual
interactions is, strictly speaking, impossible,
approximate  propensities can be derived.

Noteworthy is the fact that the ground state of the
protonated forms of the compounds yields the
electronic and global reactivity parameters giving
considerable credence for the identified structures in
acidic medium. On the basis of the data obtained at
the B3LYP/6-311+G(d,p) level, we can confirm that
the most stable unsaturated fatty acid is linoleic acid,
which seems to be responsible for the inhibition
efficiency of Argan oil in chloride solutions.
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G. Gece: Theoretical basis for the corrosion inhibition feature of Argan oil

TEOPETMYHA OCHOBA 3A XAPAKTEPUCTHUKATA HA UHXWUBMPAHE HA KOPO3UATA
HA APTAHOBO MACIJIO

I'. T'emxe

Henapmamenm no xumust, axyimem no npupoOHu HAYKU, APXUMEKMYPA u undxcenepcmeo, Texnuuecku ynueepcumem
na Bypca, Bypca, 16310 Typyus

Tomyuena na 3 anpwuut, 2017 r.; Kopurupana Ha 2 Maif, 2016 .
(Pesrome)

EcrecTBennTe Macnma Wrpadr HEHTpalHa poJisi NpH MHXHOWpaHEe Ha KOPO3WATAa HAa PasIHMYHH METAId W CIUIaBH.
Brrnpekn ToBa, MOTEHIMAIHATA UM €(EKTHBHOCT HAa MHXHOWpaHEe B KUCEIMHHU CPEIH € MHOTO Ciabo M3ClieBaHa OT
TEOpeTHYHA TJIeJHa TOUKa. BhIpeKy 4aCTUYHOTO EKCIIEPUMEHTAITHO MOTBBPXK/ICHNE, XapaKTepUCTUKATa 32 MHXHOUpaHe
Ha KOpO3MsiTa Ha TaKMBa Macja BOJM JI0 MPOIBIDKUTENIEH 1e0aT 3a ToBa Kak MEXaHU3MbT Ha HHXHOMpaHe MOXe 1a Oblie
CBBp3aH C TEXHUTE ChcTaBkH. [IpeaBua HEoOXOIMMOCTTa OT MO-I00pO pa3dupaHe Ha MOBEACHHETO Ha 3alUTaTa Ha
apraHoBOTO Maclio BbpPXY BBIJIEpOJHATa cToMaHa B MonapHu pa3tBopu Ha HCI, enxexTpoHHUTe CBOMCTBa Ha JBE
HEHACUTEHHU MAaCTHU KHUCEJIMHY, T.€. MOJIEKYJIH Ha OJIEMHOBA U JINHOJICHOBA KUCEJINHA, Ca U3CIIEIBaHU Upe3 U3UHUCICHUS]
¢ teopus Ha ¢yHkiuoHanHana Ha 1rbTHOcTTa (DFT). IlpoTOoHMpaHuTe (OpMH Ha OJIEMHOBHTE W JIMHOJICHOBUTE
KHCEJIMHY J]a/10Xa KBAHTOBH XUMUYHH ITapaMeTpH, KOUTO IMOTBBPKIABAT, Ue JIMHOJICHOBATAa KACEINHA € Hali-cTaOMTHaTa
HEHACHTEHAa MAaCTHAa KHCEIHHA, KOSATO CHINO M3TIEXKIa € OTTOBOpHA 3a €(D)eKTUBHOCTTa Ha MHXHOMpAHE Ha apraHOBO
MAcIIo B KHCeJa cpeaa.
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QSPR models are mathematical equations that attempt to correlate chemical structure with a wide variety of physical,
chemical and biological properties. In this study, the relationships between the Randic' (*y), Balaban (J), Wiener polarity
(Wp), Hyper Wiener (WW), Szeged (Sz), Harary (H), and Wiener (W) indices to the entropy (S) , thermal energy (Ew)
and heat capacity (Cv) of alcohols are presented. Physicochemical properties are determined by the quantum mechanics
methodology at the Hartree-Fock (HF) level using the ab initio 6-31G basic set. Multiple linear regressions (MLR) and
backward methods were employed to obtain the QSPR models. After MLR analysis, we studied the validation of linearity
between the molecular descriptors in the best models for the used properties. The satisfactory results obtained show that
the combination of the three descriptors (Y, J, W) is excellent to predict heat capacity and thermal energy while the three
descriptors (J, W, Wp) are useful to predict the entropy of the 158 aliphatic alcohols.

Keywords: Topological indices; Aliphatic alcohols; QSPR; MLR method; Validation.

INTRODUCTION

Quantitative structure-activity/property relation-
ships (QSAR/QSPR) represent an attempt to relate
structural descriptors of molecules with their
physicochemical properties and biological activities
[1].

Topological indices (Tls), as molecular
descriptors, are important tools in QSPR/QSAR
studies [2]. A topological index is a graph invariant
number calculated from a graph representing a
molecule.

The basic strategy of QSPR is to find the
optimum quantitative relationship which can then be
used for the prediction of the properties of molecular
structures including those unmeasured or even
unknown [3].

The Xu index, the atomic index (Al) and the
MLR method were used to predict some properties
of alcohols [4].

The novel edge connectivity index (™F) is
introduced for predicting some properties of
alcohols. The results show that the MLR method can
provide  high-quality = models for  several
representative properties of alcohols [5].

The QSPR analysis of 58 saturated alcohols for
predicting some physicochemical properties such as
boiling point (Bp), water solubility (logW) and n-
octanol-water partition coefficient (logPow) by
using odd-even index (OEI) combined with the

* To whom all correspondence should be sent:
E-mail: f-shafiei@iau-arak.ac.ir

novel molecular polarizability effect index (MPEI)
was studied [6].

The novel atom-type indices (DAI) have been
used to construct QSPR/ QSAR models for some
physical properties and biological activities of
alcohols by using MLR analysis [7].

Predictive methods for estimating
physicochemical properties, such as the heat
capacity of alcohols and aldehydes in liquid phase
have been reported [8].

The semi-empirical electrotopological index
(Iset) has been developed to describe the gas
chromatographic retention of aliphatic alcohols [9].

The minimal boiling point of simple saturated
alcohols has been predicted by using the Wiener,
first and second Zagreb indices [10].

QSPR models have been proposed for prediction
of molecular properties such as molecular weight
(mw), hardness (1), chemical potential (), total
energy (Ewta), and electrophilicity index () of
phenols [11].

The semi—empirical topological index has been
calculated for predicting the relationship between
structure and chromatographic retention for several
data sets of alkanes, alkenes, esters, ketones,
aldehydes and alcohols [6, 12].

In the present study, multiple linear regression
(MLR) techniques and backward methods were used
for modeling the thermal energy (Ew kcal/mol), heat
capacity (Cv cal/molK) and entropy (S cal/molK) of
158 alcohols.
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MATERIALS AND MATHEMATICAL
METHOD

The aliphatic alcohols are a homologous series of
organic compounds containing one or more
hydroxyl groups [-OH] attached to a single-bonded
alkane.

Alcohols are important in organic chemistry
because they can be converted to and from many
other types of compounds. Alcohols are also
technologically important materials and are used in
the manufacture of a large number of products.

Quantum chemistry method

The entropy, thermal energy, and heat capacity of
158 saturated alcohols were obtained by the quantum
mechanics methodology at HF level using the ab
initio 6-31G basic set. To obtain a suitable model,
QSPR used the linear multiple regression method,
backward methods and the software SPSS Version
20. Microsoft Office 2010 programs were employed
to chart results.

The molecules used in this collection include a
variety of aliphatic alcohols that are classified into
primary, secondary (sec-, s-), and tertiary (tert-, t-),
based upon the number of carbon atoms connected
to the carbon atom that bears the hydroxyl group.
The quantum chemistry data of the 158 congeners
are listed in Table 1.

Topological indices

Topological indices are numerical parameters of
a graph that characterize its topology and are usually
graph-invariant. Nowadays, in the literature,
hundreds of topological indices, suitable to describe
different properties, are reported.

The indicators used in this study are those with
first-order molecular connectivity [13], such as
Balaban [14], Randic' [15], Wiener [16], Hyper-
Wiener 17], Wiener Polarity [18], Szeged [19], and
Harary [20]. All used topological indices were
calculated with the Chemicalize program [21].

Statistical analysis

Structure-property models were generated using
the MLR procedure of SPSS Version 20. The
entropy, thermal energy, and heat capacity as
dependent variables and (Y, J, H, W, Wp, WW, Sz)
indices as independent variables were used.

The models were assessed with correlation
coefficient (R), squared multiple correlation
coefficient (R?), adjusted correlation coefficient
(R?4qj), Fisher ratio (F), standard error of estimate (s),
and Durbin-Watson value (D).

RESULTS

Several linear QSPR models were created that
contain 3-7 descriptors. To develop a linear model
for predicting the entropy, thermal energy and heat
capacity topological description was used. The
strongest correlation is based on multivariate step
backwards, and was conducted using the SPSS
software.

The distribution of dependent variable versus
independent variable was used for 158 alcohols in
the development of structure-property relationships.

QSPR models for the entropy

Table 2 shows the regression parameters and the
relationships between the proposed models for the
entropy of 158 alcohols.

The best linear model for the entropy includes
four topological descriptors (Yy, J, W, Wp). The
regression parameters of the best model of the four
descriptors are collected in Egn. (1):

S =38.963 + 14.628 1x +3.217] + 0.009W — 0.809WP (1)

where N=158, R=0.992, R2=0.984, Rzadj:O.983,
$=3.276 cal mol™* K%, F=2297.445, D=1.988.

QSPR models for the thermal energy

Table 3 shows the regression parameters and the
relationships between the proposed models for the
thermal energy of 158 alcohols.

The best linear model for the thermal energy
includes six topological descriptors (%, J, H, W,
WW, W,). The regression parameters of the best
model of the six descriptors are collected in Eqn. (2):

Eth = 5339 + 24.1451y + 4.227] + 4540 H — 0.151W +
0.019WW — 1.681WP 2

where N=158, R=0.999, R®=0.998, RZ;=0.998,
$=3.403 kcal mol?, F=10555.138, D=1.906.

QSPR models for the heat capacity

Table 4 shows the regression parameters and the
relationships between the proposed models for the
heat capacity of 158 alcohols.

The best linear model for the heat capacity
includes six topological descriptors (Y, J, H, W,
WW, W,). The regression parameters of the best
model of the six descriptors are collected in Eqn. (3):

CV =2.706 + 3.321 1x + 1.615] + 1.418 H— 0.037 W +
0.005 WW — 0.407 WP )

where N=158, R=0.998, R®=0.996, RZ;=0.995,
$=1.026 cal mol*.K?, F=5686.131, D=1.821

The results for the entropy, thermal energy, and
heat capacity are very satisfactory.
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Table 1. Alcohols used in the present study

Compound No. Compound No. Compound No.
methanol 1 1-octanol 54  4-methyl-4-octanol 107
ethanol 2 6-methyl-1-heptanol 55  4-ethyl-4-heptanol 108
1-propanol 3 2-octanol 56  3-methyl-3-octanol 109
2-propanol 4 3-octanol 57  1-decanol 110
1-butanol 5 4-methyl-1-heptanol 58  8-methyl-1-nonanol 111
2-methyl-1-propanol 6 4-octanol 59  2-decanol 112
2-butanol 7 2-ethyl-1-hexanol 60  4-decanol 113
2-methyl-2-propanol 8 2-methyl-2-heptanol 61  3,7-dimethyl-1-octanol 114
1-pentanol 9 5-methyl-2-heptanol 62  2,7-dimethyl-3-octanol 115
3-methyl-1-butanol 10  6-methyl-3-heptanol 63  2,6-dimethyl-4-octanol 116
2-pentanol 11 3-methyl-2-heptanol 64  2,3-dimethyl-3-octanol 117
2-methyl-1-butanol 12 2-methyl-3-heptanol 65  5-methyl-5-nonanol 118
3-pentanol 13 2-methyl-4-heptanol 66  4-methyl-1-nonanol 119
2,2-dimethyl-1-propanol 14  5-methyl-3-heptanol 67  2-methyl-3-nonanol 120
2-methyl-2-butanol 15  3-methyl-3-heptanol 68  2,2,55-tetramethyl-3-hexanol 121
1-hexanol 16  4-methyl-3-heptanol 69  4-propyl-4-heptanol 122
4-methyl-1-pentanol 17 3-methyl-4-heptanol 70  2,4,6-trimethyl-4-heptanol 123
2-hexanol 18  3,4-dimethyl-2-hexanol 71 3-ethyl-3-octanol 124
3-methyl-1-pentanol 19  2,5-dimethyl-2-hexanol 72 3-ethyl-2-methyl-3-heptanol 125
2-methyl-1-pentanol 20  4-methyl-4-heptanol 73 1-undecanol 126
3-hexanol 21  3-ethyl-3-hexanol 74 2-undecanol 127
2-ethyl-1-butanol 22  2,3-dimethyl-2-hexanol 75  3-undecanol 128
4-methyl-2-pentanol 23 3,5-dimethyl-3-hexanol 76  4-undecanol 129
3,3-dimethyl-1-butanol 24 2,3-dimethyl-3-hexanol 77  5-undecanol 130
2,3-dimethyl-1-butanol 25  2-methyl-3-ethyl-2-pentanol 78  6-undecanol 131
2-methyl-2-pentanol 26 2,4,4-trimethyl-2-pentanol 79  1-dodecanol 132
3-methyl-2-pentanol 27 2,2,A-trimethyl-3-pentanol 80  2-dodecanol 133
2-methyl-3-pentanol 28  2,2-dimethyl-3-hexanol 81  3-dodecanol 134
2,2-dimethyl-1-butanol 29  2,5-dimethyl-3-hexanol 82  4-dodecanol 135
3-methyl-3-pentanol 30  4,4-dimethyl-3-hexanol 83  1-tridecanol 136
3,3-dimethyl-2-butanol 31  3,4-dimethyl-2-hexanol 84  2-tridecanol 137
2,3-dimethyl-2-butanol 32 6-methyl-2-heptanol 85  3-tridecanol 138
1-heptanol 33 3-methyl-1-heptanol 86  4-tridecanol 139
5-methyl-1-hexanol 34  2-methyl-3-ethyl-3-pentanol 87  1-tetradecanol 140
2-heptanol 35  2,3,4-trimethyl-3-pentanol 88  2-tetradecanol 141
4-methyl-1-hexanol 36  1-nonanol 89  3-tetradecanol 142
2-methyl-1-hexanol 37  7-methyl-1-octanol 90  4-tetradecanol 143
3-heptanol 38  2-nonanol 91  1-pentadecanol 144
3-methyl-1-hexanol 39  3-nonanol 92  2-pentadecanol 145
4-heptanol 40  4-nonanol 93  3-pentadecanol 146
5-methyl-2-hexanol 41  5-nonanol 94  4-pentadecanol 147
2-methyl-3-hexanol 42 2-methyl-2-octanol 95  1-hexadecanol 148
2-methyl-2-hexanol 43  2,6-dimethyl-2-heptanol 96  2-hexadecanol 149
2,4-dimethyl-1-pentanol 44  2,6-dimethyl-3-heptanol 97  3-hexadecanol 150
5-methyl-3-hexanol 45  2,6-dimethyl-4-heptanol 98  4-hexadecanol 151
3-methyl-3-hexanol 46  3,6-dimethyl-3-heptanol 99  1-heptadecanol 152
2,4-dimethyl-2-pentanol 47  2,2,3-trimethyl-3-hexanol 100 2-heptadecanol 153
2,4-dimethyl-3-pentanol 48  3,5-dimethyl-4-heptanol 101  3-heptadecanol 154
3-ethyl-3-pentanol 49  2,3-dimethyl-3-heptanol 102  4-heptadecanol 155
2,3-dimethyl-2-pentanol 50  2,4-dimethyl-4-heptanol 103  1-nonadecanol 156
2,3-dimethyl-3-pentanol 51  2-methyl-3-ethyl-3-heptanol 104 2-nonadecanol 157
2,3,3-trimethyl-2-butanol 52  2,4,4-trimethyl-3-hexanol 105 1-icosane 158
3-methyl-2-hexanol 53  3,4,A-trimethyl-3-hexanol 106
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Table 2. Statistical parameters of models calculated with SPSS software for S.

Model Independent variable R R? R4 s F
1 by, J, H, W, WW, W,, Sz 0.992 0.984 0.983 3.305 1290.019
2 by, J, H, W, W, Sz 0.992 0.984 0.983 3.294 1515.037
3 by, J, H, W, W, 0.992 0.984 0.983 3.283 1829.730
4 by, 3, W, W, 0.992 0.984 0.983 3.276 2297.445
Table 3. Statistical parameters of models calculated with SPSS software for Ein.
Model Independent variable R R? R% s F
5 by, J, H, W, WW, W,, Sz 0.999 0.998 0.998 3.413 8992.932
6 by, JH, W, WW, W, 0.999 0.998 0.998 3.403  10555.138
Table 4. Statistical parameters of models calculated with SPSS software for Cy.
Model Independent variable R R? R% s F
7 by, J, H, W, WW, W,, Sz 0.998 0.996 0.995 1.029  4848.430
8 by, J, H, W, WW, W, 0.998 0.996 0.995 1.026 5686.131

Table 5. Correlation between the molecular descriptors for S (model 4).

Pearson correlations (model 4) Collinearity statistical Corrected model

J W, by W Tolerance VIF VIF
J 1 -0.831 0.458 0.237 0.261 3.828 3.026
Wp 1 -0.725 -0.019 0.071 14.113 6.693
by 1 -0.636 0.052 19.184 -
w 1 0.108 9.272 5.521
Table 6. Correlation between the molecular descriptors for Eq, Cv (models 6, 8).
Pearson correlations (models 6, 8) Collinearity statistical ~ Corrected
model
J Wy by H WW W Tolerance  VIF VIF
J 1 -0.354 0.557 -0.744 -0.636  0.680 0.108 9.244 1.153
Wp 1 -0.044 -0.246  -0.064 0.086 0.065 15.342 -
Iy 1 -0.713  -0.074  0.127 0.010 105.182 5.211
H 1 0.678 -0.735  0.003 319.815 -
WWwW 1 -0.993  0.002 633.551 5.353
w 1 0.001 1289.381 -
DISCUSSION independent variables are near to one and VIF values

In this study, we will use the following sections
to find the best model for predicting the properties
mentioned.

Multicollinearity

In regression analysis collinearity occurs when
two predictor variables in a multiple regression have
a non-zero correlation. Multicollinearity occurs
when more than two predictor variables are inter-
correlated. The multicollinearity is a basis of the
variance inflation factor (VIF) value of
multicollinearity tests using SPSS. If the VIF value
lies between 1 and 10, there is no multicollinearity;
if VIF<1 or >10, there is multicollinearity.

In all our final models there is multicollinearity,
because the values of correlations between

are not between 1 and 10.
Verification and validation

Verification and validation are the primary
processes for quantifying and building confidence
(or credibility) in numerical models [22].

In this section for verification and validation of
the regression models, we will focus on the Durbin-
Watson statistics and unstandardized predicted and
residual values.

Durbin-Watson statistics

The Durbin-Watson statistics is a test statistic
tool used to detect the presence of auto correlation in
residuals from a regression analysis. The value of D
always lies between 0 and 4. If the Durbin-Watson
statistics is substantially below 2, this is an evidence
of a positive serial correlation.
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If the Durbin-Watson is below 1.0, there might be
a cause for alarm. Small values of D indicate that the
successive error terms are, on the average, close in
value to one another, or positively correlated. If D>2,
it indicates that the successive error terms are, on the
average, much different in value from one another,
i.e., they are negatively correlated.

In addition, if the value is between 1.5 and 2.5, it
indicates that there is no correlation. In all our
models, the value of Durbin-Watson statistics is
close to 2 (see eqns.1-3) and hence the errors are
uncorrelated.

For validation of the linearity between the
molecular descriptors in the equations 1-3 we
obtained the Pearson coefficient of correlation and
collinearity statistics by SPSS as follows from
Tables 5, 6.

For model 4, VIF values for two descriptors, W,
and 1y, are bigger than 10, therefore there is a
linearity between these descriptors. After removing
Ly from this model, we corrected model 4 as follows:

S= 97.531 —8.187 ] + 3.496 WP + 0.051W (4)

where N=158, R=0.965, R?=0.931, RZ=0.929,
Q%.00=0.937, s=6.726 cal mol? K, F=687.413,
D=0.971.

Similar to model 4 we obtained the corrected
models 6 and 8 as follows:

Eth = —9.881 + 37.254 1y + 12.466] + 0.003 WW (5)

where N=158, R=0.998, R®=0.996, R?;=0.996,
Q%.00=0.997, s=4.475 kcal mol?, F=12182.971,
D=1.832.

CV = —7.109 +8.031 1y +4.512]+0.001WW  (6)

where N=158, R=0.996, R?=0.992, RZ=0.992,
Q%.00=0.993, S=1.385 cal .mol* K, F=6222.373,
D=1.724.

In egns. 4, 5, and 6, Q2 0o are the squared cross-
validation coefficients for leave-one-out,
respectively. We have computed Q? oo (Eqn. 7) by
randomly taking 50% of the data that are positive
and less than one.
2(r1-Py)°

(v1-7)?

In eqgn. (7), the notation i|i indicates predicted by
a model estimated when the i-th sample was left out
from the training set.

Q2=1- Q%<1 (7

Regular residuals

The residual is the difference between the
observed and predicted value. A residual plot is a
graph that shows the residual values on the vertical
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axis and the independent variables on the horizontal
axis.

If the points in a residual plot are randomly
dispersed around the horizontal axis, a linear
regression model is appropriate for the data;
otherwise, a non-linear model is more appropriate.

The residual values of the entropy, thermal
energy, and heat capacity expressed by Eqns. (4-6)
were calculated. The residual values show a
relatively random pattern (see Figs. 1-3). This
relatively random pattern shows that a linear model
provides a decent fit to the data.

S/ calmol LK?

100

Reyidnal

10.00/0 50. 330-.0 250.0

Observed

Fig. 1. Plot of residuals against observed values of the
entropy.

Eu/ kealmol!

Rexidual

-20.0

Observed

Fig. 2. Plot of residuals against observed values of the
thermal energy.

Cy/ calmol LK!

Observed

Fig. 3. Plot of residuals against observed values of the
heat capacity.

Figs. 4-6 show the linear correlation between the
observed and the predicted entropy, thermal energy,
and heat capacity values obtained using egns. (4-6),
respectively.
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Fig. 4. Comparison between predicted and observed
entropy by the MLR method.
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Fig. 5. Comparison between predicted and observed
thermal energy by the MLR method.
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Fig. 6. Comparison between predicted and observed
heat capacity by the MLR method.

CONCLUSIONS

The conception that there exists a close
relationship between bulk properties and molecular
structure is quite deeply rooted in chemistry. The
basic tenet of chemistry is to identify these assumed
relationships between molecular structure and
physicochemical properties and to quantify them.

The QSPR approach, including multivariate data
analysis in combination with statistical design, has
been extensively employed.

In this study, QSPR mathematical models for the
prediction of the entropy, thermal energy and heat
capacity of alcohols by using methods based on
topological descriptors calculated from molecular
structure alone were developed. These QSPR models

showed high values of the multiple correlation
coefficient (R > 0.99) and Fisher-ratio statistics.
The MLR model proved to be a useful tool in the
prediction of S, Eun and the leave-one-out cross-
validation, as the evaluation technique was designed
to evaluate the quality and predictive ability of the
MLR model. The obtained results showed that the
three topological indices (J, W, Wp) are suitable for
predicting S, and the three descriptors (Yy, J,W) are
suitable for predicting Ew and Cy of 158 alcohols.
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MOJEJIMPAHE HA PU3NKOXNMUYHUTE CBOMCTBA HA AJIN®ATHU AJIKOXOJIN,
U3IOJI3BBANMKHU TOIIOJIOI'MYHN NUHAEKCH U KOJIMYECTBEHA BPB3KA CTPYKTYPA-
CBOUCTBA

® Apmxmans!, @. llapuen™

Ylenapmamenm no xumus, @axynmem no nayxa, Knon Apax, Hcnsamcxu ynusepcumem “Apax”, Apax, Hpan
2[lenapmamenm no xumus, Yuueepcumem na IHumewu, Iumewu-110040, Pomvuus

Iomyuena na 23 mait, 2017 r.; kopurupana Ha 14 1onam 2017 r.
(Pesrome)

QSPR mMopenmute ca MaTeMaTH4eCKH ypaBHEHHs, KOWTO LIENAT Jla CBBP)KAaT XMMHYECKaTa CTPYKTypa € TOJSIMO
pasHooOpasue oT (pU3NYHKM, XMMUYHK ¥ OHOJOTHYHHM CBOMCTBA. B Tasu pabora e u3cieaBaHa Bpb3Kkata Mexay Randic'
(Y), Balaban (J), Wiener polarity (W), Hyper Wiener (WW), Szeged (Sz), Harary (H) u Wiener (W) unaexcu u
entponusta (S), tommuanara exeprus (Ew) u Tommmuams kanaurer (CV) Ha ankoxonn. PHU3NKOXUMUYHUTE CBOMCTBA
ce mpecMATaT ¢ METO/Ia Ha KBaHTOBAaTa MexaHuka ¢ HuBoTo Ha Hartree-Fock (HF), kato ce usmosssat 6a3oBuTe ceToBe
ab initio 6-31G. Muoro6poiinute nuneitan perpecun (MLR) 1 o6paTHHTe METOAM ca M3MOI3BAHH 3a MOJyYaBaHEe Ha
mogenure QSPR. Crmex MLR ananu3 HHe mnpoydyuxMe BaJMIMPaHETO Ha JIMHEWHOCTTa MEXIY MOJICKYJIHUTE
JIECKPUNITOPY B Hal-IOOpUTE MOJENM 3a H3MOJ3BAHUTE CBOICTBA. 3aJOBOJIMTEIHUTE pE3yJITaTH IOKa3Bar, 4e
KOMOMHHpaHeTO Ha TpuTe aeckpunropa (Yy, J, W) e moaxoasimo 3a npejcka3BaHe Ha TOIUIMHEH KaMalUTeT U TOTUIMHHA
eHeprus, 1okato Tpure neckpunropa (J, W, WP) ca nonesnu 3a npeackazaHe eHTponusiTa Ha 158 anmudartau ankoxona.
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Improvement of physical and optical properties of chitosan-rice starch films
pre-treated with ultrasound
U. Vr. Brodnjak

University of Ljubljana, Faculty of Natural Sciences and Engineering, Department of Textiles, Graphic Arts and
Design, Snezniska 5, SI-1000, Ljubljana, Slovenia

Transparent films of chitosan, rice starch and a blend of chitosan-rice starch were prepared using water, malic acid
and glycerol as a plasticiser. Before casting, the film solutions were treated with ultrasound with a view to improve the
physical, optical and surface properties of the films. The results showed that an ultrasonic treatment improved elasticity,
moisture resistance and transparency of the films. For all ultrasound-treated films, elongation at break and tensile strength
increased, especially for the blend films. Moreover, the moisture content decreased proportionally to the increase in
thickness with decreasing film solubility for all treated samples. The surface of the untreated blend film was more uneven
compared to chitosan and rice starch films, which improved after the treatment. The preparation of film solutions using
ultrasound is an improved procedure to increase many properties of biodegradable films.

Keywords: ultrasonic treatment; biodegradable polymers; blend films; material testing.

INTRODUCTION

Packaging is a part of the goods, which causes a
big environmental impact after its use. Producers of
bio-based materials are keen on replacing oil-based
packaging materials with green, sustainable
materials which also have improved mechanical,
antimicrobial and barrier properties [1, 2].
Therefore, every year, new biodegradable materials
are produced. Some of the most nontoxic and widely
used polymers are polysaccharides, chitosan being
one of them. It is a natural polysaccharide derived
from the deacetylation of chitin [3]. Chitosan has
also attracted interest in packaging, especially in
food packaging area as edible films and coatings [4].
From the research it is known that chitosan films
have good mechanical properties, e.g., they are
flexible, long lasting, of good strength and increase
the storage life of fresh food [5]. They also have
good barrier properties against grease due to the
positive charge on the amino group under acidic
conditions, where chitosan binds negatively charged
molecules. Moreover, chitosan films exhibit
excellent oxygen-barrier properties, due to their high
crystallinity and hydrogen bonds between the
molecular chains [6]. Some of the most important
properties as regards food packaging are the
moisture  properties. Chitosan exhibits good
moisture properties, however, not sufficient for food
applications, as its hydrophilic nature attracts
moisture [7]. In order to improve the moisture
properties and functional properties of chitosan
films, blending with other biopolymers and

* To whom all correspondence should be sent:
E-mail: urska.vrabic@ntf.uni-lj.si

hydrophobic substances has been proposed [8, 9]. In
previous research, chitosan films and chitosan
blends with other natural polymers have been made
[9-11]. Due to the high amount of amylase, rice
starch is attractive for food packaging as a film
barrier [12]. It has also been used to replace plastic
film barriers as it has good mechanical properties
[12-14]. Rice is the most widely used basic food in
the world. Due to different climates, soil
characteristics and cultures, more than 240 000
registered varieties of rice and consequently, as
many different types of rice starch exist in the world
[6]. The ultrasonic technology is an environmentally
friendly technology which is nowadays used in food,
pharmaceutical, chemical, etc., industries. With this
technology, improvements in materials can be
achieved. Previous research has shown a positive
effect of ultrasonic treatment on the gelatinisation of
starch dispersions [15]. It is known that the
application of ultrasonic treatment to starch films
improved the moisture properties of the treated
starch and provided stronger structures [16].
Bourtoom & Chinnan studied the effect of rice starch
incorporated into a chitosan film. The composite
film showed an increase in tensile strength, moisture,
water vapor permeability, but a decrease in
elongation at break [10].

This research describes the preparation,
characterisation and ultrasonic treatment of the
chitosan-rice starch blend films. The aim of the
research was to improve the mechanical, moisture
and optical properties of chitosan, rice starch and
composite chitosan-rice starch film using ultrasonic
treatment. Previously, no research has been

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 859
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conducted on rice starch-chitosan blend films, and
the improvement of their properties with ultrasound.
Our research was focused on the effect of ultrasonic
treatment on the solutions for the preparation of the
mentioned  films. Using ultrasound is an
environmentally friendly process and it can be used
for all solutions in order to improve biodegradable
films. Such a treatment and materials could be used
as a substitute for packaging films that are currently
on the market.

MATERIALS AND METHODS
Matherials

Rice starch was obtained from Farmalabor Srl
(ltaly), with 14% moisture content, 1% proteins and
0.6% ashes. Chitosan, with molecular weight 20kDa
and deacetylation degree higher than 85%, was
purchased from Sigma Aldrich (Austria). Chitosan
solutions were prepared by dissolving 2 g of chitosan
in 100 ml of malic acid. Malic acid (98%) was
purchased from Sigma Aldrich (Austria). Glycerol (
Sigma Aldrich, Austria), was used as a plasticiser.

Preparation of film-forming dispersions

Preparation of a dispersion for rice starch film

The rice starch dispersion was prepared by
dissolving 2 g of rice starch in 100 ml of distilled
water and glycerol (40% w/w) was added as a
plasticiser. The solution was mixed until it
gelatinised (85 °C for 20 min) and then cooled to
room temperature.

Preparation of solution for chitosan film

The chitosan solution was prepared by dissolving
2 g of chitosan in 100 ml (2% w/w) malic acid and
glycerol (40% w/w) was added as a plasticiser. The
solution was stirred at 90 °C for 5 min until chitosan
was dispersed. Then the solution was cooled to room
temperature. Before cooling down, the film solution
was filtered through a polyester screen (mesh no.
140 with mesh opening 160 um) with aspiration to
remove small lumps from the solution.

Preparation of a solution for a chitosan-rice
starch blend film

The rice starch-chitosan film was prepared by
mixing 100 ml of 2% rice starch solution with 100
ml of 2% chitosan solution. After that, 40% of
glycerol (w/w of total solid weight in solution) was
added as a plasticiser to the solution. The total
solution for the blend film was stirred at 800 rpm for
5 min at room temperature and filtered through a
polyester screen with the same mesh opening as for
the chitosan solution. Aspiration was performed in
order to remove small lumps from the solution.
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Ultrasonic treatment of solutions

After the aspiration, the solutions (for chitosan
film, rice starch film and blend film) were put into
an ultrasonic bath (Asonic, Ultrasonic bath), using
constant 35 kHz frequency for 15 min [16].

Preparation of casting films

After the aspiration and the treatment, the
mixtures (untreated and treated) were cast onto petri
dishes (50 ml), spread thinly, uniformly and dried at
55 °C for 10 h. After the films were peeled off from
the dishes, they were cooled at room temperature (23
°C; 55% RH). The films were stored in desiccators
at 60% RH for further investigations.

Characterisation of the films

Film thickness

The thickness of the films was measured with a
precision digital micrometre Mitutoyo Corporation,
Japan, to the nearest 0.0001 pm at 5 random
locations on each film.

Moisture content

Moisture content was determined by measuring
the weight loss upon drying in a laboratory oven at
105 + 1 °C until constant weight. Five samples per
each film were tested and the results were expressed
in percentage.

Water vapor permeability (WVP)

To determine the WVP of films, the ASTM E96
standard desiccant method was used [19]. The test
cups were filled with silica gel (RH = 16% in the
cup), where a sample was placed between the cup
and the ring cover [20]. There was an air gap of 11
mm between the silica gel and the underside of the
placed film. To ensure the best results of WVP, a
silicone sealant was applied around the cup edge.
The films with an exposed area of 50 cm? were tested
at 90 = 2% RH and 38 = 2 °C for 24 h. Three
replicates per each film were tested.

Film solubility (FS)

Water solubility of each film was determined as
well. The samples (four samples per each film type)
were dried at 105 °C for 24 h to determine the weight
of the dry matter. Additional four samples of the
same film type were placed in a 50 mL beaker
containing 30 mL of distilled water. The beakers
were covered with parafilm and stored in an
environmental chamber for 1 h, where the climate
conditions were 25 °C and 55% RH [21]. After that,
the beakers were removed from the chamber, the
films were peeled off from the beakers and gently
rinsed with distilled water. All samples were then
dried in an oven at 105 °C for 24 h. Three replicates
per each film were tested. The total soluble matter-
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film solubility (FS) was calculated using the
following equation [21]:

(mass of the film before test —mass of the film after test) 10

FS (%) = 0

mass of the film before test

Mechanical properties

Tensile strength (TS) and elongation at break (E)
of the films were determined on a tensile testing
machine Instron 6022. The samples were analysed in
standard atmosphere (temperature 23°C + 1°C and
relative humidity 55% + 2%). The cross speed head
was 0.15 mm/s. Films of 6 cm in length and 0.7 cm
in width were used, and a minimum of five probes
for each sample was tested. During sample
stretching, several load and elongation data per
second were recorded until a break of the sample
occurred.

Colour

The film colour was determined using the CIE
colorimeter X-rite. The CIE Lab scale was used to
determine L*, a* and b* colour values. A standard
plate was used as the standard (L* = 92.82, a* = —
1.24, b* = 0.5). Six measurements for each specimen
at different locations on the samples were made.
Before the colour measurements, the samples were
conditioned at 55% RH and 25 + 2 °C for 72 h.

Total colour differences (AE), chroma (C) and
hue angle (H) were calculated with the following
equations [10, 21]:

AE = /(AL)? + (Aa*)? + (Ab*)?
AL* =L — L}

Aa® =a* —ay
Ab* = b* — b},
C = (a*)Z + (b*)Z

*

b
H = tan™? (—*)
a

. b
H =180+ tan~! (E)

whena*>0and b* > 0

whena* <0

*

. b
H = 360"+ tan™? <E> when a* > 0and b* < 0

where: L*, a", b”" are the standard and Lo", a0, bo" the
sample colour parameters.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of the studied sample films
were obtained on a Perkin Elmer spectrophotometer
equipped with an attenuated total reflection (ATR)
cell. The spectra were recorded over the range of
4000-800 cm™, with a resolution of 4 cm™. For each
spectrum, 146 consecutive scans were averaged.

Surface properties - electron
microscope (SEM)

The SEM micrographs of the film surfaces were
taken with a scanning electron microscope (JSM -
6060 LV). The instrument was operated at 10 kV, at
a magnification of 400x.

Statistical analysis

The results for tensile properties, thickness,
moisture, WVP and FS, given in the article,
represent mean values + standard deviation. The
analysis of variance-ANOVA was performed on the
obtained results to establish significant differences.

RESULTS AND DISCUSSION

One of the major issues in using ultrasound in
polymer processing is the controlled modification of
the interaction between polymers without chemical
modification. The results of previous research have
shown that an ultrasonic treatment of the starch
dispersion increased its solubility and clarity, but
decreased viscosity [6, 15]. In this study, an
ultrasonic treatment of the film solution was used in
order to increase the solubility of composition
components, which influences many film properties
(strength, elongation, moisture and colour). The
results showed that the ultrasonic treatment
increased the moisture content and at the same time
improved tensile properties. Generally, the film
structure became stronger, more flexible and more
even.

Thickness, moisture content, WVP and film
solubility

The water vapour permeability (WVP) of films
for food packaging should be as low as possible,
because high WVP determines poor barrier
properties. The thickness of films influences water
vapour properties [17, 18]. The nature of films from
biopolymers is mostly hydrophilic; therefore, the
thickness influences the water barrier and the
mechanical properties. In our research, the thickness
(mean values) of films was used in the calculations
for water vapour properties (TS). Table 1 shows a
comparison of untreated and treated films and it can
be seen that the chitosan-rice starch blend film
treated with ultrasound exhibits better WVP than the
untreated ones. From the literature it is known that
glycerol is  hydrophilic  and improves
moisture/barrier properties [20]. In our research,
glycerol was added as a plasticiser, whereas the
ultrasonic treatment had the biggest impact on WVP
[20, 22]. From the obtained results it follows that the
best water vapour properties are manifested by the
chitosan-rice starch film treated with ultrasound
(3.37 £ 0.29 g mm/m?day kPa, i.e. by two times
lower than the untreated sample). The same trend

861

Scanning



U. V. Brodnjak: Improvement of physical and optical properties of chitosan-rice starch films pre-treated with ultrasound

was detected for the chitosan and rice-starch film.
The WVP of untreated chitosan film decreased with
the treatment from 9.11 to 8.47 g mm/m?/day kPa.
Previous research has explained that chitosan films
have high oxygen but poor water vapour barrier due
to their hydrophilic character, which was confirmed
in our research [20-23].

As expected, the values of the moisture content
of the untreated films were higher than those of the
treated ones. The highest moisture content was
displayed by the untreated chitosan film (11.03%)
and the lowest — by the treated blend film (9.0%).
The ultrasonic treatment affected all films regarding
moisture absorption, with a decrease between 0.5
and 1%. The decrease was not major, yet an impact
on the solution and afterwards on other film
properties was detected. The acoustic activation in a
ultrasonic bath caused differences in the tested films.
In the case of addition of glycerol, for all tested films
the observed behaviour can be a result of an increase
in free volume, and a consequent decrease in WVP
and moisture content. The reason is the high content
of glycerol, which was present at all samples. Water
solubility is important for the films used in food
packaging. Stuchell & Krochta explained in their
research that blend films used for packaging
maintained their integrity after 24 h of incubation,
which indicates that rice starch and chitosan intra-
and intermolecular network remained the same, and
that only monomers and non-protein material were
soluble in water [24]. The obtained results showed
that the solubility of the films decreased with the
ultrasonic treatment. As expected, the untreated rice
starch film had the highest solubility (56%), which
decreased with the ultrasonic treatment (49%), but
the values still remained the highest among all tested
samples. From Table 1 it follows that chitosan
interacted with rice starch in the blend film;
therefore, the solubility was lower for treated (30%)
and untreated (35%) samples than for pure rice
starch film. Both, the untreated (22%) and treated
(18%) chitosan films had the lowest water solubility
compared to the other film samples. The ultrasonic
treatment decreased water solubility and moisture
content of all treated films.

The equilibrium thickness of all samples as a
function of moisture content and film solubility for
chitosan and blend films is shown in Fig. 1. The
results show that the ultrasonic treatment reduced the
ability of the chitosan film to absorb water from
11.3% to 10.8% when thickness decreased. The film
solubility was lower for both treated samples. The
results suggest that the interaction of chitosan with
rice starch, when a film is formed, limits film
solubility, which, on its turn, reduces its moisture
content. Chitosan strengthened the film structure of
the blend mixture and solubility in water decreased
when the thickness increased.

FS (%)

€ co
Nien, A

)

Fig. 1. Percentage of moisture content of chitosan and
blend films (treated and untreated) as a function of
thickness and film solubility.

Moisture content of rice starch films treated with
ultrasound decreased as a function of thickness and
water solubility (Fig. 2). In general, the treated films
(rice starch and blend mixtures) showed decreased
water solubility with respect to the percentage of
moisture content and thickness. The studies of
glycerol as a plasticiser have shown an increase in
moisture content due to its hydrophilicity [20-23].
The presence of rice starch in the blend films can
form highly cross-linked systems, preventing water
molecules from penetrating into the composite films
[23]. Such behaviour was confirmed in our

Table 1. Thickness, moisture content, water vapour properties (WVP) and film solubility (FS) of sample films.

sample Thickness Moisture WVP FS

P (um) content (%) | (g mm/m?/day kPa) (%)
Chitosan film 210 + 2.5a 11.3+0.55 9.11 + 0.36b 22+25
Untreated | Rice starch film 205 +5.0a 10.8 £ 0.69 6.45 + 0.75b 56 +1.7
Blend film 215+ 3.3a 9.5+0.23 7.92+0.17b 35+1.9
U'ttrr::toe‘é”d Chitosan film 207 +6.7a 10.8 + 0.47 8.47 + 0.24b 18+3.4
Rice starch film 203 +4.2a 9.6 +0.18 5.45 + 0.36b 49+4.6
Blend film 216 +1.2a 9.0+0.78 3.37+£0.29b 30+2.7

aMean of five replicates + standard deviation; ® Mean of three replicates + standard deviation.

862




Bulgarian Chemical Communications, Volume 49, Number 4, (pp. 859 —867) 2017

researchdue to the inclusion of glycerol and rice
starch as well, since they interfere with cross-links,
resulting in decreased water solubility.

Mechanical properties

Good mechanical properties such as tensile
strength are very important for packaging films, due
to the handling and shipping of packaged products.
Elongation at break — flexibility is also very
important. For such products, high tensile strength is
required, but deformation and elongation should be
adjusted according to the characteristics required for
certain film applications. The mechanical properties
of untreated films presented in the literature for
chitosan and rice starch films were comparable to
our results [10, 20]. The films with different
components and treatment were flexible and with
appropriate manageability. The results of the study
of tensile strength and elongation at break of
untreated and ultrasound treated films are presented
in Fig. 3.

The results demonstrated that tensile strength
increased with the ultrasonic treatment for all treated
films. Better results of TS were obtained for treated

90

samples and the maximum occurred for the blend of
chitosan-rice starch film. The values for untreated
films are slightly higher, but still comparable to
those reported in the literature [17].

FS (%)

Fig. 2. Percentage of moisture content of rice starch
and blend films (treated and untreated) as a function of
thickness and film solubility.

‘ Elongation at break (%)
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Fig. 3. Results of the study of tensile strength (TS) and elongation at break (E) of untreated and ultrasound treated

films.

Table 2. Colour values (L*a*b*), colour differences (AE), chroma (C) and hue angle (H) of untreated and ultrasound

treated films.

Sample L* ax b* AE C H
Chitosan film 8406 | -319 | 1036 | 356 | 10.84 | 178.75
Untreated Rice starch film 86.65 -4.07 9.88 6.28 10.67 178.89
Blend film 8892 | —300 | 1135 | 592 | 1L73 | 178.75
Chitosan film 8578 | —2.05 | 922 2.36 9.45 | 178.68
U'tt:j:toe‘é”d Rice starch film | 91.66 | —4.89 | 7.30 5.69 879 | 179.21
Blend film 9045 | —2.78 | 9.07 5.50 949 | 178.75

863



Bulgarian Chemical Communications, Volume 49, Number 4, (pp. 859 —867) 2017

The highest increase was detected for the blend
of chitosan-rice starch film (30%), and for the
chitosan film (18%). The treated rice starch film
displayed a lower increase (4%). Elongation at break
(E) is an indicator of film extensibility and is
determined as the point when a film breaks at tensile
testing. The values of the elongation at break were
affected by the ultrasonic treatment. The highest
elongation at break was obtained for blend films,
which increased by 8% on ultrasonic treatment. For
both rice starch and chitosan films elongation
increased by 2.5%. The elongation values were
higher for all samples due to the added plasticiser
glycerol. Nevertheless, the elongation at break was
better for all treated samples because of the increase
in solubility and homogeneity of the film solutions,
due to the acoustic activation in the ultrasonic bath.

Optical properties

The colour of films can be a factor in terms of
consumer demands and it does not affect other
analysed properties. The results are shown in Table
2. Generally, colour is an important factor of the
appearance of packaging materials [25]. The total
colour difference, chroma and hue angle were
calculated from the colour values. The untreated
chitosan films were more coloured than rice starch
and blend films. It is known that chitosan has more
yellowness compared to other tested samples in the
research. From the L* wvalues which indicate
lightness it can be seen that the treated samples are
less coloured, lighter, especially the rice starch film.
The a* and b* values vary significantly between the
untreated and treated samples. All films include a

. - .
4000.0 3600 3200 2800 2400 2000

plasticiser which also affected the colour [10]. The
hue angle was not significantly different among all
sample films. The results of calculated chroma
showed that the untreated samples have more
yellowness than the treated ones.

FTIR analysis of films

Characteristic peaks were determined and
compared with data from previously published
research papers [4, 26, 27].

The spectra of untreated and treated chitosan and
rice starch films are presented in Fig. 4. The spectra
of the untreated films are similar to those published
before [28]. In the FTIR spectrum of untreated
chitosan films, peaks between 3000-3600 cm™ are
typical for OH stretching. The peak at 3269 cm™ is
an O-H stretch, at 2930 cm™ it represents a CH;
group and at 2880 cm™ - CHs, the aliphatic group of
chitosan. The smaller, hardly noticeable peak at
1635 cm™ is a consequence of the C=0 stretch of
amide 1, and the peaks at 1563 and 1565 cm™ are N-
H bending vibrations (amide I1). An intensive peak
at 1410 cm* suggests deformation vibrations of OH
and CH groups, the peak at 1099 cm™ is for
glycosidic bonds and at 1016 cm™ - for an ether
group in the chitosan film. For the treated chitosan
film, an increase in the peak intensity of the ether
group at 1016 cm™ is detected. The same higher
intensity of peaks is detected for the peaks at 1096
cm?, 2932 cm™ and 2881 cm™. In the FTIR
spectrum of untreated rice starch film, a peak at 3230
cmtis detected, which presents the O-H stretch. The
peak at 2900 cm™ corresponds to the C-H stretch.
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Fig. 4. FTIR spectra of untreated and ultrasound treated films: (a) untreated rice starch film, b) treated rice starch film,

c) untreated chitosan film, d) treated chitosan film.
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Fig. 5. FTIR spectra of (a) untreated and (b) ultrasound treated blend chitosan-rice starch films.

The peak at 1345 cm™ presents the O-H of water,
whereas the 1400 cm™ and 1398 cm™ peaks result
from the deformation vibrations of OH and CH
groups. For the treated rice starch films, the effect of
ultrasound on the film was the same as on chitosan.
The intensity of peaks slightly increased, especially
for the peaks between 1600 and 1000 cm™,

In the blend of rice starch-chitosan films,
physical blends versus chemical interactions are
affected by the changes in characteristic peaks [5].
From the spectra of untreated blend films presented
in Fig. 5, a decrease in the amine peak intensity at
1555 cm* and 1416 cm* can be seen. The reason for
the decrease is the smaller amount of chitosan in the
blend film, compared to pure chitosan film. The
region between 1600 cm* and 900 cm™ shows some
shifts of absorption bands, which indicate
interactions between the macro chains of chitosan
and rice starch. The peak at 1555 cm* shifts to 1610
cm™, which suggests interactions between the
hydroxyl group of rice starch and the amino group of
chitosan [29]. The spectra of ultrasound treated
blend film show small, yet noticeable changes in the
intensities of peaks compared to the untreated blend
film. The changes in the absorption bands of all
ultrasound treated films were connected to the
increase in  the number of free mobile
macromolecules rather than a breakage of starch
molecules [30]. As predicted, the ultrasonic
treatment improved the blend solution which
became more homogeneous. It provided a dispersion
capacity and as a result, more chain to chain
interactions between polysaccharides were involved.

Surface characterisation

The effect of ultrasonic treatment on the surface
of films was determined using a scanning electron
microscope (SEM). SEM micrographs of untreated
and treated films are presented in Fig. 6 (a—f). All
figures show the surface of the films at 400x
magnification and voltage 10 kV. The 10kV voltage

was used since at higher voltage, film samples would
get damaged very quickly and the determination of
the surface would not be correct. 400x magnification
was used, as higher magnifications degrade the
surface of the analysed films. The surface
micrographs revealed a smooth, even surface for all
treated films. As seen in Figure 6a, the untreated
chitosan film is less smooth and not as even as the
film treated with ultrasound (Fig. 6b). The same
trend is seen in Figs. 6¢ and 6d, where the SEM
micrographs of rice starch are shown. From Fig. 6¢
it can be seen that the untreated rice starch film has
a more irregular surface than the chitosan film.

Fig. 6. SEM micrographs of untreated and ultrasound
treated films: a) untreated chitosan film, b) treated
chitosan film, (c) untreated rice starch film, d) treated rice
starch film, e) untreated chitosan-rice starch blend film, f)
treated chitosan-rice starch blend film.
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The untreated chitosan rice starch blend film had
a less uniform, smooth and dense structure (Figs. 6e
and 6f). The ultrasonic treatment improved the
homogeneity of the surface, which is a good
indicator of the better structural and mechanical
properties, compared to the untreated films. In
general, the ultrasonic treatment helps to obtain a
smooth and homogeneous surface.

CONCLUSIONS

Chitosan, rice starch and chitosan-rice starch
blend films were successfully prepared, and the
solutions of films were successfully treated with
ultrasound. The results showed that the ultrasonic
treatment had a good impact on the preparation and
properties of films. The surface of films improved
for all treated films. The mechanical resistance of
treated films was improved, especially for the blend
film. By mixing these two polymers, the
characteristics of the film improved and with an
ultrasonic treatment, the properties got even better.
The reaction between the two polymers in the blend
film was confirmed by FTIR analysis. In addition, in
blend films, a decrease in water vapour permeability
was detected and this could be explained with the
higher glycerol content of the chitosan-rice starch
blend films. There has been a lot of research
performed on chitosan and rice starch films, but less
on improving blend films. New studies are necessary
to find the best ultrasonic procedures (regarding
treatment times and frequency) to prepare the films.
One of the issues to be taken into account in further
research on enhancing water barriers and tensile
properties of blend chitosan-rice starch films treated
with ultrasound is to prepare a bi-layer or laminated
films in order to ensure more effective barriers
against water transfer and better mechanical
properties than blend films.
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IIOJOBPSIBAHE HA ®M3UYHUTE U OIITUYHUTE CBOMCTBA HA ®MJIMUTE OT
XUTO3AH-OPM30BO HUILIECTE, ITPEABAPUTEJIHO TPETUPAHU C VJITPA3BYK

VY. Bp. bponusak™

Jobnsancku Yrueepcumem, Qaxyimem no npupooHU HAyKU U UHICEHepPCme0, [Jenapmamenm no mexcmui, paguyHo
uskycmeo u ouzauir, Cruexcnuwxa 5, SI-1000, JTrobasana, Crosenus

IMonyuena Ha 3 anpu, 2017 r.; kopurupana Ha 18 ronu 2017 r.
(Pesrome)

[Mpo3paunu GUIAMH OT XWTO3aH, OPU30BO HHIIECTE M CMEC OT XWTO3aH-OPM30BO HHMIIIECTE CE MPUTOTBAT KaTO Ce
M3M0JI3Ba BOJA, A0bIYeHa KUCEIMHA M IiMIepon kato ruiactudukarop. [Ipean ornmBane, ¢uiaMHHTE pa3TBOpH Ca
TpeTHpaHu ¢ yaTpa3Byk. Llenra Ha u3cnenBaHeTo € Ja ce MOCTUrHAT M0100peHH (PU3UUECKH, ONTHYHU U OBBPXHOCTHH
cBoifcTBa Ha punMuTe. PesynraTture nokassar, 4e yJaTpa3ByKOBOTO JIbUEHHE IT0JJ00PsBa €JIaCTHYHOCTTA, YCTOHYNBOCTTA
Ha BJara M mpo3pavyaoctra Ha ¢pmimuTe. [Ipu Bcuukn ynTpa3BykoBo 0OpaboTeHH GHMIMH HapacTBa YABDKaBAaHETO MpH
CKBCBaHE U IKOCTTa Ha OITbH, 0CO0EHO IpH cMeceHH ¢puiiMu. OCBeH TOBa, ChIBPKAHUETO Ha Bllara I0Ka3Ba HaMaJeHHE,
NPONOPLOHAITHO Ha YBENMYaBaHETO Ha AeOeIMHATA IPH HaMallsiBalla pa3TBOPUMOCT Ha (HIMA IIPU BCHUYKH TPETHPAHH
mpobu. [ToBppxHOCTTA HAa HEOOpPaOOTEHUS CMeceH (MM € IMo-HepaBHOMEpHA B CpaBHEHHE ¢ QMIMHTE Ha XUTO3aHA U
OpHU30BOTO HUIIECTE, KOUTO CE MOJ00psBar cien odiapuBaHeTo. [IpurorBsHero Ha GUIMOBH pa3TBOPH C YITpasBYK €
nonoOpeHa mpolenypa 3a yBelIndaBaHe Ha MHOTO CBOMCTBA Ha OMOpasrpaguMu (HUIMU.
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The present work deals with the use of calcium pectate as a biosorbent for Pb(I1) ions removal from aqueous solutions.
Surface morphology of the adsorbent was analysed by scanning electron microscopy (SEM). The surface chemical nature
of the biosorbent was studied by Fourier transform infrared spectroscopy (FTIR). The FTIR results revealed that amide,
ether, alcohol and carbonyl functional groups are responsible for Pb(Il) biosorption onto calcium pectate. Batch
experiments were carried out to investigate the effects of pH, time, and initial metal ion concentration on the adsorption
of Pb(ll) ions by the biosorbent in synthetic wastewater. The optimum contact time and pH for the removal of Pb(Il) ions
were 480 min and pH 5.0, respectively. It was found that the maximum loading capacity of the biosorbent was 4.45 mg-g™'
for Pb(Il) ions. Results indicated that the mechanism of Pb(Il) ions adsorption onto calcium pectate is ion exchange
between Ca(ll) and Pb(Il) ions in the solution. The equilibrium data were analysed according to the linear forms of the
Langmuir and Freundlich isotherms. Freundlich model gives a better fit than the Langmuir model. The results suggest
that calcium pectate can be used as an effective, low cost, and eco-friendly green adsorbent for the removal of Pb(ll) ions

from aqueous solutions.

Keywords: Calcium pectate; Adsorption; Lead; Langmuir isotherm; Freundlich isotherm.

INTRODUCTION

Heavy metal pollution has become one of the
most serious environmental problems today [1].
Lead and other heavy metals are often detected in
industrial wastewaters originating from metal
plating, mining activities, smelting, battery
manufacture, tanneries, petroleum refining, paint
manufacture, pesticides, pigment manufacture,
printing and photographic industries, etc. Heavy
metals are non-biodegradable and they can be
accumulated in living tissues, causing various
diseases and disorders; therefore they must be
removed before discharge [2]. Many wastewater
treatment techniques are used worldwide for
pollutant removal from aqueous solutions such as
reverse osmosis, coagulation, membrane filtration,
ion exchange and adsorption. Among all techniques,
adsorption is considered as the most suitable
process, because of its simplicity and cost
effectiveness [3]. Currently a high number of
experimental studies are carried out where modified
or synthetic adsorbents are used for removal of
heavy metals from water, but there is still not enough
data about biosorbent usage for this purpose.
Biosorption can be used as a cost-effective and
efficient technique for the removal of toxic heavy
metals from wastewater. Waste materials from
industries such as food processing and agriculture
may act as biosorbents [4]. Different biosorbents are

* To whom all correspondence should be sent:
E-mail: dainius.paliulis@vgtu.lt

tested for heavy metals removal form water, e.g. fruit
wastes [4-6], fruit peels [7-13], watermelon rinds
[14], passion fruit skins [15], garlic peels [16],
chemically treated lemon residues [17], modified
orange peels [18,19], chemically modified
muskmelon peels [20].

The objective of this work was to determine the
possibility of using calcium pectate as an effective
adsorbent for the removal of Pb(ll) ions from
wastewater.

MATERIALS AND METHODS

Stock solutions of Pb (1000£2 ppm, Buck
Scientific, USA) and Ca (10002 ppm, Carl Roth,
Germany) were used for FAAS or GFAAS
calibration. Standard solutions with the required
Pb(11) concentrations (0.5, 1.0, 2.5, 5.0 mg L) were
prepared by appropriate dilution with deionized
water. The pH of every solution was maintained at a
desired value by adding 0.01 M NaOH or 0.01 M
HNO:s.

Adsorbent acquisition and preparation

The modified pectin type LM-101 AS, supplied
by CP Kelco, Denmark was used in the experiments.
This type of pectin was selected because of its low
degree of esterification (36%), which displays a
higher calcium sensitivity than pectins of higher
degree of esterification. This enables the formation
of calcium pectate gels [21]. In order to obtain a
biosorbent with higher adsorption capacity the
method suggested by Jakobik-Kolon et al. [22] was
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selected. Obtained hydrogels were filtered through
glass fiber filter with 0.45 um pore size and washed
with deionized water to remove excess of calcium.
Then the beads were dried at 30°C for 72 h to obtain
xerogels which were used for the adsorption and
desorption of Pb(ll).

Functional groups

A sample of the biosorbent was mixed with KBr
and the functional groups were determined using a
Perkin EImer FTIR spectroscope.

Surface morphology

SEM examination of the biosorbent was done at
5 kV of accelerating voltage to study the surface
texture and morphology of the biosorbent.

Adsorption procedure under dynamic conditions

Pb(ll) solutions of desired concentrations (0.5,
1.0, 2.5, 5.0 mg L) were prepared from the stock
solution of Pb (1000+2 ppm) by appropriate
dilutions at different pH values (2.0, 3.0, 4.0 and
5.0). Higher pH values were avoided to prevent lead
precipitation as hydroxide. Above preci-pitation pH
(5.0) Pb(1I) ions are removed by both adsorption and
precipitation. For determination of the effect of
contact time on the adsorption of Pb(ll) from the
solution, the experiments were conducted by varying
the agitation time from 0.5 h to 8 h until equilibrium
was reached at the most efficient pH of the solution
containing the highest concentration of lead. In order
to describe whether the adsorption is physical or
chemical the calcium release was measured on an
atomic absorption spectrometer. All adsorption
experiments were carried out using 1.0 g L of
calcium pectate xerogel beads. They were added to
50 mL of Pb(ll) solutions in bottles with screwed
tops which were closed hermetically. The biosorbent
was shaken at room temperature (20+1°C) for
selected time intervals at a speed of 20 rpm (RS12,
Labos Shake-Gerhardt, Germany) and vacuum
filtered through 0.45 um glass fiber filter. The
amount of Pb(Il) ions adsorbed at a time t, g: (mg g
1), was calculated using the following formula:

(Co-Ct)V
——"(W) (1)

where C; (mg L?) is the liquid phase concentration
of Pb(ll) ions at any time, Co (mg L) is the initial
concentration of Pb(ll) ions in the solution. V is the
volume of the solution (L) and W is the mass of dry
biosorbent (g).

Effect of metal concentration

The concentration of Pb(Il) was determined by
assessing the static Pb(ll) adsorption from the
aqueous solution.

Freundlich isotherm

Freundlich isotherm is widely applied in
heterogeneous systems [18]. Freundlich isotherm is
expressed as:
logqe = log Ky + logCe (2)

n

where ge is the amount of adsorbate in the biosorbent
at equilibrium (mg g?); Ke - Freundlich isotherm
constant (mg g*); Ce - equilibrium concentration of
Pb(11) (mg L™Y); n - adsorption intensity.

Langmuir isotherm

Langmuir isotherm is expressed as:

1 1 1
- = 3
de Qo bQoCe ( )

where ge is the amount of adsorbate in the biosorbent
at equilibrium (mg g); Q, - maximum monolayer
coverage capacity (mg g1); b - Langmuir isotherm
constant (L mg™); Ce - equilibrium concentration of
Pb(11) (mg L.

Analytical methods

Lead and calcium ion concentrations were
determined using atomic absorption spectrometry
(AAS; model Buck Scientific 210 VGP, USA)
operated with an air-acetylene flame or graphite
furnace, a slit of 0.7 mm at 283.2 and 400.7 nm
wavelength, respectively.

Desorption procedure

After adsorption experiments the biosorbents
were dried at 30+1°C for 72 h and then mixed with
20 mL of 0.1 N HNOs solution. Samples were
shaken on a RS-12 Rotoshake rotary shaker
(Gerhard, Germany) for 0.5 h; 1 h; 4 h; 24 h at a
speed of 20 rpm. After that the samples were filtered
through glass fiber filter with 0.45 um pore size. All
experiments were conducted in triplicate and the
mean of the three is presented. Blank samples
(without Pb(1l) ions) were used for validation
studies. Concentrations of the Pb(ll) ions in the
blank solutions were below the detection limit.
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RESULTS AND DISCUSSION

Imaging the surface of pectin gel beads using SEM
microscope

The SEM image of calcium pectate xerogel was
recorded (Fig 1). Though the beads seem to be oval
in shape, the closer look reveals that their shape is
uneven. The lighter colour shows salients and darker
colour shows recesses. It is noticeable that the
surface is irregular. One side of the bead is rougher
than the other one. Steep slopes are also present. The
biggest contrast between colours is at a zoom x5000
which indicates that even at very low levels there is
significant roughness. However, the pores of the
biosorbent are not seen here.

Fig. 1. SEM images of calcium pectate gel beads
surface: a) x40; b) x5000.

Compared to the images recorded by Mata et al.
[21], it is noticeable that the surface roughness is
similar. Furthermore, authors’ micrographs of the
hydrogel revealed that, when hydrated, the gel bead
pores open up and the structure becomes sponge-
like. Thus, the pores open up and are visible in
hydrogel state. The bead size was almost the same
(about 3 mm) - two times bigger than that recorded
by Mata et al. [21].

Functional groups of calcium pectate gel beads

The FTIR spectrum of calcium pectate xerogel
was recorded and is shown in Fig. 2.
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Fig. 2. FTIR spectrum of calcium pectate xerogel at
4000.0-650.0 cm™.

In the FTIR spectrum of calcium pectate xerogel,
the peaks at 3350.95 cm™ and 1628.02 cm™® may be
due to the presence of amide (N-H) groups. This
bond is very important because highly amidated
pectin does not need a lot of calcium to form gels.

870

The other groups are: ethers (C-0), alcohols (C-0),
carbonyls (C=0).

Effect of initial pH on the adsorption of Pb(ll) ions

The effect of pH of the initial solution on the
adsorption of Pb(ll) ions onto calcium pectate beads
was studied by varying pH from 2.0 to 5.0 at 20+1
°C (Fig. 3).

5.000
4.000

Qo
ED 3.000

~ 2.000
©

1.000
0.000

pH

Fig. 3. Effect of pH on the adsorption of Pb(ll) onto
biosorbent. Pb(ll) concentration = 50 mg L7,
adsorbent:solution ratio = 1:1000 w:v, T = 20£1 °C, 480
min contact time.

The results indicate that the uptake capacity for
Pb(ll) ions increased from 0.41 mg g* to 4.3 mg g*
in the pH range from 2.0 to 4.0. With further
increase in pH of the solution from 4.0 to 5.0, the
Pb(ll) uptake capacity increased from 4.3 mg g* to
4.45 mg g*. The contact time was selected according
to Mata et al. [22] and Gata-Jakobik et al. [23],
where equilibrium contact time of 8 h was indicated.
As optimal for Pb(Il) removal the pH range from 4.0
to 5.0 was considered.

Effect of initial Pb(ll) concentration on the
adsorption of Pb(ll) ions

The effect of initial Pb(ll) concentration on the
adsorption of Pb(Il) ions onto calcium pectate was
evaluated by means of adsorption isotherms. For this
study, Langmuir and Freundlich isotherm equations
were used to predict adsorption capacities of Pb(ll)
on calcium pectate. Figs. 4 and 5 show the
Freundlich and Langmuir adsorption isotherms of
Pb(ll) by calcium pectate beads at an initial pH of
5.0.

The minimum selected Pb(l1) concentration is 0.5
mg/L which is the limit concentration value in
wastewaters to be discharged to a wastewater
collection system, according to the respective
legislation [23].

Results presented in Fig. 4 show that the removal
rate of Pb(ll) ions can be described with the
Freundlich isotherm.
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Fig. 4. Freundlich plots for Pb (1) adsorption at pH
5.0 onto the biosorbent. Adsorbent:solution ratio = 1:1000
w:v, T = 20£1 °C, 480 min contact, Freundlich isotherm
parameters: n=1.342, Kg=5.612.

The Freundlich  constant, Kg, unlike the
Langmuir constant, Q., does not predict a saturation
of the solid surface by the monolayer coverage of the
adsorbate but it gives a relative measure of the
adsorption capacity and estimates the bond strength.
Favorable adsorption was registered because n was
in the range of 1 < n < 10.

Results presented in Fig. 5 show that the removal
rate of Pb(ll) ions can be described with the
Langmuir isotherm.
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Fig. 5. Langmuir plots for Pb(1l) adsorption at pH 5.0
onto the biosorbent. Adsorbent:solution ratio = 1:1000
w:v, T = 2041 °C, 480 min contact, Langmuir isotherm
parameters: Qo=3.1, b=5.75.

According to Hamdi et al. [24], the separation
factor (RL) can be used to determine whether or not
the adsorption process will be favorable. The values
of R_ were between 0.258 and 0.034 at an initial
concentration of Pb(ll) ions of 0.5-5.0 mg L™%. These
values are between zero and one indicating that the
adsorption was favorable. The Langmuir model is an
indication of the surface homogeneity of the
adsorbent. The values of R? were found to be near
1.0, showing favorable adsorption. The values of the
correlation coefficients of the Langmuir and
Freundlich isotherms indicate that these models fit

very well all adsorption equilibrium data throughout
the studied experimental range. Therefore, it is
assumed that adsorption involves a direct contact of
metal ions onto the surface of biosorbent resulting in
monolayer coverage. Freundlich model gives a
better fit than the Langmuir model.

Effect of contact time on the adsorption of Pb(lI)
ions and the release of Ca(ll) ions

Fig. 6 illustrates Pb(ll) adsorption from
synthetic wastewater as a function of contact time.
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Fig. 6. Effect of contact time on Pb(ll) adsorption at
pH 5.0. Pb(ll) concentration = 5 mg L?, adsorbent:
solution ratio = 1:1000 w:v, T = 20+1 °C.

It is seen that the adsorption between 0.5 h and
8 h increased by 1.55 mg g Pb(Il). After 120 min
the adsorption rate slowed down (Fig. 6). Fig. 7
illustrates the effect of contact time on Ca(ll) release
from the biosorbent into solution at pH 5.0 at a Pb(11)
concentration of 5 mg L.
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Fig. 7. Effect of contact time on calcium release from
the biosorbent into solution at pH 5.0. Pb(ll)
concentration = 5 mg L, adsorbent:solution ratio =
1:1000 w:v, T = 20£1 °C.

The contact time used in this experiment was 0.5
h; 1 h; 2 h; 4 h and 8 h. After the adsorption process
was completed, calcium concentration was also
determined. Mata et al. [25] have found a correlation
between calcium release and metals uptake in
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calcium alginate and calcium pectate gel beads.
Experimental results obtained in the present work
were similar to those of Mata et al. [25] (Fig. 7).
This correlation indicated that the process is ion
exchange-based adsorption. Webb [26] has shown
that both physical and chemical adsorption may
simultaneously occur on the surface. A layer of
molecules may be physically adsorbed on top of an
underlying chemisorbed layer. This suggests that
after all calcium was replaced, physical adsorption
might took place. This can indicate two theories.
Firstly, it can be assumed that there is more than one
mechanism in this adsorption. lon exchange
mechanism is responsible for the release of calcium
into the solution, and physical adsorption can also
take place, as the organic material tends to attract
heavy metals. Secondly, as FTIR results show, this
particular pectin is not sensitive to gelation in the
presence of calcium ions. This means that lower
calcium amounts are adsorbed in the biosorbent
preparation stage. Therefore, both theories do not
contradict to each other and both can explain the
obtained results.

Effect of contact time on the desorption of Pb(Il)
ions

Desorption helps the recovery of Pb(ll) from the
waste and the regeneration of the adsorbent in order
to assess its potential as an adsorbent for commercial
application. The desorption studies were carried out
with the biosorbent after 8 h of adsorption. The
results are presented in Fig. 8.
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Fig. 8. Influence of contact time on the desorption of
Pb(ll) from 0.1 g of biosorbent in 20 mL of 0.1 N HNOs
solution.

The results (Fig. 8) revealed that full desorption
of lead was achieved in 60 min. Mata et al. [21]
obtained the same result for lead. However, Agata-
Jakobik et al. [22] did not reach 100 % of desorption.
According to Mata et al. [25] a part of lead was
retained in the biosorbent after each desorption

872

cycle. Comparing to the desorption results of Isaac
and Sivakumar [27] with apple peels, lead
desorption was the same (almost 97 %) and
equilibrium time was also 60 min. The equilibrium
time for heavy metals removal using pectin is quite
long (8 h) compared to other biosorbents (from 10 to
60 min depending on the particular natural
biosorbent). However, the efficiency of Pb(ll)
removal is higher compared to natural biosorbents.
Studies have shown (Figs. 4-7) that the
adsorption efficiency of lead onto calcium pectate
beads depends not only on contact time and
concentration, but also on pH of the solution. The
remarkable results obtained in this study prompt us
to use calcium pectate beads as an adsorbent for the
treatment of wastewater polluted with lead.

CONCLUSIONS

1. FTIR analysis revealed the presence of
different functional groups in the biosorbent - amide
N-H, ether (C-O), alcohol (C-O) and carbonyl
(C=0) functional groups which participate in the
adsorption process.

2. Pb(Il) uptake increases with an increase in
contact time. The efficiency of Pb (Il) adsorption
increased from 58.0 to 89.0 % with an increase in
contact time from 30 to 480 min. The adsorption
equilibrium was achieved in 480 min.

3. A correlation was found between calcium
release and metals uptake in calcium alginate and
calcium pectate gel beads. This correlation indicated
that the process is ion exchange-based adsorption.

4. Desorption from the biosorbent was
influenced by the contact time. The desorption of
Pb(11) at equilibrium (100 %) was reached in 60 min.

5. This study showed that the Freundlich and
Langmuir equations can be used to describe the
adsorption phenomena of Pb(ll) onto calcium
pectate gel beads.
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OTCTPAHSIBAHE HA OJIOBO (Pb*") OT CUHTETUYHU OTIIAHU BOJIU C
N3ITOJI3BAHE HA KAJILIMUEB ITEKTAT

M. IMamnynuc, A. Kpunuckaiite

Henapmamenm no sawuma na oxonnama cpeoa, Texnuuecku ynueepcumem Bunnioc I'eoumunac, 6yn. Caynemexuo 11,
LT-10223 Bunntoc, Jlumea

[Mony4ena Ha 9 mait, 2017 r.; kopurupana ua 1 okromBpu 2017 r.
(Pesrome)

HacrosimaTta pabora ce oTHacs 0 W3NOJI3BAHETO HA KaJlIMEB MEKTaT KaTo OMocopOeHT 3a orcrpansBane Ha Pb (1)
HoHM OT BoJHHM pa3TBopH. [loBbpxHOCTHAaTa MOpdosiorus Ha ajcopOeHTa € aHaJIM3HMpaHa Ype3 CKaHHpalla eJeKTPOHHA
mukpockonusi (SEM). IloBppxHOcTHata XMMH4YHa NHpupoja Ha OuocopOeHTa € mu3cienBaHa upe3 HH(ppayepBeHa
cnekrpockonus ¢ ®ypue Tpancpopmarms (FTIR). Pesynratute or FTIR nokassar, ye aMuaHu, €TEPHH, aTKOXOJIHU U
KapOOHWIHK (QyHKIHMOHAIHKM Tpynu ca otroBopHH 3a Pb (II) OmocopOrmsta BbpXy kanmueB nekrar. [IpoBenenu ca
KOJINYECTBEHH EKCIIEPUMEHTH 32 Ja ce u3cienBaT eekTuTe Ha pH, BpeMeTo 1 HadanHaTa KOHICHTPAIHs Ha METATHUTE
ftorn BBpXy ancopOrusara Ha Pb (II) #ioHm oT OMOCOPOEHT B CHHTETHYHHUTE OTHATHH Boau. ONTHMAHOTO BpeMe 3a
koHTaKT 1 pH 3a orctpanssane Ha Pb (1) #ionu ca crorBeTHO 480 MuHYTH U pH 5.0. YcTaHOBEHO €, 9e MaKCHMAaTHHAT
KanauureT Ha 6uocopbenta e 4.45 mg g 3a Pb (II) ionu. PesynraTture nokaspaT, 4e MEXaHU3MBT Ha aJCOPOLMATA HA
Pb (I) fiorn BBpXy Kanmues nekraT e ionen oomen mexay Ca (II) u Pb (IT) fiorun B pasTBopa. [lanHNTE 32 paBHOBECHETO
ca aHAIM3WPaHH B CHOTBETCTBUE C JIMHEIHAaTa popma Ha m3oTepmute Ha Langmuir u Freundlich. MogensT Freundlich e
MO-ToAX0AAIL OT Mozaena Langmuir. Pesynrarure mokaspar, 4e KajJIHMEBHAT MEKTAT MOXKe Aa ObJe M3IO0JI3BaH KaTo
e(eKTUBEH, CBTUH U €KOJIOT'MYEH aJICOPOCHT 3a orcTpansBane Ha Pb (II) #ionn oT BoxHM pa3TBOpPH.
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Detecting heavy metals present in soil and dust as a major factor of environmental pollution has got a particular
importance. An experimental (laboratory) method based on energy-dispersive X-ray fluorescence (EDXRF) technique
was utilized so far to detect the elements. In this research, the Monte Carlo method based on the EDXRF technique was
used to detect the elements. MCNPX2.7 code is based on Monte Carlo calculations and is able to trace 32 particles
including photons within the range of X-rays and y-rays. In this paper, the outcomes of multi-source EDXRF simulation
technique were compared with the experimental results. The comparison shows that multi-source EDXRF
technique(IXRF) is able to detect the percentage of elements present in soil and dust with a high compatibility.

Keywords: IXRF; Elements; Dust; EDXRF; Multi Source; MCNPX; Detection.

INTRODUCTION

Detecting the elements present in soil and the
percentage of each component has got a particular
importance from the aspect of agriculture,
environmental pollution, agrology and mines
discovery [1]. Different methods based on chemical
decomposition and physical methods have been used
for this purpose so far [2]. The most important
chemical method CMB (Chemical Mass Balance) is
not really capable of detecting dust and soil elements
as the major pollution source [2]. The most efficient
method is EDXRF which is a fast non-destructive
method in which an X-ray system mostly of electron
strip type isutilized [2]. EDXREF is being applied for
detection of the elements present in soil [3-7].
MCNPX is a multi-task nuclear code offering the
possibility of tracing a characteristic X-ray emission
spectrum produced by collision of energetic photons,
which is an atomic process. Accuracy of MCNPX
code to detect the percentage of brass alloy has been
investigated and verified by T.Trojek and T. Cechak
[7]. In this research the possibility of using MCNPX
with three radioactive sources, viz.®Fe(5.9 KeV),
21Am(26.4, 59.6KeV) and *’Co(122KeV), to detect
the elements present in soil by the three source
EDXRF method (IXRF)was studied.

MATERIALS AND METHODS

Purpose of the present research is the detection of
the elements present in soil with the use of Monte
Carlo N Particles (MCNPX) which is based on
particles transportation using the Monte Carlo

* To whom all correspondence should be sent:
E-mail: mohamadreza45@gmail.com

method. Soil is a combination of Cu, Al, Ca, Co, Cr,
Fe, K, Mn, Na, Ni, Pb, Rb, Si, Sr, Ti, V, Y, Zn, and
Zr, each having its own specific X-ray spectrum. The
energy emitted from the K layer is brought in Table
1[9].

Ordinary soil contains different elements, most of
which are in the Z<50 range, however polluted soils
and dust particles might have different elements in
the range of 0<Z<100. So far, one X-ray source has
always been used for detection of the elements
present in soil [10, 11]. Since each source emits X-
rays with its particular energy spectrum, and the
need for energy is to some extent higher than the
atomic layer energy difference, so in order to
precisely detect different elements, different sources
are required. In this research, an attempt was made
to use more than one source for detection of the
elements present in soil and dust. Before producing
any device, a fabrication feasibility study is needed.
Atomic and nuclear codes are the best options for a
fabrication feasibility study and MCNP is a credible
nuclear code. This research was performed with the
use of MCNP code in three phases, in each of which,
acharacteristic X-ray spectrum was obtained. In the
first phase, y-ray energy produced by three sources
of %Fe(5.9KeV), 2'Am(26.4, 59.6KeV) and
5Co(122KeV), was radiated separately to each
element present in the soil. Then in the second phase,
the elements included in a typical soil with certain
percentages were separately irradiated by
®Fe(5.9KeV), 1Am(26.4, 59.6KeV) and
%Co0(122KeV). In the third phase, a radioactive
source in form of a combination of %°Fe(5.9KeV),
21Am(26.4, 59.6KeV) and %'Co(122KeV) sources
irradiated the soil. The characteristic X-ray energy
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spectrum in all three phases can be obtained in
MCNP code with the use of tallies F; and F» in the
specific input file of each phase. The input file
description will be given in the following. The
probability of emission in each energy range for each
particle can be obtained with the use of MCNPX
code and an input file was written for this purpose.
An overview of the defined geometry in the input file
is illustrated in Fig.1.

Fig. 1. The geometry considered in the simulation

In this geometry cell no.1 shows the point source
with certain activity for sources
with®Fe(5.9KeV),?!Am(26.4,59.6KeV)  and®’Co
(122KeV) energies, cell no.2 shows the source
cover, cell no.3 shows the considered material
(target) with optimal calculated thickness in each
mode and for dimensions 2x2cm?, and cell no.4
shows a special shell defined as a detector. After
radiation, the X-ray fluorescence spectrum will
reach the internal surface of the cylindrical shell.
Tally F1 will provide the characteristic X-ray
spectrum received by the detector. The number of
particles wasconsidered 108 in order to reach below
1% error. Splitting and Russian Roulette methods

were used to reduce variance, increase FOM and
uniform SLOP in the output file of MCNPX. The
percentage of elements presentin a typical soil
according to [9] is shown in Table 1.

RESULTS
Chemistry

The results of this simulation which wasdone in
three phases with the use of tally F.are reported
below. First, the characteristic X-ray spectrum of
each element present in the soil, which was
separately irradiated by y-rays produced by three
different  sources  of  %° Fe(5.9KeV),
21Am(26.4,59.6KeV) and °'Co(122KeV) was
obtained and the results are shown in Table 1.

The comparison of theoretical and experimental
results of Table 1 shows that MCNPX code has the
capability of detecting each element separately with
the use of EDXRF technique.

The soil with the mentioned element percentages
in Table 1, was irradiated by different sources and
the obtained EDXRF spectrum with the use of tally
Fis shown in Figures 2 to 5.

The results show that °Fe(5.9KeV) can detect the
elements in the Z<23 range, Wwhereas
241Am(26.4,59.6KeV) is more appropriate to detect
the elements in the 22<Z<40 range.

Also, "Co(122KeV) is better for detection of
heavy elements like lead. Eventually the X-ray
spectrum of soil with the use of a composed sourc e
produced by *!Am(59.6KeV), *Fe(5.9KeV) and
"Co(122KeV)with different percentages which

Tablel. The emission energy of K layer for elements in dust

Elements - Ky - Kp Percent
Experimental MCNPX Experimental MCNPX

Na 1.04 .02 - e 0.00755
Al 1.48 147 - e 0.21326
Si 1.74 173 - e 0.7024
K 3.31 338 - e 0.04806
Ca 3.69 3.66 4.01 3.99 0.00247
Ti 4.5 4.5 493 491 0.00293
\% 4.95 5.02 5.42 5.40 0.000133
Cr 5.41 5.4 5.94 591 0.000901
Mn 5.89 5.85 6.49 6.45 0.000926
Fe 6.4 6.36 7.05 7.02 0.0197
Co 6.93 6.88 7.64 7.61 0.0000123
Ni 7.48 7.5 8.26 8.24 0.000049
Cu 8.04 8.00 8.90 8.89 0.0000256
Zn 8.63 8.61 9.57 9.60 0.000133
Rb 13.39 13.4 14.96 14.92 0.00117
Sr 14.16 14.12 15.83 15.80 0.000102
Y 14.95 14.92 16.73 16.72 0.0002118
Zr 15.77 15.74 17.67 17.65 0.00005198
Pb 74.96 75.02 84.93 85.10 0.000225
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have been obtained from MCNPX simulation code
is according to figures 6 to 9. In these figures source
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percentages have changed and the related spectrum
wasobtained accordingly. As can be seen in the
figures and table 1, the spectrumshape depends on
source percentages and percentage of the elements
present in the compound. Comparing the detected
elements by the  multi-source  EDXRF
method(IXRF) with the presentresults for the
elements in the soil shows that the introduced
method is well able to detect the elements present in
soil. Meanwhile, percentages of the elements
obtained by this technique have a good compatibility
with the percentages in soil. Percentage of elements
in each mode is obtained according to the proportion
of characteristic X-ray intensity in the compound to
characteristic X-ray intensity obtained for the pure
element. Afterwards, according to percentages of
reported elements presentin soil, the material of cell
1 was positioned by (2) and the EDXRF spectrum
related to element admixture in soil was obtained
(Figures 2to 5).

M card for the considered soil in MCNPX code
is brought in Table 1. After executing the code, the
obtained spectrum by the defined detector in
MCNPX code with the three above mentioned
sources is produced, which is shown in Figures 6 to
9.
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CONCLUSIONS

One-source EDXRF technique is one of the most
important techniques applied for detection of soil
elements. In order to detect heavy elements present
in soil with higher precision, the multi-source
EDXRF(IXRF) technique wasintroduced in this
research. To investigate functionality of the
proposed techniqgue, MCNPX nuclear code
wasutilized. Initially, the accuracy of the code in
element detection was investigated and verified.
Research outcomes show that in using sources
of**Fe(5.9KeV) 21Am(26.4KeV), 2*Am(59.6KeV)
and also ®°Co(1173KeV) , for detection of soil
elements within the Z<23, 23<7<40 and Z>40
ranges, Fe(5.9KeV), *1Am(26.4,59.6KeV) and
9Co0(1173KeV) are appropriate, respectively. The

reason of using three experimental sources is
demonstrated by comparing the figures obtained
with the code with the experimental results. The
results show that the source with lower energy
SFe(5.9KeV), is appropriate for extraction of
element spectra with atomic numbers between 11
and 19;the source (**!Am(26.4, 59.6KeV) is better
for atomic numbers between 19 and 40 and the
energetic  source  (®°Col1173, 1331KeV) s
appropriate for detection of heavy metals like
lead.The reason for this is the dependency of
absorption cross-section and dispersion to energy.

Afterwards, with the use of IXRF technique, the
emitted X-ray spectrum characteristic for the soil
was obtained. The comparison between the results
for the spectrum obtained by MCNPX with the
experimental results, done by J. A. Bearden [9],
shows that the IXRF technique has a good capability
in detecting the elements present in soil with high
precision.
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N3CIEABAHE HA Bb3MOXHOCTUTE HA IXRF-TEXHUKA 3A OTKPUBAHETO HA
EJIEMEHTU B ITPAX T10 METOAA MOHTE-KAPJIO N YACTULIN

X.P. Jleran!, A. Herapectanu?, M.P. Pezane?

Ylenapmamenm no pomonuxa, Ynusepcumem no asanzaponu mexuonozuu ,, Kepman ', Maxan, HUpan
2[lenapmamenm no eneKmpo- u KOMRIOMbPHO UHNHCEHEPCME0, YHueepcumen no aéanzapouu mexwonoauu ,, Kepman “,
Maxan, Upan

[Mocrbnuia Ha 15 HoemBpw, 2016 r.; nmpuera Ha 12 anpu, 2017 r.
(Pesrome)

OTKpUBAHETO Ha TEXKKH METAJIHM B MOYBH M MPaxX € BaKEH (haKToOp B M3CIEABAHETO HA 3aMbPCSIBAHETO HAa OKOJIHATA
cpena. [locera 3a Ta3u 1en ce M3MOJ3Ba Ja0OPAaTOpPEH METOJA, OCHOBaH Ha EHEpro-IUCIEpCHOHHA PEHTI€HOBA
dnyopecuenuus (EDX-RF). 3a oTkprBaHETO Ha TE3M €IEMEHTH B HACTOSIIETO H3CIIEIBaHE Ce Mpeiara MeToabT MoHTe-
Kapno, ocnoBan Ha EDX-RF-texnuka. Konbr MCNPX2.7 ce ocHoBaBa Ha MoHTe-Kapiio nzuncienus u e cnocodeH 3a
Tpacupane Ha 32 yacThuy ( BKIIOYUTETHO Ha (OTOHM) B 00XBaTa Ha PEHTICHOBH W Y-TbYM. B HacrosmaTa pabora ca
CpaBHEHH pE3yJTaTUTe HAa MHOro-u3royHumkoBa cumynanusi EDX-RF-texuuka (IXRF)c omutHE pesynTati.
CpaBHenuneTo mokasBa, ue |XRF e B chcrostHMe ma ce OTKpH MPOIICHTHOTO ChIBPKAHHE HA €JIEMEHTHTE, HaJMIHU B
M0YBaTa M Ipaxa ¢ rojsMa Kopesarms.
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Storage effect on phenolic content and antioxidant activity in selected fruit extracts
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The objectives of this study were to investigate the influence of light and temperature on the content of phenolic
compounds and its correlation with antioxidant activity in selected fruit extracts (strawberry (Fragaria vesca), blackberry
(Rubus fruticosus), raspberry (Rubus idaeus), and sour cherry (Prunus cerasus)). The antioxidant capacity evaluated using
2,2-diphenyl-1-picrylhydrazyl radical (DPPH®) scavenging assays ranged from 90.87% to 96.50%. The content of target
phenolic compounds showed high correlation with the antioxidant activity (r> = 0.829) and with the content of
anthocyanins (r? = 0.995) of the investigated fruit extracts. Total phenol content was monitored in fruit extracts stored at
7 °C for 23 days and at room temperature (25 °C) for 90 days. All fruit extracts exhibited fluctuations in total phenol
contents with an initial increase after 4 days, followed by a decrease at both storage temperatures. These changes were
not significant during 23 days of storage and the investigated fruit extracts can be used as an easily accessible source of
natural antioxidants in food and pharmaceutical supplements.

Keywords: Fruit extracts; antioxidant activity; phenolic composition; storage temperature.

INTRODUCTION

Many  human  diseases, like  cancer,
atherosclerosis and rheumatoid arthritis, as well as
neurodegenerative diseases and ageing processes are
caused by free radicals [1-3]. Epidemiological
studies have indicated that frequent consumption of
fruits and vegetables is associated with a lower risk
of cardiovascular disease and cancer [4-8]. This
protective role of fruits and vegetables had been
attributed to their antioxidant compounds, such as
phenolics, flavonoids, flavonols, anthocyanins, so
natural antioxidants have gained increasing interest
among consumers and scientific community [9].

Polyphenols are abundant micronutrients in our
diet that have been credited with chemoprevention
of diseases associated with oxidative stress. Over
8000 phenolic compounds have been identified from
plant materials and they possess a wide spectrum of
biochemical activities (antioxidant, antimicrobial,
antimutagenic, anticancerogenic and ability to
modify the gene expression) [10-16].

Fruits like strawberry, blackberry, raspberry and
sour cherry are good sources of natural antioxidants
and are traditionally used in diet [8]. Environmental
factors like temperature, light and geographical area
are very important for the development of red
pigment in the fruit [16-20].

It has been reported that the freezing process
decreased the total phenolic content and antioxidant
capacity by 4-20 % in raspberries [21].

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

As antioxidant capacity is becoming an important
parameter with respect to fruit and vegetable quality,
it is of great interest to evaluate changes in
antioxidant activity and total phenolic contents
during storage of selected fruit extracts at elevated
temperatures. This study was undertaken to
investigate the effects of different temperatures on
total phenolics and antioxidant capacity of extracts
of raspberry (Rubus idaeus), blackberry (Rubus
fruticosus), strawberry (Fragaria vesca), and sour
cherry (Prunus cerasus), originating from Serbia
(Rasinski region).

EXPERIMENTAL
Chemicals

2,2-Diphenyl-1-picrylhydrazyl (DPPH") in free
radical form was obtained from Sigma Chemical Co.
(St. Louis, MO). Methanol, formic acid, gallic acid,
catechin and quercetin were purchased from Merck
Co (Germany). All reagents were of analytical grade.

Plant materials

Samples of strawberry, blackberry, raspberry and
sour cherry were harvested in western Serbia
(Rasinski region) at the commercial maturity stage.
After harvest, the samples were immediately frozen
and stored at -20 °C until analysis.

Preparation of extracts

Fruit extracts were obtained by grinding the
berries (10 g) in 100 mL of methanol/water solution
(70/30) at room temperature for 30 min. The mixture

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 879
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was stored at 7°C in the dark for 24 h and then
centrifugated at 4000 rpm for 15 min.

Determination of total phenols, tartaric esters and
flavonols

The total phenol content in the extracts was
determined according to the Mazza and Miniati [9]
procedure: 0.25 mL of extract and 0.25 mL of 0.1%
HCI in 95% ethanol were mixed with 4.55 mL of 2%
HCI and the absorbance was measured at 280, 320,
360 and 520 nm after incubation at room
temperature for 5 min. Total phenol content was
expressed as mg of galic acid equivalents /100 g of
fruit (280 nm); tartaric esters - as mg catechin
equivalent /100 g fruit (320 nm); flavonols - as mg
quercetin equivalent/100 g fruit (360 nm).

Determination of monomeric anthocyanin

The total monomeric anthocyanin content in the
fruit extracts was determined by the pH-differential
absorbance method described by Guisti and
Wrolstad [22]. Anthocyanins have maximum
apsorbance at a wavelenght of 513 nm at pH of 1.0.
The coloured oxonium form predominates at pH 1.0
and the colourless hemiketal form at pH 4.5. The pH-
differential method is based on this reaction and
permits accurate and rapid measurement of the total
monomeric anthocyanins. Absorbance of the fruit
extract was measured at 520 and 700 nm in potasium
chloride buffer (pH 1.0) and sodium acetate buffer
(pH 4.5) after incubation at room temperature for 15
min. Anthocyanin content was expressed in mg of
cyanidin-3-glucoside equivalent (Cygl)/100 g fruit
using the molar extinction coefficient of cyanidin-3-
glucoside of 26900 L/mol cm and molar weight of
449.2 g/mol.

Determination of indices for anthocyanin pigment
degradation, polymeric colour and browning

Indices for anthocyanin degradation of the fruit
extracts can be derived using the pH-differential
method described by Giusti and Wrolstad [22]. The
absorbance at 420 nm of the disulphide-treated
sample serves as an index for browning. The colour
density of the control sample and the polymer colour
of the disulphide-bleached sample are calculated as
follows:

Colour density = [(A42onm — A7oonm) + (Admax — Azoonm)]
The hue value is calculated as follows:

Hue = [(A420nm - A700nm)/ (A}Lmax - A700nm)]

The ratio between polymerization color and
colour density is used to determine the percentage of
the colour that is contributed by the polymerized
material.
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Antioxidant activity

The antioxidant capacity was evaluated using
2,2-diphenyl-1-picrylhydrazyl radical (DPPH-=)
scavenging assays [1,3,12,15]. The antioxidant
assay is based on the measurement of the loss of
DPPH" colour by the change of absorbance at 517
nm caused by the reactions of DPPH with the tested
samples. The reaction was monitored on a UV/VIS
spectrophotometer. Reaction solution was prepared
by mixing 2.5 mL of diluted fruit extract with 1 mL
of methanolic DPPH solution. The solution was kept
in dark at room temperature for 20 min. Scavenging
capacity of DPPH* in percent (%) of each fruit
extract sample was calculated from the decrease in
absorbance according to the relationship:

Antioxidant capacity (%) = (1 - Asampie = Ablank/Acontro) X 100

where Acontrol IS the absorbance of the control
sample, Apiank IS the absorbance of the diluted fruit
extract sample and Asampie iS the absorbance of the
diluted fruit extract sample with DPPH radical.

Statistical analysis

Three analytical replicates were obtained from
each sample fruit extract. Measurements were
averaged, and results are given as mean + standard
deviation (SD). The corelations between parameters
were determined using analysis of variance
(ANOVA) and quantified in terms of the correlation
factor. One-way ANOVA was used to determine
differences between measurements. Differences at p
< 0.005 were considered to be significant.

RESULTS AND DISCUSSION

The quantity and the composition of phenolic
compounds in fruits are influenced by genotype,
storage conditions, extraction procedure, and
environmental conditions. In red-coloured fruits, the
phenolic content increases during the last ripening
stage due to anthocyanins and flavonols
accumulation, so it is very important to collect
samples at equal ripening stages [11].

Fruit extracts show significant differences in
anthocyanins content, since these pigments are
responsible for the blue, purple, violet, and red
colours of fruits. They are one of the major flavonoid
classes. The major sources of anthocyanins in edible
plants are the families Vitaceae (grape) and
Rosaceae (cherry, plum, raspberry, strawberry,
blackberry, apple, peach, etc.). Other plant families
which contain anthocyanin pigments are Solanaceae
(tamarillo and eggplant), Saxifragaceae (red and
black currants), Cruciferae (red cabbage), and
Ericaceae (blueberry and cranberry).
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The concentrations of total phenols, tartaric
esters, flavonols and anthocyanins in the
investigated fruit extracts are presented in Table 1.
Analysis of obtained results shows that the total
phenol contents varied from 166.17 to 273.22
mg/100 g fruits; tartaric esters contents varied from
21.62 to 44.42 mg/100 g fruits; flavonols were
between 9.21 and 24.42 mg/100 g fruits; and the
monomeric antocyanins varied from 26.02 to 121.95
mg/100 g fruits.

Similar results for phenol content in raspberry,
strawberry, and blackberry extracts have been
reported by other authors [10,13]. The highest
concentrations of total phenols, tartaric esters and
flavonols were found in sour cherry extract,
followed by blackberry, strawberry and raspberry
extract.

Sour cherry extract also contained the highest
concentration of monomeric anthocyanins, followed
by the blackberry extract. Significantly lower
monomeric anthocyanin contents were recorded in
strawberry and raspberry extracts. Data presented by
other researchers from neighbouring countries for
raspberry, strawberry and blackberry are similar to
the results for anthocyanin content we obtained
[13,14].

Polymeric colour has the lowest value in
blackberry (12.20%), followed by raspberry and
sour cherry. A higher value of polymeric colour is
determined in strawberry (27.03%).

The portion of anthocyanins in the total phenol
content was evaluated by calculating the monomeric
anthocyanins/total phenols ratio. Anthocyanins
represent a significant portion in the total phenol
content in sour cherry (0.61) and blackberry (0.37),
following by strawberry (0.19). The portion of
anthocyanins in raspberry (0.16) was considerably
lower.

All fruit extracts exhibited significant antioxidant
activity (Table 1). The strongest radical scavenging
activity is displayed by blackberry (94.80%), sour
cherry (94.13%), raspberry (92.70%) and strawberry
(90.87%).

Correlation coefficients of antioxidant activity
and contents of selected phenolic compounds in the
fruit extracts are shown in Table 2. These results
show significant corrrelations between total
phenolics and monomeric anthocyanins content (r>=
0.995). There are strong correlations between
antioxidant activity and total phenol content (r? =
0.829), antioxidant activity and anthocyanin content
(r? =0.792), flavonols and total phenols (r2= 0.909),
flavonols and tartaric esters (r> = 0.893), and
flavonols and anthocyanins (r? = 0.928) in the
investigated fruit extracts (Table 2).

One group of selected fruit methanol extracts was
kept at 7°C during 57 days, simulating a household
situation where the fruit products are stored in the
refrigerator. Another group of fruit methanol
extracts was stored at room temperature (25°C),
exposed to sunlight during 90 days.

Table 1. Concentrations of total phenols, tartaric esters, flavonols, monomeric anthocyanins (mg/100 g fruit), polymeric
color and antioxidant activity (%) of the investigated fruit extracts.

Strawberry extract Blackberry extract Raspberry extract ~ Sour cherry extract
Total phenols 178.07 + 3.62 230.00 + 1.092 166.17 + 2.07 200.01 +0.80
Tartaric esters 21.62 +0.08 24.81+2.23 21.71+0.85 44.42 + 2.45
Flavonols 9.21+0.11 18.06 + 2.83 9.73+0.42 24.42 +2.38
Monomeric anthocyanins 33.20+£0.20 84.16 £ 2.82 26.02 + 2.80 121.95+1.37
Polymeric colour 27.03 £ 0.68 12.20+0.32 20.01+0.80 21.14£0.72
Antioxidant activity 90.87 94.80 92.70 94.13

Table 2. Correlation coefficients (r?) of antioxidant activity, total phenols, tartaric esters, flavonols and anthocyanins

assays of the investigated fruit extracts.

DPPHe Total phenols Tartaric esters Flavonols Monomer_lc

anthocyanins
DPPHe 1.000 0.829 0.254 0.607 0.792
Total phenols 1.000 0.658 0.909 0.995
Tartaric esters 1.000 0.893 0.682
Flavonols 1.000 0.928
Monomeric anthocyanins 1.000
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Table 3. Changes in the total phenol content of the investigated fruit extracts (mg GAE /100g fruit) at 7°C during 23

days.
Storage Strawberry extract Blackberry extract Raspberry extract Sour cherry extract
1t day 198.07 + 3.62 231.50 + 1.09 166.17 £ 2.07 273.22 +4.38
4" day 196.71 £ 3.06 230.13 + 2.65 165.27 £ 3.10 272.24 +3.25
23 day 192,58 +2.31 227.47 +2.13 158.22 +£2.10 270.56 + 1.59

Table 4. Changes in the total phenol content of the investigated fruit extracts (mg GAE /100 g fruit) at 25°C, exposed to

sun light, during 90 days.

Storage Strawberry extract Blackberry extract Raspberry extract Sour cherry extract
1%t day 198.07 £ 3.62 231.50 £1.09 166.17 + 2.07 273.22£4.38
4™ day 191.62 + 3.08 22452 £2.23 160.12 + 2.81 272.15+£2.45
23 day 188.25 £ 2.11 211.28 £2.83 156.99 + 2.42 270.78 £2.38
57" day 186.15 £ 2.20 200.12 £2.82 142.02 £ 2.80 259.19 £1.37
90" day 168.02 + 168 198.50 + 3.32 138.30 + 1.80 23243 +£1.72
The changes in the total phenol contents of these ——
samples are shown in Tables 3 and 4. During 23 days slackberry
of storage at 7°C the changes in the total phenol 0] ‘o
concentrations were observed for all fruit extracts. ol
The initial phenol contents of all samples increased .
after 4 days of storage. This increase in the phenol % 1.
content in the first days of refrigerated storage was g ] .
also observed by other authors [18,19]. This initial % "1 = 3 ’
increase in the phenol content was followed by a 2 "7 . 4 :
decrease in the total phenol values at the end of .
storage (Table 3, Fig. 1). 140 1 . .
V-raspberry : ' o o 5 100
eblackberry time (day)

sour cherry
wstrawberry

mg GAE/100g fruit

T T T T
o 5 10 15 20

time (days)
Fig. 1. Effect of refrigerated storage on the total
phenol content in selected fruit extracts.

In the second group of fruit extracts stored at
room temperature and exposed to sunlight, an initial
increase in phenol content after 4 days was also
followed by a decrease in these values at the end of
storage (Table 4, Fig. 2).

The total phenol concentration decrease in
selected fruit extracts after 23 days of refrigerated
storage was 4.2% in strawberry extract, 4.8% in
raspberry extracts, 7.85% in sour cherry extracts and
1.1% in blackberry extracts.

The total phenol concentration decrease in
selected fruit extracts after 23/90 days storage at
room temperature and light was 1.23%/5.65% in
strawberry extract, 5.53%/16.77% in raspberry
extracts, 0.89%/14.93% in sour cherry extracts and
8.1%/13.7% in blackberry extracts.
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Fig. 2. Storage effect of sunlight and room
temperature on total phenol content in selected fruit
extracts.

Total antioxidant capacity decrease in selected
fruit extracts after 90 days of storage at room
temperature was from 4.08% to 4.82%.

Total phenols in fruit extracts kept in the dark at
7°C were not significantly different from those
exposed to sunlight and room temperature (p <
0.005) after 23 days of storage.

CONCLUSIONS

The results of the present study showed that the
investigated fruit extracts displaying the highest
content of phenolic compounds exhibited the
greatest antioxidant activity. The highest content of
total phenols and monomeric anthocyanins, as well
as the highest antioxidant activity was observed in
sour cherry, followed by blackberry, strawberry and
raspberry. The contents of phenolic compounds
showed a good correlation with the total antioxidant
activity of all investigated fruit extracts. The changes
in the total phenol content were not significant
during 23 days of storage in refrigerator or room
temperature. This indicates that the selected fruits
can be used as an easily accessible source of natural
antioxidants and as possible food and
pharmaceutical supplements.
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E®EKT HA CbXPAHEHUETO BbPXY CbIBbPXXAHUETO 1 AHTUOKCHUIAHTHATA
AKTHUBHOCT HA ®EHOJIX B U3bPAHU I1JIOJJOBU EKCTPAKTHU

b. PajoBanosuu’*, A. Pagosanosuu?, B. Hukonua®, H. Manoitnosuu®, 1. I[I/IMHTpHeBqu
enapmamenm no xumus, @axyimem no nayxka u mamemamuxa, Ynusepcumem Huw, 18000 Huw, Copbus
2Daxyrmem no xumusi, Benzpadcku Ynusepcumem, 11000 beazpad, Copbus

SDaxyrmem no mexnonozus, Ynusepcumem Huw, 16000 Jleckosay, Copbus
Adaxynmem no meduyuncku nayku, Ynusepcumem Kpazyesay, 34000 Kpazyesay, Copbus

IMomyuena na 23n0emspu, 2016 r.; kopurnpana Ha 25 sayapu 2017 T.
(Pesrome)

IlenTa Ha TOBa M3CJIEABAHE € J1a CE W3CJIE/IBA BIMSHUETO HAa CBETIMHATA U TEMIICPATypaTa BbPXY ChABPKAHUETO HA
(eHOTHN ChEIUHEHHS M TAXHATA KOpPENalMs ¢ aHTHOKCHAAHTHATAa aKTUBHOCT B M30paHM IJIOA0BH €KCTPAKTH OT SIT0Ja
(Fragaria vesca), kpriuaa (Rubus fruticosus), manmuna (Rubus idaeus) u BumnHa (Prunus cerasus). AHTHOKCHIAHTHUST
KaIlaluTeT ¢ OlleHeH u3Mmon3Baiiku 2,2-mudernn-1-mukpuaxuapasmwios pagukan (DPPH-3) u e B quanasona ot 90,87%
10 96,50%. ChappikaHUeTO Ha M3CJICABAHUTE (PESHOJHU ChEIWHEHUS TMOKa3Ba CHMIIHA KOpEJalus ¢ aHTHOKCHIAHTHATA
axktuBHOCT (12 = 0.829) M che ChABPKAHMETO HA aHTOUMAHMHK (12 = 0.995) Ha M3CIIEJBaHUTE EKCTPAKTHU OT IUIOJIOBE.
O01oTo CchbprkaHue Ha (PeHOII ce HaOII0/1aBa B EKCTPAKTUTE OT IUIOJJOBE B MMPOABIDKEHUE Ha 23 JHU, ChXpaHsIBaHU IIPU
7 °C u 90 nuu npu craiiHa temmepatypa (25 °C). Bcuuku MmiofoBH €KCTPaKTH NPOSBSBAT KOJIeOaHUsS B OOIIOTO
ChIbpKaHne Ha (DEHOJI C IbPBOHAYAIHO YBEJIMUEHHE cliesl 4 JHM, MOCIEABaHO OT HaMalsiBaHe Ha o0uMTe (EHOJIHU
CTOMHOCTHM TIpH JABETE TeMIepaTypu Ha cbXpaHeHue. Te3n NMpoMEHH He ca 3HAYWTEJHHU II0 BpeMe Ha ChbXpaHEHHE B
NPOJBIDKEHHE Ha 23 JTHU U U3CIIeIBAHUTE EKCTPAKTH OT IUIOI0BE MOTAT JIa CE M3II0JI3BAT KaTO JIECHO JOCTBIIEH H3TOYHUK
Ha €CTECTBEHH aHTHOKCHIAHTH B XPaHUTEITHUTE U (papMarieBTHIHHUTE T0OABKH.
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In this study, a two-step preconcentration method is proposed for the determination of trace amounts of Cd(ll). In the
first preconcentration step, Amberlite CG-120 resin was used. After the separation and preconcentration of Cd(ll), a
slotted quartz tube was used for its FAAS determination. In this part, the slotted quartz tube was used as the second
preconcentration step. Some experimental parameters influencing the separation and preconcentration of Cd(ll) were
separately optimized. The total enrichment factor was found to be 920 after the two steps of preconcentration and the
detection limit was found to be 0.1 pg/L. Accuracy of the method was checked by analysing a standard reference material
(Environmental Matrix Reference Material, Lake Water, TMDA-70.2). The proposed two-step preconcentration method

was applied to the analysis of drinking water.

Keywords: cadmium; solid phase extraction; two-step preconcentration method; Amberlite CG-120 resin; slotted quartz

tube; flame atomic absorption spectrometry.

INTRODUCTION

Elevated heavy metal concentrations in the
atmosphere are caused by serious pollution from the
industrialization activities [1]. The Environmental
Protection Agency (EPA) proposed that cadmium is
among thirteen toxic metal species in the priority
pollutant list [2]. Cd is one of the most toxic
elements for living organisms and it shows severe
unwanted effects, especially on kidneys [3]. The
half-life of Cd in the kidney is about 30 years.
Therefore, the determination of Cd in different
samples is very significant for food and
environmental control [4].

Flame atomic absorption spectrometry (FAAS)
[5], inductively coupled plasma optical emission
spectrometry (ICP-OES) [6], inductively coupled
plasma mass spectrometry (ICP-MS) [7], cold vapor
generation atomic absorption spectrometry (CVG
AAS) [8], graphite furnace atomic absorption
spectrometry (GF-AAS) [9] and electrothermal
atomic absorption spectrometry (ETAAS) [10] are
the most proper techniques for the determination of
Cd(1l) with different sensitivity. Among the above
techniques, FAAS has been the commonly preferred
technique for the determination of some heavy
metals at trace levels. However, the sensitivity of
FAAS is inadequate for direct trace analysis.
Preconcentration and/or separation methods are

* To whom all correspondence should be sent:
E-mail: kenduzler@mehmetakif.edu.tr

often required before the FAAS analysis at trace
levels [11].

There are several methods used for
preconcentration and separation of Cd(ll), such as
solid-phase extraction (SPE) [12], non-dispersive
ionic liquid based microextraction (NDILME) [13],
multi-step cloud point extraction procedure (CPE)
[14] and dispersive solid-phase extraction (DSPE)
[10]. Among them, the SPE has been frequently used
for the preconcentration and separation of elements
from some matrices because of its simplicity, speed,
low cost, and low consumption of reagents [15].

In recent years, ionic imprinted polymers (11Ps)
[16], multiwalled carbon nanotubes (MWCNTS)
[17], modified polyurethane foam [18] and modified
silica gel [19] bhave been wused for the
preconcentration and separation of Cd(Il) in some
matrices prior to the its determination.

Additionally, there have been various
applications to improve FAAS sensitivity in the
detection step. One of the preferred devices called
slotted quartz tube (SQT) was developed by Watling
in 1977. Using the SQT device the sensitivity of
FAAS has been increased from 2 to 5 fold depending
on the element [20]. In the literature, there are some
studies on the determination of metals at trace levels
using the SQT-FAAS [21-23].

In this work, Cd(1l) was enriched by a two-step
preconcentration method. Amberlite CG-120 was
employed as the adsorbent for the separation and
preconcentration of Cd(Il) (first preconcentration
step). The functional groups of this resin are Na*

884 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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form and sulfonic acid groups. The optimum pH
values of this resin are in the range of ~0.4-10 [24].
In the first preconcentration step, some experimental
parameters, such as pH, amount of adsorbent,
sample volume and flow rate, eluent volume and
flow rate for quantitative recovery of Cd(Il) were
optimized to obtain the best separation and/or
preconcentration conditions. Furthermore, the SQT
device was used together with the FAAS to further
enhance the sensitivity of the system (second
preconcentration step). The developed two-step
preconcentration method (SPE and SQT device) was
applied for the determination of Cd(ll) in drinking
water.

EXPERIMENTAL
Apparatus

In this study, the ATI UNICAM 939 model
FAAS was used equipped with a deuterium lamp as
background corrector, a Cd hollow-cathode lamp as
light source (current, 8.0 mA; wavelength, 228.8 nm;
bandwidth of the slit, 0.5 nm), acetylene flow rate,
1.1 L/min, slotted quartz tube with two slots (length
of slotted quartz tube, 12 cm; length of top slot, 4
cm; length of lower slot, 5 cm). The pH values were
controlled with a Thermo Orion 3 Stars Model pH
meter.

Reagents

All chemicals were of analytical reagent grade
and 18 MQ.cm deionized water from a PURIS
purification system (Model: Expe-UP Series) was
used for the preparation of solutions. All glass
vessels were cleaned before usage by soaking in 5%
HNO; and then rinsed thoroughly with deionized
water. 65% (w/w) HNOs; and 60% (w/w) HCIO,
were obtained from Merck. 37% (w/w) HCI, was
obtained from Riedel-de Haen.

Preparation of Cd(ll) solution

Cd(NOz3)2:4H,0 was supplied from Aldrich
and a 1000 mg/L stock solution of Cd(Il) was
prepared by dissolving 0.280 g of
Cd(NOs)2-4H20 in 100 mL of deionized water.
Working solutions of Cd(I1) were prepared from
the stock solution by dilution.

Column preparation

The glass column used in this study has 15 cm in
length and 0.8 cm in internal diameter. In the
preparation step of the column, a small glass wool
wad was placed at the bottom of the column and 300
mg of Amberlite CG-120 resin was added on it.
Afterwards, another small glass wool wad was

inserted onto the top of the resin. Before use, the
Amberlite CG-120 resin in the column was washed
consecutively with ethanol, 1 mol/L HCI, 1 mol/L
HNOs, and water. After each usage, the column was
filled with deionized water and stored until the next
experiment.

General procedure for the sorption of Cd(I1) on the
column

The column was firstly preconditioned at pH 1
using both 1 and 10% (w/w) HCI. 25 mL of a model
solution containing 5 pg of Cd(Il) was adjusted to
pH 1 using both 1 and 10% (w/w) HCI. Then, the
model solution was passed through the column at a
flow rate of 5 mL/min. The adsorbed Cd(ll) ions on
the column were eluted with 5 mL of 3 mol/L HNO3
at a flow rate of 1 mL/min. The eluent solution was
analyzed by FAAS. The column filled with
Amberlite CG-120 resin was used repeatedly after
washing it with 10 mL of 3 mol/L HNO; solution
and amply with deionized water.

Collection and preparation of samples

The developed two-step preconcentration method
was applied to determine Cd(ll) in drinking water.
Commercial natural drinking waters were purchased
from the local market in Burdur city, Turkey.

RESULTS AND DISCUSSION

In this study, Cd(Il) was enriched by a two-step
preconcentration method. Some experimental
parameters of the first step, such as pH, amount of
sorbent, concentration and type of eluent, sample
and eluent flow rate, and sample volume were
optimized. Then, some parameters of the second step
using a SQT device, such as observation height
(distance between the top of burner head and SQT
device) and acetylene flow rate were optimized.

Effect of pH

pH is an important analytical parameter in the
solid phase extraction of metal ions. In this study, the
recovery values on the Amberlite CG-120 resin were
determined at different pH values in the range of 1-
5. As seen in Fig. 1, quantitative recovery of Cd(lIl)
was obtained for all pH values in the range. pH 1 was
chosen as the optimum pH value.

Effect of the amount of Amberlite CG-120 resin

The effect of the amount of Amberlite CG-120
resin is another significant parameter for an efficient
extraction procedure. Different amounts of
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Fig. 1. Effect of pH on the recovery of Cd(ll) on a
column of Amberlite CG-120.

Amberlite CG-120 resin in the range from 0 to 500
mg were used and quantitative recoveries were
obtained with 100 to 500 mg of Amberlite CG-120
resin. For quantitative recovery in the case of real
samples, 300 mg of Amberlite CG-120 resin were
used in further experiments.

Effect of type and volume of eluent

A series of eluent solutions, viz. 2 mol/L HNOs3,
2 mol/L HCI, 2 mol/L HCIO, and ethanol, were
employed in order to find out the suitable eluent type
and volume. Quantitative recovery of Cd(ll) was
achieved with 10 mL of 2 mol/L HCI. After that, the
optimum concentration and volume of HCI were
optimized. To this purpose, various concentrations
of HCI between 0.1 and 4.0 mol/L and volumes of 5
and 10 mL of HCI were taken. It was found that
quantitative elution is achieved by using 5 mL of 3
mol/L HCI. Therefore, 5 mL of 3 mol/L HCI
solution was employed in all studies.

Effect of flow rate of sample and eluent solution

The sample flow rate through the column is a
substantial factor which influences both the recovery
of analyte and the time of analysis. Thus, the flow
rates of sample and eluent solution were
investigated. The model solution was passed through
the column at a flow rate changing from 0.25 to 5
mL/min. Quantitative recovery was obtained for all
sample flow rates shown in Fig. 2 and 5 mL/min was
chosen in order to shorten the analysis time. The
eluent solution was passed through the Amberlite
CG-120 resin at flow rates ranging from 0.25 to 2
mL/min. With all eluent
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Fig. 2. The effect of sample flow rate on the recovery
of Cd(Il) on a column of Amberlite CG-120.

flow rates, quantitative recovery was achieved and 2
mL/min was selected to shorten the analysis time.

Effect of sample volume

For determining the enrichment factor of Cd(ll),
volumes of 25, 50, 100, 250, 500, 750 and 1000 mL
of sample solution containing 5 pg Cd(ll) were
passed through the Amberlite CG-120 resin. The
recovery of Cd(Il) was quantitative for all sample
volumes, as shown in Fig. 3.

60 |

R, %

20

O 1 1 1 1
0 250 500 750 1000

Sample volume, mL

Fig. 3. Effect of sample volume on the recovery of
Cd(I1) on a column of Amberlite CG-120.
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1000 mL was chosen as the optimum sample
volume; and the eluent volume was chosen as 5 mL.
In this way a preconcentration factor of 200 was
achieved in the first preconcentration step of this
proposed study.

Slotted Quartz Tube (SQT) optimizations

FAAS equipped with a SQT device was used for
further improving sensitivity (second
preconcentration step). The important parameters
here - acetylene flow rate and observation height
were optimized. The proper acetylene flow rate was
identified as varying from 0.8 L/min to 1.4 L/min.
At 1.1 mL/min acetylene flow rate, the maximum
peak area for Cd(ll) was obtained. The effect of the
observation height on the Cd(Il) signal in the range
from 0.6 to 0.8 cm was studied. The optimum
observation height was found to be 0.7 cm.

Matrix effects

Matrix effects should be investigated since
accompanying ions present in the real samples may
affect the analyte signal positively and/or negatively.
For this, different cations prepared from salts with
Cl, NOg, SO4* ions were added individually to the
model solution of Cd(Il) and then the proposed
preconcentration method was applied. The results
are given in Table 1. As can be seen, the proposed
method is independent of matrix effects at the
working concentrations of the selected elements.

Analytical figures of merit

In the proposed study, the equations of the
calibration plots for FAAS and SQT-FAAS were
found as y=0.0682x+0.0004 and y=0.3156x+0.0076,
respectively. The comparison of the slopes of the
calibration plots without and with SQT device
yielded a 4.6-fold enrichment. In addition, using the
Amberlite CG-120 resin, a 200-fold enrichment was

Table 1. Effect of some ions on the recovery of Cd(ll).

obtained. The total enrichment factor for Cd(ll)
determination using the two-step preconcentration
method was found to be 920.

The limit of detection (LOD) was calculated
using both Amberlite CG-120 resin and SQT device.
For this reason, 25 mL of model solution containing
0.5 pg Cd(I1) was passed through the Amberlite CG-
120 resin. The retained Cd(l1) on the Amberlite CG-
120 resin was eluted by 25 mL of 3 mol/L HNO:s.
Then, the eluent was used for the determination of
LOD (3s). LOD was found to be 0.1 pg/L by the two-
step preconcentration method (N=11).

Accuracy and analytical application

The accuracy of the method was evaluated by the
determination of Cd(ll) in the standard reference
material, Environmental Matrix Reference Material,
Lake Water, TMDA-70.2. The column was firstly
preconditioned at pH 1.0. Then, 25 mL of standard
reference material was adjusted to pH 1.0 and passed
through the column. The elution of Cd(ll) from the
resin was performed using 3 mol/L HNOs. Then the
eluent solution was analyzed using the SQT-FAAS
method. Cd(Il) concentration in the standard
reference material was found to be 142+8 pg/L with
a relative error of 1.4% based on four replicate
measurements at the 95% confidence level, which is
a good agreement with the certified value of 140+9
ug/L. Therefore, it seems that the proposed two-step
preconcentration method is useful for the
preconcentration of trace levels of Cd(ll) in the
presence of other metal ions which shows the
applicability of the method.

The proposed two-step preconcentration method
was also applied for the determination of Cd(ll) in
drinking water and the accuracy of the method was
checked by the determination of the recovery of
spiked Cd(Il) in the drinking water, as shown in
Table 2.

lon Concentration (mg/L) R" (%) lon Concentration (mg/L) R" (%)
1 9845 1 97+4

Na* 5 95+4 Cu? 5 96+3
50 95+3 50 93+1

1 98+2 1 96+2

K* 5 95+2 Mn?2* 5 98+4
50 96+3 50 100+3

1 100+4 1 93+3

Mg?* 5 9746 AlF* 5 93+2
50 10146 50 96+1

1 10041 1 9442

Fe3* 5 9745 Co? 5 95+1
50 92+1 50 9445

* % + s, (N=3)
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Table 2. Determination of Cd(I1) in drinking water (N=3).

Added Cd(ll), pg/L Found, X + ;—SN po/L Relative error, %
- N.D.2 -
10 9.6+1.7 -4
20 20.2+1.5 +1

2N.D.: Not detected
Table 3. Determination of Cd(I1) in drinking water (N=3).

. Sample Measuring  LOD,
a
Study pH  EF Resin type volume, mL instrument  pg/L Ref.
1 48 160 Duolite XAD-761 resin 800 FAAS 0.38  [25]
2 8 250 Mini-column packed with sulfur 500 FAAS 0.2 [26]
Multiwalled carbon nanotubes/poly(2-
3 6 282 - - - 2200 FAAS 0.3 [27]
amino thiophenol) nanocomposites
Column packed with sulfur powder 3
4 8.5 80 modified with 2-mercaptobenzothiazole 200 CVG-AAS 4610 [8]
s-[:(;i/ 1 920 Amberlite CG-120 1000 SQT-FAAS 0.1 -

CONCLUSIONS

In  conclusion, the suggested two-step
procentration method (solid-phase extraction with
Amberlite CG-120 resin and SQT) is a rapid, simple,
economic, accurate and precise method for the
preconcentration and determination of Cd(Il) in
different environmental samples. This method
possesses several advantages. For example, there is
no necessity of using buffer and chelating agents for
the separation and preconcentration of Cd(Il). The
method has a high enhancement factor, high
tolerance limit for matrix ions, low detection limit
and works in a strongly acidic medium. The
analytical performance of the proposed method is
compared with that of other preconcentration
methods in the literature, as shown in Table 3.
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[IPE-KOHLIEHTPUPAHE 1 OIPEJIEJISTHE HA KAJIMUIM B HAKOM ITPOBU YPE3
TBBPAO-®A3HA EKCTPAKLIMA U INTAMBKOBA ATOMHO-ABCOPBILIMOHHA
CIIEKTPO®OTOMETPUA (FAAS)

S. Apcnan?, JI. Tpax?, E. Kenmroznep?*

1Ynusepcumem ,, Mexmem Axugh Epcoit “@axynmem 3a uzkycmea u nayka, Jlenapmamenm no HAHOHAYKU U
nanomexuonozuu, 15030 Bypoyp, Typyus
21Vuusepcumem ,, Mexmem Axugp Epcou”, @axynmem 3a uskycmea u nayka, [Jenapmamernm no xumus, 15030 Bypoyp,

Typyus

[ocrpnuna va 11 anpui, 2016 r.; kopurupasa Ha 23 1oHH, 2017 1.
(Pesrome)

B Ttas3u paboTa ce mpeaara ABy-CTEIIEHHO Mpe-KOHICHTpHpaHe 3 onpenensinero Ha cineq ot Cd(ll). 3a mepBoTo
npe-KOHIEHTpUpPaHe ce u3Mo3Ba fionooomMenHa cmona Amberlite CG-120. Crnen pa3aensiHeTo U Npe-KOHLEHTPHPAHETO
KaaMusiT ce ompenenst upe3 FAAS B TscHa kBapuoBa KioBera. KroBerara ce M3MoJi3Ba 3a BTO Ipe-KOHIEHTPUPAHE.
OTaeHO ca ONTUMH3UPAHU HAKOW eKCIIEPUMEHAHH [TapaMeTpH BIUSCIIH Ha [IPe-KOHICHTPUPAHETO M Pa3IeIsHeTo Ha
Cd(ll). dakTopbT Ha oborarsiBaHe ¢ ompenaencH Ha 920 ciem OBE CTENEHW HA TPe-KOHIIEHTPAIWS, a TPaHWIMTE Ha
orkpuBare ca 0.1 pg/L. Tounocrra Ha MeTOJa € MPOBEPEHA Ype3 aHAIM3a Ha CTaHIAPTHU Pe()epCHTHH MaTepuaiy
(Environmental Matrix Reference Material, Lake Water, TMDA-70.2). TIpennoskeHnara aBy-CTelIEHHA TPOIEAypa €
NPUIOKCHA 32 aHAJM3a Ha MUTEiHa BOa.
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environments by multiwavelength UV-Vis spectroscopy
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In the present study, the Schiff’s base 5-bromo-2-([(2-mercaptophenyl)imino] methyl)phenol was covalently
immobilized on agarose, cellulose acetate and sol-gel membranes. A multiwavelength spectrophotometric method was
applied to study the acidity constants of immobilized and dissolved forms of the mentioned compound in universal buffer
solutions of various pH,recorded over the wavelength range 200- 800 nm. The protolytic equilibrium constants, spectral
profiles, concentration diagrams and number of components were calculated. Not unexpectedly, different apparent pKa
values were obtained. The values of the acidity constants of 5-bromo-2-([(2-mercaptophenyl)imino] methyl)phenol were
different in various environments. The reason was that solute properties, such as ionization constants, depend on the
composition and properties of its surrounding sphere, therefore they are very sensitive to membrane components.

Keywords:Schiff’s base; Acid dissociation constants; Spectrophotometry; Principal components analysis; Environments.

INTRODUCTION

The accurate determination of pK, values is often
required in various chemical and biochemical areas
and its vital importance is in understanding the
distribution, transport behavior, binding to receptors
and mechanism of action of certain pharmaceutical
preparations. The acidity constants of organic
reagents play a fundamental role in many analytical
procedures such as acid-base titration, complex
formation, different extraction procedures like SPE,
ISEs,in optodes and pH sensors.

Different methodologies have been proposed for
the experimental determination of acid dissociation
constants including H-NMR spectroscopy [1],
capillary electrophoresis [2], FT-IR spectrometry
[3], UV-VIS absorption and fluorescence
spectrophotometry [4] and potentiometry [5].
Among these techniques, UV-Vis
spectrophotometry has been utilized for the
determination of pK, values of acidic substances due
to its high sensitivity (10°® M) [6]. Here, the
compound under investigation must possess
chromophore(s) in proximity to the ionization
center(s) so that the protonated and deprotonated
species exhibit sufficient spectral dissimilarity [7]. If
the molar absorption coefficients of the ionizing
species are known, the pK, values can be computed
by fitting the spectral data obtained at a particular
wavelength channel to established equations [6].
However, this method suffers from some limitations.
For instance, the absorption data of the fully
deprotonated and protonated forms cannot be
obtained if these species are not stable within 1-pH

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

units of the pK, values. Furthermore, the calculation
may be difficult to apply for multi-protic substances
with overlapping pKa. values. Recently, different
chemometric methods based on factor analysis have
been developed for multi-wavelength
spectrophotometric determination of overlapping
acidity constants. Programs and algorithms used for
the determination of acidity constants from
absorbance data are SQUAD [8], SPECFIT [9] and
DATAN 2.1 [10-12]. Fortunately, these problems
can be solved very satisfactorily by combining the
data obtained in the spectrometric determinations
with multivariate analysis and non-linear regression
[13].

Br \

OH
HS LH;

Fig. 1. Molecular structure of the compound used in
this work.

In continuation of our research in this field [14,
15], this work was undertaken to determine the
acidity  constants, concentration  distribution
diagrams and pure spectra of the species involved
inthe Schiff’s base, 5-bromo-2-([(2-
mercaptophenyl)imino] methyl)phenol LH», (Fig.
1), covalently immobilized on agarose, triacetyl
cellulose (photographic film tape) and sol—gel glass
film membranes at 25 °C in aqueous solutions, using
a spectrophotometric method.

890 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Materials and instruments

The Schiff’s base LH» with the chemical name 5-
bromo-2-([(2-mercaptophenyl)imino]
methyl)phenol, was synthesized and purified as
reported [16, 17]. Other chemicals were of reagent
grade,purchased from Fluka or Merck.

A Jenway (USA) model 3020 pH meter with a
combined glass electrode was used for pH
determinations after calibration against standard
Merck buffers. A Shimadzu (Japan) model 1650PC
double-beam  spectrophotometer ~ was  used
forrecording the electronic absorption spectra.

The multivariate analysis Add-in for excel was
downloaded for PCA analysis [13] from the Centre
for chemometrics website at
http://www.chm.bris.ac.uk/org/chemometrics/addins,
and the other data treatments were performed in
MATLAB for Windows (Mathworks, Version 7.10)
[18].

Procedures

A method described elsewhere was used for
constructing transparent triacetyl cellulose, agarose
and sol-gel membranes with a sensing layer of LHo,
as presented in Scheme 1 [19-24]. For analysis,
about 2 ml of a sample buffered by anuniversal
buffer was transferred into a 1 cm quartz cell

Preparation of triacetyl cellulose membrane
—
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Py Ty
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equipped with a membrane sensor. A home-made
polyacrylamide holder was used for holding the
membranes inside the quartz cells of the
spectrophotometer. To obtain the UV-Vis spectra of
the dissolved forms of LH,, 2.5 mL of 5.0 x 10°M
LH- in universal buffer solutions of various pH were
measured over the wavelength range from 200 to
800 nm. The concentration values of the
immobilized LH> on membranes with different
composition were calculated by absorbance
measurements at the maximum wavelength and
same pH in comparison to those of their standard
soluble forms.

RESULTS AND DISCUSSION

In the present study, the Schiff’s base 5-bromo-
2-([(2-mercaptophenyl)imino]methyl)phenol, LH,,
is considered as a di-protic solute. The mentioned
structure presents two ionizable OH and SH groups.
In this case, ring 1 and ring 2 are conjugatedvia an
imine linkage, thus deprotonation of the OH group
of one ring system should appreciably affect the
ionization of the SH group of the other. To determine
the acid dissociation constants of this molecule, its
UV-Vis spectra were recorded atvariouspH. Using
chemometric methods one can analyse the whole
spectra, thereby utilizing all spectral information,
which considerably reduces the level of error and the
result couldbe even

Preparation of agarose membrane

130.7 ml epichlorohydrine &
3.2 mI NaOH & 6.1 ml H,0

o
o —

o
Surface-modified s on |
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3 Preparation of sol-gel membrane
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{o-?;;. ethanol, H,0, HC 1) 2-propanol, KOH &
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stirred for 30 min
— . —
Surface-modified 0

Scheme 1. Experiment setup for absorbance measurements.

891


http://www.chm.bris.ac.uk/org/chemometrics/addins

K. Alizadeh andH. Soltani-Afarani: A comparative study on the ionization constants of a Schiff's base in different environments by ...

further  improved.  Therefore,multiwavelength
spectrometry can be a powerful alternative for
systems where a single wavelength is appliedfor
every component. The approach is superior to any
single-point measurement since several hundreds of
data points per spectrum can be treated
simultaneously. So the obtained acidity constants are
more reliable and precise than those obtained by
previous methods [14, 25, 26].

The resulting absorbance spectra were recorded
for the protonated form of LH.at different pH values
of the universal buffer. Sample plots in Fig. 2 show
the corresponding spectra of LH, immobilized in
agarose and photographic film.

Absorbance

300 350 400 450 500 550 :

Mnm)

o
L=
!

Absorbance

03"

0 iz z :
250 300 350 400 :

AMnm)

Fig. 2. UV-Vis absorption spectra of LH, immobilized
in photographic film (A)and agarose (B)membranes as a
function of pH.
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The most suitable wavelengths in the UV region
in the low and in the high pH range with their
corresponding molar absorption coefficients (L mol-
em?) for the compound LH, in various
environments are summarized in Table 1.
Absorption maxima (Amax) In the UV region
observed for LH in the different systems are
assigned to m— 7* transition of the benzenoid
system towards the other ring present in its structure.

Table 1. Absorption maxima (Amax) and molar
absorption coefficients of 5-bromo-2-([(2-
mercaptophenyl)imino]  methyl)phenol in  various
environments. The shorter and longer wavelength bands
are observed in the low and in the high pH range,
respectively.

Amax(n Molar
Entry  System e absorption
m) -
coefficient
1 Triacetyl cellulose 345, 32000,
membrane(photographic film) 3945 30000
303.5, 30400,
2 Agarose membrane 3925 10100
304.5, 27400,
3 Sol—gel glass 370 10000
. 395.5, 18100,
4 Aqueous solution 452 17880
A fundamental question is how many

spectroscopically active species are present in this
experiment? To answer this question principal
components analysis (PCA) was performed on the
data matrix. The observed rank of the data matrix
was three or two depending on the composition and
properties of its surrounding sphere like agqueous
solution, agarose, cellulose acetate and sol-gel
membranes. Although the rank of a matrix is a
mathematical concept, in the ideal case it
corresponds to the number of present species. Cross-
validation is also a complementary method to
determine the number of PCs. A simple graphical
approach is to take the number of PCs, where the
graphs of PRESS or RSS are level off, see Figure 3.
As seen in Fig. 3, there are two or three significant
factors in the corresponding plots.
5 40
() 30 - (B}
20
10
D 4

o1 2 3 4 5 a o1 2 3 4 5 8

no. of PCs no. of PCs

Fig. 3. Plots of PRESS & RSS vs. principal
components for LH, immobilized in photographic film
(A) and agarose (B)membranes.

PRESS & RSS

PRESS & RSS
[ R o I S S

These factors could be attributed to the
protogenic species available in the dissociation
equilibria of the mentioned compound [25, 26].
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The two successive acid-base equilibria of the
compound used in this workin different
environmentsare represented by the following
equations:

LH, + H.O— LH + H;0" (1)
LH + H,O > LZ+ Hs;O* (2)

where LH; is the neutral form of the molecule,
LH- (deprotonated form of LH) is the monoanion
species and L% (deprotonated form of LH) is the
dianion solute. The equilibrium constants that
characterize the ionization reactions described in
equations (1) and (2) are indicated as K; and Kp,
respectively. The reaction described in Eqg. (1)
predominates in the low pH range, while the second
ionization reaction occurs in the high pH range [26,
27].

The monoprotic and diprotic acid-base
equilibrium models were developed by combination
of Beer law and law of mass action which can be
summarized in a matrix equation as Y=CA+R. A
Matlab-based program for nonlinear regression with
Newton-Gauss-Levenberg/Marquardt (NGL/M)
algorithm was used [18]. This model was used by
minimization of the sum of squares to fit
experimental data and to calculate the pure spectra,
distribution diagrams and acid dissociation constants
of the mentioned molecule in various environments.

If two chemical equilibria (three species, i.e.,
LH,, LH and L?) are apparent at various pH values
the following model has been used. It is shown here
in corresponding final matrix notation.

Y=CxA+R
c

— Spectrum Concentration Profile A

Abs P 5 R
o @ o ure Components Spectra
gt gV r
FE 1 R Residual Matrix
ol P
Y =C x| & +
Data Matrix

E3}" ..............

(npHxn) (npHx3) (npHxn})

Another model for a sole chemical equilibrium is
represented here:

Y=CxA+R
) C
— Spectrum Concentration Profile A
R
Abs
L @ oy Pure Components Spectra
. . 51;' sl)-’ El;_“ . Residual Matrix
pH 4 o :
Y = Ciee | * . x & .y PR
Data Matrix . . 2 &

(2xni)

(npHxnk) (npHx 2) (npHxni)y

Three principal components were observed in
aqueous solution, agarose and sol-gel membranes
using multiwavelength spectrometryat various pH,
which are equal to three chemical species in the

spectrum. In the other membrane (photographic
film) two chemical species were observed in the
corresponding spectrum (Figs. 4 and 5). In order to
show the compatibility of the proposed model with
the experimental data, in the best case utilizing the
sum of squares and the dimensions of the
corresponding experimental data matrix, i.e.a & b
was calculated [ssqg/(axb)]*?=0.004 which is a good
indication for the compatibility of experimental data
with model.

rH

Fig. 4. Distribution diagrams of LH2 immobilized in
photographic film (A)and agarose (B)membranes at
different pH values.

As shown in Table 2, different pK, values were
obtained for the immobilized forms of LH, on
agarose and on sol-gel membranes. The same results
were found for the dissolved form. This can be
related to the relatively high hydrophilicity of
agarose and sol-gel permitting faster diffusion
ofprotons in the membrane. Therefore, the response
is fast and hydrogen release is easier,leading to a
decrease in pK, values during the deprotonation
process.

Also, the authors believe that the environment of
the photographic film may well change the pore size
and result in a prolonged response time of the sensor
to hydrophilic species, then a sole pK. will be
obtained at various pH values.
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Table 2. Determination of experimental pKi, pK; values of the title compound in various environments.

Entry Environment Number of present species pK1 pK2
1 Triacetyl cellulose membrane® 2 10.312+0.004
2 Agarose membrane 3 6.265+0.010 11.000+0.013
3 Sol-gel glass 3 7.040+0.020 11.211+0.015
4 Aqueous solution 3 6.764+0.010 11.115+0.021

@Photographic film

0.1a

(4

012 4

0.08 1

Absorbance

0.04 4

500

(8

0.9 - LH,

0.8 -+

Abzorbance

0.3

250 300 350 400 450
AMnm)
Fig. 5. Pure spectra of each assumed species of LH>
immobilized in photographic film (A) and agarose
(B)membranes.

CONCLUSIONS

In this work the acidity constants of 5-bromo-2-
([(2-mercaptophenyl)imino]methyl)phenol
covalently immobilized on agarose, triacetyl
cellulose and sol-gel membranes at different pH
values were studied by a multiwavelength
spectrophotometric method. A model based on
theNewton-Gauss-Levenberg/Marquardt (NGL/M)
algorithm was used to find the minimum of the sum
of square function values to fit experimental data and
to calculate the ionization constants, the pure
spectrum profiles of each chemical species and the
concentration profiles of the mentioned molecule in
several environments. The influence of composition
and properties of environmentson the obtained
values of the studied molecular structure was
investigated.
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CPABHUTEJIHO U3CJIEABAHE HA HOHM3AIITMOHHUTE KOHCTAHTH HA [IIMD®OBA

BA3A B PA3JIMYHU CPEJIY UYPE3 UV-Vis CIIEKTPOCKOIIUS C ITIOJIJUXPOMATHUUYHA
OABJDKMHA HA BBJIIHATA

K. Ammzane*, X. Conranu-Adapanu

@axynmem no xumus, Yuusepcumem Jlopecman, Xopamabao, Hpan
Tlonyuena na 11 maif, 2015 r.; kopurupana Ha 12 rouu 2017 r.
(Pestome)

B nacrostmoro mscneasane Illugosara 6aza 5-6pomo-2-([(2-mepkanToheHnn)uMUHO |MeTHI)(DEHON € KOBAJEHTHO
UMOOWIM3UpaHa BBPXY arapos3a, UENyJlIo3eH aneraT MW 30ji-rel MeMmOpanu. [IpunokeH e mnojauxpoMaTHieH
CIEKTPOHOTOMETPHIEH METOJ 3a U3CIeBaHEe HAa KOHCTAHTHUTE Ha KHCEIMHHOCT Ha HMOOMIM3UPAHUTE U PA3TBOPCHUTE
(opMH Ha CIOMEHATOTO ChEAMHEHHE B YHHBEpCAJIHH OydepHH pa3TBopH ¢ paznuuHo pH B obnacTra Ha ABJDKMHH Ha
BoiaauTe 200-800 HM. [IpoTONMTHHTE paBHOBECHH KOHCTAHTH, CICKTPATHUTE NPOQIIN, IUarpaMHuTe Ha
KOHIICHTPAILIUUTE, KaKTO M OpOAT Ha KOMIIOHEHTUTE ca HM34YHMCICHH. He HeouakBaHO 0sXa MONy4YEeHH 3a0ETIeKUMO
pasnmuunu pKa croiiHocT. KOHCTaHTHTE HA KUCETHMHHOCT Ha 5-6pomMo-2-([(2-MepkanTodenun)umMiHo [MeThIT)PEeHOT ce
pas3iuaBar eHa OT Apyra B pa3inydHu cpeau. [IpuyrHaTa e, 4e CBOWCTBaTa Ha pa3TBOPEHOTO BELIECTBO, KATOCTOHHOCT
Ha OHM3alMOHHUTE KOHCTAHTH, 3aBUCAT OT ChCTaBa M CBOICTBaTa Ha 3a00HMKaJjIsIIaTa ro cepa, mopaay KOeTo ca MHOTO
YYBCTBHUTEIHH KbM MEMOPAaHHUTE KOMIOHEHTH.
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In this study, biodegradation of dairy wastewater was investigated under aerobic conditions in a batch reactor. A
minimum concentration of 100 mg L and a maximum concentration of 1000 mg L of COD in the wastewater were
used. The culture substrate removal kinetics was followed and the specific growth rate was fitted to the Monod model.
The kinetic coefficients Ks and pimax were found to be 46.55 mg L and 0.0344 h%, respectively. The regression coefficient
was 0.99. The compatibility of actual and predicted results of microbial growth and substrate removal was compared with
this model. Results indicated that predicted and actual values fitted each other with 89% compatibility.

Keywords: Dairy wastewater; Biological treatment; Aerobic processes; Batch reactor; Bio-kinetic parameters.

INTRODUCTION

Wastewater pollution is increasing as a result of
rapid industrialization and increasing human
population. This inhibits the metabolic function of
aquatic life and ecological balance. Usable water
reserves are consistently being contaminated, as a
result of which the water turns unusable. When such
a situation is encountered, wastewater needs to be
treated and serious precautions must be taken.

Wastewater produced during the dilution of milk
and dairy products in the dairy industry is among the
substantial pollution sources for natural aquatic
environments. Considerably different treatment
systems have been developed in order to treat
wastewater released from the dairy and dairy
products industry but generally physicochemical and
biological methods are reported in the literature [1-
6].

This study proposes investigating of the
biological COD removal performance from dairy
wastewater under aerobic conditions in a batch
system and comparing the compatibility of predicted
(proposed by the model) and actual (experimental)
values for the removal of organic material and the
growth of microorganisms with the Monod model.

EXPERIMENTAL

Materials

All chemicals used in the study were purchased
from Merck and Sigma. Wastewater was collected
from the pilot dairy production and processing plant
operated by Ataturk University Agriculture Faculty

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

Food Engineering Department. The plant produces
several products including feta cheese, cheddar
(kashar), thread cheese (civil), yoghurt, pasteurized
milk, daily milk and ice cream. The plant capacity is
approximately 900 kg day?! of milk and dairy
products. The wastewater capacity of the plant
ranges between 1.5-2 m®wastewater ton processed
milk. Activated sludge samples were taken from the
secondary settling tank of the wastewater treatment
facility in Erzincan city and used for the adaptation
of microorganisms to wastewater by feeding with
dairy industry wastewater. The experiments were
carried out in a completely mixed batch reactor with
a working volume of 2.0 L. Experimental setup can
be seen in Fig. 1. Aeration was provided by means
of air bubble diffusers at a volumetric flow rate of 1
vvm. During the experiments, pH, temperature and
stirring rate were adjusted to 71, 25+1 °C and 300
rpm, respectively.

i GE

Fig. 1. Schematic diagram of the batch reactor system
(1) Water circulator, (2) Batch reactor, (3) Magnetic
stirrer, (4) pH meter, (5) Air pump.

Method

The COD analysis was carried out using the
methods stated in the Standard Methods [7]. The
microorganisms concentrations were measured
spectrophotometrically using Spekol 1100 (Analytik
Jena AG). The calibration curve was prepared at the
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wavelength of 525 nm and the concentration of the
microorganisms was determined using that curve.
The pH and temperature of the medium were
continuously controlled using a WTW multiline P4
multi-parameter measurement device.

RESULTS AND DISCUSSION

Effect of initial concentration on biodegradation

Batch experiments were conducted by adding
wastewater with COD concentrations of 100, 250,
500, 750 and 1000 mg L' to the medium.
Biodegradation of different initial wastewater
concentrations versus time is shown in Fig. 2. It can
be seen that when COD concentration increased
from 100 to 1000 mg L™, the time of biodegradation
raised from 10 to 48 h.

1000

—8— 100 mg'L™!
——250 mg'L !
—A— 500 mg'L™!
—8—750 mgL!

750 6

—¥%— 1000 mg'L!

500 4

Dairy wastewater COD concentration (mg-L")

T T ’

250 4
15 20 25 30 35 40 45 5(

0 .| T T
0 5 10 5
Time (h)

Fig. 2. Biodegradation of different initial COD
concentrations in wastewater versus time.
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Fig. 3. Microorganisms concentrations as a function
of time at different initial dairy COD concentrations in
wastewater

Effect of initial concentration on the growth of the
culture

Fig. 3 shows microorganisms concentrations as a
function of time at different initial dairy wastewater
concentrations. According to the experimental
results, the maximum specific growth rate was
registered at a COD concentration of 1000 mg L.

Modeling the growth kinetics of the
microorganisms

One of the most important points to be taken into
consideration when determining growth kinetics of
microorganisms is to adopt an equation showing the
relationship between the specific growth rate and the
substrate concentration.

ax_
dt
Equation (1), where X is the biomass
concentration (mg L), was used to calculate the
specific growth rate of microorganisms. The
constant i which represents the specific growth rate
(h'Y) can be estimated through linearization of the
equation. The plotted data of the linearized results

are shown in Fig. 4. The constant p can be obtained
from the linear interception of In(X) versus t.

puX 1)

x x
%
6,75 x "
* L ]
s 2
6.5 1 * x
x A A
A
= [ ] 'Y
6,25
= A * *
. . ®100meL
(X *250mg-L™
*
A500mg-L"
5,75 - a . u ®750mg L7t
X 1000 mg-L™
5.5 T T T T T T T T T
0 2 4 6 8 10 12 14 16 1

Time (h)
Fig. 4. Variation of microorganisms concentration
versus time.

The microbial growth can be represented by a
simple Monod equation [8].

_ HmaS
u K +S )
where [ is the specific growth rate (h?), S is the
substrate concentration (mg L7), pma iS the
maximum specific growth rate (h?), Ks is the half
saturation coefficient (mg L1). As can be seen, the
Monod equation has two kinetic parameters pmax and
Ks. Numeric values of these two parameters should
be calculated and used in the mathematical modeling
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studies. A non-linear regression method was used
instead of a linear method to calculate the numeric
values. The most important point to be considered in
the calculation of parameters using a nonlinear
regression method is to draw the best fitting curve
using the experimental data. Non-linear estimation
module of the Statistical Package for the Social
Sciences (SPSS) software was used for nonlinear
regression calculation. Ks and pmax Were determined
to be 46.55 mg L and 0.0344 h%, respectively. The
regression coefficient was found to be 0.99 for both
estimated and experimental p values. The curve
drawn based on these values and experimental data
is presented in Fig. 5.

0,04

0,03 +

——Estimated

® Experimental

0

0 250 500 750 1000 125
S (mg-L1)

Fig. 5. Predicted and actual specific growth rate.

It is known that the removal rate of an organic
compound is a function of its molecular structure,
the species of microorganisms that use it as a carbon
and energy source and the time required by these
microorganisms to develop the necessary enzymes
for its utilization. In Table 1 a comparison is given
between growth kinetic parameters discussed in the
literature including this study.

Table 1. Comparison of the growth kinetic parameters
discussed in literature

KS -1

System (mg L) pmax (h™)  Reference
Batch reactor ~ 46.55 0.0344 This study
MSBR 174 0.070 [9]
AS 141 0.018 [10]
Two-phase 4, 0412 [11]
anaerobic
Q”aer.ob'c 420 0032  [12]

igestion

Kinetic coefficients found in previous studies
show great variations when compared to the values
obtained from the pilot facility wastewater in this
study and depend on its characteristics. All
compounds involved in dairy industry wastewater
are biodegradable. About the lower Ks values
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calculated is, it can be said that the wastewater has
higher organic material content and lower
biodegradation rate in comparison with other
studies.

In the study [11], umax Was reported to be 0.412 hr
Land it was stated that the mixed culture used for the
treatment of dairy wastewater adapted more rapidly
to wastewater and more quickly consumed the
carbon sources.

Evaluation of the compatibility of biodegradation
with the model

The mathematical model of the system was
numerically solved determined by means of the
coefficients in the Monod model obtained using the
8.3.18 version of Berkeley Madonna software
program and simultaneously solving Equations (3)
and (4) considering the Runge-Kutta method.

ds K SX

o max 3
dt [Ks+S]Y ®)
d_Xzﬁ_bx (4)
dt K +S

By simultaneously solving Equations (3) and (4),
the variables of substrate removal and microbial
growth in the reactor with time were also determined
using the model. The curve fit module of Berkeley
Madonna software was used to reduce deviations
between the coefficients calculated in the model and
the experimentally measured values. The software
was operated by considering the ranges for
microorganisms decay rate (b) from 0.001 to 0.003
h't and the yield coefficient (Y) from 0.25 to 0.75
(mg  microorganism.mg?®  substrate). Best
compatibility was observed when the values of b and
Y were entered into the program as 0.001 h™* and 0.52
(mg microorganism.mg? substrate), respectively.
The model was operated at initial COD
concentration in the wastewater of 1000 mg.L™* and
the graph obtained is given in Fig. 6. It can be seen
from the figure that estimated and actual values are
compatible with each other. Table 2 shows the
specific growth rate and the regression coefficients
for different initial wastewater COD concentrations.
The profiles found using the same model kinetic
coefficients for removal of substrate and growth of
microorganism gave better results for the substrate,
while the values of some microorganism profiles
showed deviations. A lower increase in the
concentration of microorganisms was calculated
than that predicted by the model. This situation can
be explained by the occurring biofilm on the wall of
the continuously stirred reactor. Even though great
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care was taken to prevent such a situation, it can be
stated that the measured microorganisms
concentration does not accurately reflect the increase
in the amount of microorganisms in the reactor.

1200 1200

A * F 1000 €
51000 & e ® B 1000 £
& A L — g
= Y . — E
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Fig. 6. Predicted versus actual values of dairy
wastewater COD removal at initial concentration (S) of
1000 mg L and microbial growth (X).

Table 2. Specific growth rate and regression coefficients
for different initial wastewater COD concentrations.

S(mgLY) 100 250 500 750 1000
() 0024 0029 0032 0033 0.033
R? 089 090 092 088 094

Mathematical models are extensively used in the
optimum design and control of any given process
since effects of operational parameters on system
performance can be estimated through such models
without any experimental work. Mathematical
models offer significant advantages for the
estimation of the performance in biological
wastewater treatment systems where days or even
months are needed to find balance conditions even if
only one parameter is changed. For microbial
growth, even simple models dependent on Monod
criteria can give accurate results for scaling a reactor
[13, 14].

CONCLUSIONS

In this study, the biological COD removal
performance from dairy wastewater under aerobic
conditions was investigated in a batch system and
the compatibility of predicted (proposed by model)
and actual (experimental) values for the removal of
organic material and the growth of microorganisms
using the Monod model were compared.

Batch experiments were carried out with 100,
250, 500, 750 and 1000 mg L% initial COD
concentrations. The equilibrium time at an initial
concentration of 100 mg L is 10 h and at an initial
concentration of 1000 mg L™ - 48 h. The Monod

kinetic parameters Ks and pimax were calculated to be
0.0344 h' and 46.55 mg L, respectively. The
regression coefficient was 0.99 for the curve drawn
by using the Monod equation and the values of the
kinetic parameters. Taking into consideration the
results above, it can be concluded that the kinetic
parameters relationships derived from the batch
experiments and proposed by the model were
compatible with each other. Additionally, it can be
stated that the dairy wastewater is easily
biodegradable by the microorganisms.
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Flavonoids: quercitrin, myricitrin and rutin and their metal complexes were comparatively investigated for binding to
DNA by means of spectrophotometric methods and DNAse activities were evaluated via agarose gel electrophoresis of
pBR322. Free flavonoids bind to DNA in an intercalative mode, but Cu(ll) complexes of these flavonoids bind even
stronger due to the electrostatic interaction of the metal in addition to the intercalation. Flavonoids show protective effect
against DNA cleavage in the presence of peroxide. However, Cu(ll) and Zn(Il) complexes of these flavonoids cause
multiple scissions on the DNA backbone. In addition, Cu(ll) complexes of the flavonoids have stronger DNAse activity.
Moreover, myricitrin was found two times more cytotoxic when combined with metal ions (Cu?* or Zn?*) than when used

alone against peripheral blood mononuclear cells.

Keywords: Flavonoids, DNA binding, DNAse activity, Cytotoxicity, Cu(ll) complex, Zn(Il) complex.

INTRODUCTION

Interaction between DNA and drug molecules is
a very popular subject [1-3] especially for the
designing of new DNA-targeted drugs and their in
vitro screening.

Flavonoids are non-nutritive compounds present
in plants, and have a broad spectrum of
pharmacological activities. Quercetin  (2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-chromen-4-
one), and myricetin 2-(3,4,5-trihydroxyphenyl)-
3,5, 7-trihydroxy-chromen-4-one) (Table 1), some of
the most abundant natural flavonoids, are present in
various vegetables and fruits, and their average
human daily intake is estimated to be 16-25
mg/person [4]. They are also some of the main active
components of many natural Chinese traditional
medicines (CTM). The flavonoids frequently occur
as glycosides, quercitrin  (quercetin-3-O-L-
rhamnoside), myricitrin (myricetin-3-O-L-
rhamnoside) and rutin (quercetin-3-O-D-rutinoside)
(Fig. 1) being the most common flavonol glycosides
in the human diet [5]. Flavonoids, especially
quercitrin (Q), myricitrin (M) and rutin (R), are
capable of scavenging reactive oxygen species
(ROS) and chelating iron ions which play a vital role
in initiating free radical reactions, and suppressing
the generation of hydroxyl radicals in the Fenton
reaction [6-9]. Myricitrin and rutin have been found
to have anticancer properties against prostate cancer
and malignant gliomas [10, 11].

In this context, it is generally considered that
these flavonoids form coordination complexes with

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

some essential trace metals, and it is believed that
this is the active form of the compounds, which is
medicinally beneficial [ 12]. Flavonoids are known to
react with various metal cations to form stable
compounds which have demonstrable antibacterial
properties and antitumor activity [13-15]. Given that
some metal ions, especially transition metals, not
only play vital roles in a vast number of widely
differing biological processes, but also may be
potentially toxic in their free state, the studies of
interactions between flavonoid—metal complexes
and DNA are important to further the understanding
of the pharmacology of flavonoids. Complexes of
different transition metals including copper and zinc
were investigated and all metal complexes showed
stronger DNA binding ability and were more active
against cancer cell lines in respect to free flavonoid
[16-23].

Fig. 1. Flavonoids, especially quercitrin (Q), myricitrin
(M) and rutin (R),

Many  techniques, such as UV-Vis
spectrophotometry [24], fluorescence spectroscopy
[25, 26], circular dichroism spectroscopy [27], mass
spectrometry [28], and voltammetry [29] have been
used to study the binding between metal complexes
and DNA.
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In this work, the interactions of flavonoids: Q, M
and R and their metal complexes with calf thymus
(CT)-DNA were comparatively investigated with
the aid of absorption and fluorescence
spectrophotometry and their DNAse activity was
investigated against pBR322 plasmid DNA via
agarose gel electrophoresis assays. In addition,
cytotoxicity of myricitrin alone and in combination
with metal ions was evaluated.

EXPERIMENTAL

All reagents and solvents were of commercial
origin and were used without further purification
unless otherwise noted. Solutions of calf thymus
DNA (CT-DNA purchased from Sigma) in 50 mM
ammonium acetate (pH 7.5) had a UV-Vis
absorbance ratio of 1.8-1.9: 1 at 260 and 280 nm
(Azso/Azso = 1.9), indicating that the DNA was
sufficiently free of protein [30]. The concentration of
DNA was determined spectrophotometrically using
amolar absorptivity of 6,600 M cm™ (260 nm) [30].
Double-distilled water was used to prepare buffers.
Stock solution of CT-DNA was stored at 4 °C and
used within 4 days.

Physical measurements

UV-Vis spectra were recorded with a Varian
Cary 100 spectrophotometer and emission spectra
were recorded with a Perkin Elmer LS 55
fluorescence spectrometer at room temperature.

Absorption and emission titrations

For the absorption and emission titrations,
flavonoids and metals (about 1 mmol) were
dissolved in a minimum amount of DMSO (0.5 mL),
and were then diluted in 5 mM ammonium acetate
buffer, pH 7.5 to a final concentration of 20 uM.
Titrations were performed in a 10-mm stoppered
quartz cell by using a fixed concentration of the
compound (20 uM; flavonoid alone and in
combination with (1:1) Cu?* or Zn?" ion), to which
the CT-DNA stock solution was added in increments
of 1 uL to a DNA-to-compound concentration ratio
of 6:1. Analysis was performed by means of a UV-
Vis or fluorescence spectrophotometer by recording
the spectrum after each addition of DNA.
Compound-DNA solutions were incubated for 10
min before the spectra were recorded. A control
solution of 20 uM of the drug in the same buffer was
treated in the same manner. Cell compartments were
thermostated at 25 + 0.1°C.

For emission intensity measurements, the
excitation wavelength was fixed and the emission
range was adjusted before the measurements.
Ammonium acetate (5 mM), pH 7.5 buffer was used
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as a blank to make preliminary adjustments. All
measurements were performed with a 5-nm entrance
slit and a 5-nm exit slit. The complexes were excited
at 383 and 400 nm, respectively; the emission
spectra were monitored between 710 and 740 nm.

Competitive studies

The competitive behavior of each compound with
ethidium bromide (EB) was investigated by
fluorescence spectroscopy in order to examine
whether the compound is able to displace EB from
the DNA-EB complex.

DNA was pretreated with EB at a DNA-to-EB
concentration ratio of 50:1 at 27 °C for 30 min to
prepare the initiall DNA-EB complex. The
intercalating effect of the compounds with the DNA-
EB complex was studied by adding a certain amount
of a solution of the compounds in increments to the
solution of the DNA-EB complex. The influence of
each addition of compounds to the solution of the
DNA-EB complex was estimated by recording the
change in the fluorescence peak at 640 nm. To study
the competitive binding of the compounds with EB,
the latter was excited at 453 nm in the presence of
DNA alone, as well as in the presence of the
compounds.

DNAse activity by gel electrophoresis

Gel electrophoresis experiments were performed
using pBR322 negatively supercoiled plasmid DNA
and 1 % agarose gels together with a
tris(hydroxymethyl)aminomethane-borate-EDTA
running buffer solution. Reaction mixtures (10 mL)
containing 0.1 ug pBR322 together with different
amounts of 1 and 2 (0, 20, 40, 60, 100 and 200 puM)
in 50 mM ammonium acetate buffer, pH 7.5 were
prepared at 0 °C and incubated at 36 °C for 1 h in the
dark. Prior to the samples being loaded onto the gel,
2.5 mL of 0.25 % bromophenol blue loaded buffer
and sucrose in water (40 % wi/v) was added to the
reaction mixtures. Gels were obtained at room
temperature by using a Thermo midi horizontal
agarose gel electrophoresis system and applying a
potential of 35 V for 4 h. The resulting gels were
stained with EB solution (0.5 pg mL™) for 45 min,
after which they were soaked in water for further 20
min. Gels were visualized under UV light and
photographed.

Cytotoxicity assays

Peripheral blood mononuclear cells from healthy
individuals were activated with
phytoheamagglutinin for proliferation and treated
with 150 and 1,500 ug of myricitrin in combination
with (1:1) metal ion (Cu?* or Zn?*). Cells were



B. Atabey-Ozdemir et al.: Cytotoxicity and DNA binding of copper (I1) and zinc (1) complexes of flavonoids...

incubated at 37 °C for 48 h in a humidified incubator
in 5% CO; atmosphere in RPMI-1640 supplemented
with 10 % fetal bovine serum, 100 U /mL penicillin,
and 100 ug/m L streptomycin for viability analysis
using propidium iodide (PI) staining and flow
cytometry. A 100-ul cell suspension was used for
each sample. Cells were stained with Pl according to
the manufacturer's instructions, and their viability
was measured in a Coulter FC500™ flow cytometer
(Beckman-Coulter).

RESULTS

All three flavonoids have very similar UV spectra
with an absorption peak at 360 nm wavelength.
Addition of metal ions caused the absorption peak to
shift to around 400 nm and a slight hypochromic
effect is seen in Fig. 2.

2,0

[CU2+]
1,5\

b (umol dm3)

Abs

1,0 {8

0,5

0,0 . ——
200 200 400 500
Wavelength (nm)

Fig. 2. Absorption spectra of rutin in 50 mM
ammonium acetate buffer on gradual additions of Cu?* at
pH 7.0 at 298 K. [Rutin]= 20 pM, [Cu?]= 0-40 puM.
Arrows indicate the absorbance and wavelength changes
with increase in Cu?* concentration.

Very low hypochromic and bathochromic effects
were seen after the addition of DNA to the free
flavonoid solutions (Fig. 3). The hypochromicity
and bathochromic shift increased when Cu(ll)
complexes of flavonoids were titrated with DNA
solution (Fig. 4). Their intrinsic binding constants
(Ks) were calculated as Q—Cu(ll): 2.62 +0.25 x 10°
M, M-Cu(ll): 1.80 +0.20 x 10° M'; R-Cu(ll):
1.02+0.10 x 10°M ",

The competitive titrations of ethidium bromide
(EB) dye and flavonoid—Cu(ll) species in the
presence of DNA are shown in Fig. 5. According to
the spectra, EB fluorescence intensity was decreased
by the addition of flavonoid-Cu(ll) complexes.

The potential of the Cu(ll) and Zn(l11) complexes
to cleave DNA was studied by agarose gel
electrophoresis using pBR322 plasmid DNA. When
circular DNA is subjected to gel electrophoresis,

Q
0,8
[DNA]
0.6- {umol dm3)
2 0
=<
0,4 {}
40
0,2
360 4l£'0 560
Wavelength (nmj)
0,8- M
0,6 v"l
W
=]
<
0,4-
0,2
300 400 500
Wavelength {(nm)
i
R
08
[DNA]
» 06 (umol dm)
= 0
0.4- {}
0.2 40
300 400 500

Wavelength (nm)

Fig. 3. Absorption spectra of free flavonoids Q, M and
R in 50 mM ammonium acetate buffer on gradual
additions of calf thymus DNA at pH 7.0 at 298 K.
[flavonoid]= 20 uM, [ct-DNA]= 0-40 uM. Arrows
indicate the absorbance changes with increase in ct-DNA
concentration.

relatively fast migration will be observed for the
supercoiled form (form ). If scission occurs on one
strand (nicked circular), the supercoiled form will
relax to generate a slower moving open circular form
(form II). If both strands are cleaved, a linear form
(form 111) that migrates between the two forms will
be generated [31].
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Fig. 4. Absorption spectra of Cu(ll) complexes of Q,
M and R in 50 mM ammonium acetate buffer on gradual
additions of calf thymus DNA at pH 7.0 at 298 K. [Cu(ll)
complex]= 20 uM, [ct-DNA]= 0-40 pM. Arrows indicate
the absorbance changes with increase of ct-DNA
concentration.

Fig. 6 shows the separation of pBR322 by gel
electrophoresis after incubation with Q, M and R,
respectively. Lane 1 is the control having only DNA.
The flavonoids, as expected, were unable to cleave
the DNA as shown in lanes 2-4. Lane 5 is negative
control DNA incubated with peroxide solution, a
small proportion of DNA cleavage can be seen as
formation of form I1. Addition of flavonoids will
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Fig. 5. Fluorescence spectra of the competition
between Cu(ll) complexes of Q, M and R and ethidium
bromide (EB) at 298 K. [EB] = 20.0 uM and [ct-DNA] =
100.0 uM at Aexc = 363 nm. [Complex] = 0.2, 0.4, 0.6, 0.8,
1.0,1.2,1.4,155,1.7,1.9,2.1, 2.3 uM.

reduce the DNA cleavage in the lanes 6-8 indicating
that free flavonoids protect DNA from peroxide
damage.

When plasmid DNA was treated with Cu(ll) and
Zn(11) complexes of flavonoids, a very small fraction
of form Il was formed indicating a mild DNA
da