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The paper presents a review of literature data on the occurrence of endocrine disruption compounds in the effluents
from wastewaters treatment plants, surface, underground and drinking waters and sediments. General data concerning
their action on the living organisms (mainly fish) are given. The peculiarities of the methods for removal/degradation of
the pollutants via adsorption, ozonation, biodegradation, photolysis and photocatalysis are considered.
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1. INTRODUCTION

The steroids of concern for the aquatic
environment due to their endocrine disruption
potential are mainly estrogens and contraceptives,
which include 17B-estradiol (E2, a), 17a-
ethinylestradiol (EE2, b), bisphenol A (BPA, c),
estrone (E1, d) and estriol (E3, €) (Fig. 1). A major
source of hormone steroids is livestock (sheep,
cattle, pigs, poultry, etc.) waste [1]. Steroid drugs
are also frequently used in cattle as well as in other
livestock to control the oestrous cycle, treat
reproductive disorders and induce abortion [2]. This
could greatly increase the generation of hormone
steroids in urine of livestock [3]. Both natural and
synthetic estrogens enter the aquatic environment
via effluents of wastewater treatment plants or
untreated discharges and reach concentrations
(normally in the ng/l range) sufficient to exert
estrogenic responses. Human-used contraceptives
pills are the other source of such compounds
entering the environment.

The order of aqueous solubility observed was
consistent with the increasing polarities of the
estrogens, firstly E2 (two hydroxy groups) and then
EE2 (added ethinyl group at 17R position on the D
ring). At pH=7, temperature 25.0 = 0.5 °C the
solubility in Milli-Q reagent grade water
(Millipore) reported for E2 is 1.51 + 0.04 mg/1 and
for EE2 —9.20 + 0.09 mg/1 [4].

Among endocrine disrupting compounds, EE2
and BPA are the two compounds most frequently
studied in environmental research [5]. EE2 is
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Fig. 1. Molecular structures of 17p-estradiol (E2, a),
17a-ethynylestradiol (EE2, b), bisphenol A (BPA, c),
estrone (E1, d) and estriol (E3, e).
widely used as an oral contraceptive, its low
removal was observed [6] and its toxicity is higher
by a factor of 10-50 than that of estrone (El) and E2
[7]. Thus, reduction/elimination of EE2 could have
the strongest single impact on the estrogenicity of
the effluents [8].

2. ESTROGEN DISRUPTING COMPOUNDS
(EDCS) IN THE ENVIRONMENT

2.1. EDCs in sewage-treatment works effluents
(STWE)

In 1970 Tabak et al. [9] reported concentrations
of 2000 ng EE2/1, 25 ng E1/1, 60 ng E3/1, and 10 ng
E2/I (parent compounds plus conjugates) in STWE
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from the USA [10]. Effluents from UK wastewater
treatment works (WwTWSs) were first reported to be
estrogenic to fish in 1994 [11] and since then
estrogenic contaminants have shown to be
widespread in effluents discharging into rivers in
England and Wales as well as in Europe and the
USA [12-15]. The major estrogenic components in
WwTWs effluents have been identified as the
natural estrogens E2 and E1 and the synthetic EE2
[16]. Using an immunoassay procedure, EE2 was
tentatively detected in STWE, river water, and
potable water in Britain at concentrations in the low
ng/l range and below [10, 17].

Concentrations of up to 20 ng of E2/l and up to
62 ng of EE2/l in effluents were reported in a
German study (1998, employing sophisticated
modern techniques) [10, 18]. Steroidal estrogens
have been surveyed extensively in influents and
effluents from WwTWs of different countries and
their concentrations generally ranged from 10 to
200 ng /I [19-25]. The median concentration of
EE2 in sewage effluents in Germany, England, The
Netherlands and the USA reported by several
authors [10, 19, 26-33] are rather low - between 1
and 3 ng/l. Analysis of a water sample from the
Tiber river (ltaly) downstream of small towns
whose sewages are treated by percolating filter or
directly discharged into the river revealed the
presence of EE2 at 0.04 ng/l [34]. Concentrations
of E2 up to 20 ng/l were reported in STWE [10,
18].

A suite of 30 primarily estrogenic organic
wastewater contaminants was measured in several
influent/effluent wastewater samples from four
municipal WwTWs and effluents from one
bleached kraft pulp mill. 17a-Ethinylestradiol was
the  more frequently  detected  synthetic
estrogen/progesterone in the effluents occurring at
or below 5 ng/l with sporadic occurrences up to 178
ng/l. The highest levels of steroidal estrogens in
municipal effluents were for E1>E2>E3, all <20
ng/l [35].

In [36] data are summarized on the attempts to
evaluate the estrogens emission in the environment
resulting from the use of contraceptives by humans.
Johnson and Williams [37] assume that 17 % of
women are taking 26 pg EE2/day (the main
estrogenic component of a combined oral
contraceptive pill); if excreting 40 % of it are
accepted, this would suggest a per capita
normalized discharge of 890 ng/day. Of course this
percentage does vary a little between countries, but
there is a continuing trend to lower the EE2 dose in
many contraceptive products. A typical wastewater

132

discharge per capita value is 200 l/day (although
often more, particularly where industrial waste
streams also enter the sewage), which would
suggest that 4 ng/l EE2 would be found in a raw
sewage influent stream, and 0.8 ng/l EE2 in the
effluent if 80 % removal takes place through
sewage treatment. So if the receiving stream was
composed entirely of effluent this would give only
0.8 ng/l EE2 in the receiving water, or 4 ng/l EE2 if
sewage treatment had failed to remove any EE2
from the waste stream. Therefore, it is surprising to
find reports of EE2 being detected at concentrations
up to 178 ng/l in sewage effluent [35], up to 273
ng/l in some USA streams [38], 5 ng/l in a river
estuary [39], and even 2 ng/l in drinking water [40],
by researchers using GC/MS equipment [36].

Generalized data on the estrogens content in
STWE effluents in a number of countries are
reported in [41]. Detected concentrations vary
within the limits (ng/l) 1 — 5400 (E1), 0.2 — 1500
(E2), 0.1 — 3000 (E3) and 0.9 — 210 (EE2).

Despite  the  mentioned  rather  high
concentrations of EE2, its common concentrations
in effluents are rather close to the present detection
limits of most analytical techniques causing serious
difficulties in its analysis [8]. That is why one can
suppose that although EE2 was not always
detected, it may still be present in some effluent
samples [10].

2.2. EDCs in surface and underground waters

Although natural and synthetic estrogenic
compounds can be biologically degraded, they
cannot be completely removed in WwWWTPs, thus,
they are often discharged into surface waters [23,
42-44]. These estrogenic compounds are usually
detected in WwWTP effluents and receiving
surface waters at concentrations at the ng/l levels
[35, 41, 45-51] According to Williams [52],
estradiol was frequently detected (<0.4-4.3 ng/l),
but ethinylestradiol was infrequently detected
(<0.4-3.4 ng/l) in the River Nene and the River Lea
(U.K.)), upstream and downstream of sewage
treatment works.

In 1998 EE2 was occasionally detected at levels
below 5 ng/l in river water in Germany [10, 18].
Adler et al. [31] reported several positive detections
of EE2 in ground- and drinking water in Germany.
They determined EE2 in groundwater and in raw
and purified drinking water at concentrations up to
2.4 ng/l [53]. Ethinylestradiol and 17p-estradiol
were reported at concentrations ranging from 0.2 to
2.6 ng/l [54]. Lopez de Alda et al. [55] reported a
maximum concentration of 22.8 ng/g for EE2 and
11.9 ng/g for E1 from two rivers in the North-East
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of Spain. It was shown that the higher levels of
estrogens from the two drainage rivers in China
could be due to untreated wastewater discharge
[25]. Kolpin et al. [38] reported E2, EE2 and
testosterone to be present in surface water at an
average of 9, 73 and 116 ng/l, respectively [54].
The concentrations of E2 and EE2 in Taihu
Lake (2334 km?, in a rapid economic development
and urbanization area of China) were determined
using a high-pressure liquid chromatography
method [56].
Data from drinking, waste, and surface water in
South Korea offer the possibility to evaluate the
ratio of concentrations for some types of pollutants
emitted by STWE, as well as in surface and
drinking waters (Table 1) [54].

Table 1. Mean values (ng/l) of some pollutants in
waters

Pollutant type Water type
From Surface  Drinking
STWE
Farmaceuticals 2800 390 100
Hormones 17 2
Miscelaneius 430 88 20

The generalized data show that when EE2 is
detectable, the ratio of E2 to EE2 in rivers is 9:1.
This means that the concentration of EE2 was
probably 0.6 ng/l, with a median concentration
around half this value. These values agree well with
measurements taken in The Netherlands, which
reported concentrations in river water of 0.3 ng of
EE2/I (5-fold lower than in drinking water) [10].

2.3 EDCs in sediments

Given the relatively low polarity of these
compounds, which are characterized by octanol-
water partition coefficients mostly between 3 and 6,
sorption to bed sediments appears a quite likely
cumulative process. Laboratory experiments carried
out to study the behavior of estrogens in the aquatic
environment, predict that bed sediments act as
environmental reservoirs from where both
estrogens and progestogens (compounds also used
in birth-control pills) can eventually become
bioavailable [57]. These compounds could affect
wildlife and human health by disrupting their
normal endocrine systems.

Concentrations above 30 ng/g for both E2 and
EE2 have been found in China river sediments due
to the untreated wastewater discharge, but the
common concentrations are much below such
values. Average concentrations of E2 equal to 8.69,
10.3 and 7.26 ng/l in water and 5.28, 4.40 and 3.34

ng/l in the respective sediments have been found
for three rivers in Tianjin area. Concerning the EE2
average concentrations, the following values are
reported for the same rivers: 10.0, 9.45 and 3.54
ng/l in water and 5.09, 4.02 and 2.75 ng/l in the
sediments [25]. The partitioning of estrogens
between water and sediment was found to be
influenced by the organic content of the sediment
[25].

Data for estrogens content in rivers, estuaries
and ocean sediments in a number of countries are
reported in [25]. Table 2 presents data from the
literature available for estrogens content in waters
and sediments. 3. Action of EDCs on living
organisms

The action of EDCs on living organisms is of
general concern and is a significant research
subject. Their presence in the environment is likely
to disturb the ecosystems and to affect human
health. The epidemiological data give evidence of a
possible relationship between chemical exposure
and observed harmful effects of endocrine
disruption in the living beings [58]. Thus, the need
for developing reliable detection methods, analysis
tools, and adapted wastewater treatment processes
is now the subject of significant interest.

Both natural and synthetic estrogens that end up
in the environment have been shown to produce
deleterious effects in aquatic organisms, such as
feminization and hermaphroditism. The synthetic
estrogenic compounds, EE2 and diethylstilbestrol
(DES) have the ability to interfere with the
functions of hormone systems [41].The presence of
ethinylestradiol, the most potent synthetic estrogen
known, in a river sediment has been associated with
a striking incidence of carp species with
macroscopically developed both male and female
reproductive organs, and distinct high levels of
plasma vitellogenin (egg yolk protein usually
associated with adult females) in male fish [59].
These compounds can be extremely potent even at
low concentrations; for instance, less than 1 ng/l
EE2 can induce vitellogenin production in male
rainbow trout [11, 60] and 4 ng/l caused male
fathead minnows to fail to develop normal
secondary sexual characteristics [52, 61].
Significant effect of concentrations below 1 ng/l is
confirmed in [62], and sex reversal is possible in
male fish at 3 ng/1 [63]. “In vitro’ studies [11] have
shown that exposure of fishes to only 0.1 ng/l of
EE2 may provoke feminization in some species of
male wild fishes.
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Table 2. Estrogens concentration (ng/l) in waters and sediments.

Values reported, sample origin, reference

Sample type Estrogen Minimal Maximal
E2 0.477, USA [118] 3.66, USA [118]
STWE 3.2, Japan [117] 55, Japan [117]
2.7, UK [10] 48, UK [10]
EE2 0.10, Germany [119] 8.9, Germany [119]
0.2, Netherlands [26] 7.5, Netherlands [26]
El 2.5 ltaly[20] 82.1, Italy[20]
1.4, UK [10] 76, UK [10]
E3 0.43, Italy[20] 18, Italy[20]
Rivers E2 0.11, Italy [20] 33.9, Taiwan[113]
EE2 0.04, ltaly [20] 27.4, Taiwan [113]
El 0.1, The Netherlands [26] 66.2, Taiwan [113]
E3 0.33, ltaly [20] 73.6, Taiwan [113]
E2 0.71, China [25] 9.7,China [25]
Sediments from EE2 0.93, China [25] 22.8, Spain [55]
rivers El 0.2, Germany [114] 21.6, China [25]
E3 7.29, China [25]
E2 0.22, Australia [116] 2.48, Australia [116]
Sediments from EE2 0.5, Australia [116]
sea/ocean El 0.05, Japan [115] 3.6, Japan [115]
E3 Not determined
E2 0.20, Southern Germany [119] 2.1, Southern Germany [119]
EE2 >LOD [31] 2.4 [36,53,120]
Drinking waters 0.15, Southern Germany [119] 0.50, Southern Germany [119]
El 0.20, Southern Germany [119] 0.60, Southern Germany [119]
E3 Data not found Data not found

A 7-year whole lake experiment conducted at
the Experimental Lakes Area in northwestern
Ontario, Canada showed that chronic exposure of
fathead minnow (Pimephales promelas) to low
concentrations (5-6 ng/l) of the potent 17a-
ethinylestradiol led to feminization of males
through the production of vitellogenin in RNA and
protein, impacts on gonadal development as
evidenced by intersex in males and altered
oogenesis in females, and, ultimately, a near
extinction of this species from the lake. These
observations demonstrate that the concentrations of
estrogens and their mimics observed in freshwaters
can impact on the sustainability of wild fish
populations [64].

In humans and animals, estrogens undergo
various transformations mainly in the liver. EE2 is
mainly eliminated as conjugates. Therefore,
estrogens are excreted mainly as inactive
conjugates of sulphuric and glucuronic acids [1].
Prolonged exposure of target tissues or cells to
excessive mitogenic stimulation by natural or
synthetic estrogens has long been considered an
important etiological factor for the induction of
estrogen-associated diseases of the endometrium,
such as endometrial cancer and endometriosis [65,
66]. Although steroid conjugates do not possess
direct biological activity, they can act as precursors
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of hormone reservoirs able to be reconverted to free
steroids by bacteria in the environment. Due to the
presence of microorganisms in raw sewage and
sewage treatment plants, these inactive conjugates
of estrogenic steroids are cleaved, and active
estrogenic steroids are released to the environment
[1, 19, 20].

4. EDCS REMOVAL/DEGRADATION

Most important processes that play a role in the
removal of estrogens are: adsorption, aerobic or
anaerobic degradation, anoxic biodegradation and
photolytic degradation. In general, anaerobic
conditions result in longer half-lives than aerobic
conditions. EE2 shows far more persistence;
therefore its estrogenic effect in vitro is about 2-3-
fold higher compared to E2 [67]. Conventional
treatment  techniques, including coagulation,
precipitation and activated sludge processes, may
not be highly effective in removing EDCs, while
advanced treatment options, such as granular
activated carbon, membranes and advanced
oxidation processes have shown satisfactory results.
Such processes allow a high removal of recalcitrant
compounds, however many by-products are
released and could have an estrogenic activity
higher than their precursors [58].



R. P. Kralchevska et al.: Some endocrine disrupting compounds in the environment and possibilities for...

4.1 Sorption on activated sludge biomass

The process is an important mechanism for
removal of EE2 in biological wastewater treatment
[68]. Current wastewater treatment plants were
normally designed for carbon, nitrogen, and
phosphorus removal but partial EDCs removal is
often simultaneously achieved [58]. Very few data
on EDCs, and in particular on estrogens fate in
STWPs processes are available in the literature [19,
58, 69, 70]. Literature data concerning this
possibility are more or less contradictory probably
due to variation in the ability of the bacterial
populations in biosolids to degrade estrogens.
Recent studies on the effectiveness of conventional
wastewater treatment processes show that the
STWPs are a significant EDCs point source,
particularly for surface water and underground
water. Therefore, future research priorities should
include optimization of wastewater treatment plants
to increase EDCs removal [58].

Ternes et al. [19] reported that 99.9 % of the E2,
83 % of the estrone and 78 % of the EE2 were
removed from raw sewage in an aerator tank at a
WTP in Brazil. However, in another study [71], 70—
80 % of the added E2 was mineralized to CO,
within 24 h by biosolids from wastewater treatment
plants, whereas the mineralization of EE2 was
lower by a factor of 25-75.

In batch experiments with activated sludge, the
contraceptive EE2 was principally persistent under
selected aerobic conditions, where mestranol was
rapidly eliminated and small portions of EE2 were
formed by demethylation. EE2 was also reported to
be degraded completely within 6 days by nitrifying
activated sludge and resulted in the formation of
hydrophilic compounds [72]. E2 could also be
degraded when incubated with aerobic and
anaerobic riverbed sediments. Compared to E2,
EE2 was much more resistant to biodegradation in
water from English rivers [73]. Reports from
laboratory biodegradation studies indicated that
EE2 was highly stable and persistent in activated
sludge, with no detectable degradation occurring
after 120 h of treatment as compared with
gestagens, which were completely metabolized
within 48 h of treatment [74]. The solubility of EE2
in pure water and sewage-treatment water was
reported to be 4.2 and 4.7 mg/l, respectively, which
was 3 times less than the solubility of natural
steroidal estrogens [9, 74]. This fact is believed to
contribute to the increased resistance of EE2 to
biodegradation, as compared with natural steroidal
estrogens [10].

Mastrup et al. [75] estimated that less than 10 %
of natural and synthetic estrogens are removed via
biodegradation  process, and although a
considerable amount is adsorbed to the sludge, the
majority of the compounds remain soluble in the
effluent. Johnson et al. [29] could not determine
whether biodegradation or sorption is the most
important removal mechanism of these compounds
[58].

4.2 Aquifer storage and recovery (ASR)

This is an emerging and effective management
technique in reclaiming and reusing waste water.
During ASR, attenuation processes such as sorption
and degradation may play an important role in
removing trace organic contaminants from injected
waste water. E2 showed a rapid biodegradation
with a DTso value (time for 50 % loss) of ~2 days
under aerobic conditions [76].

4.3 Adsorption on activated carbon, fullerenes and
carbon nanotubes

Satisfactory results using granular activated
carbon, membranes and advanced oxidation
processes are shown in [77]. Adsorption of BPA,
E2 and EE2 on powdered activated carbons (PAC)
is feasible for their >99 % removal from raw
drinking waters at initial concentrations of 500 ng/I
and higher. The rank order from highest to lowest
compound removal by PAC (measured by 1g Kow,
where Koy - octanol/water partition coefficients of
estrogens, values given in parentheses) is: E2 (3.1
4.0) > EE2 (3.7-3.9) > BPA (3.3) [78].

Carbon nanomaterials have also shown high
adsorption capacity for polyaromatic hydrocarbons
[79], pesticides [80 natural organic matter [81],
heavy metals [82], and fluorides [83].

Rather high adsorption capacity for EE2 was
observed for fullerenes and single-wall carbon
nanotubes (SWCNTSs), which have the smallest
diameters. Multi-wall carbon nanotubes
(MWCNTSs) with outer diameters of 8-15, 20-30
and 30-50 nm exhibit similar adsorption capacity
towards both EE2 and BPA, but their activity
decreased with diameter enhancement. Apparently,
in case of SWCNTs the adsorption capacity
depends on the nature of the pollutant. In the
presence of EE2, SWCNTs adsorption ability is
two times lower than in presence of BPA [42].

4.4 Ozonation

Conventional ozonation of Lake Zurich water
was shown to degrade ethinylestradiol by > 99 %
[84, 85]. Doses of ozone typically applied for the
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disinfection of drinking waters were sufficient to
reduce estrogenicity by a factor of more than 200.
However, it proved impossible to completely
remove estrogenic activity due to the slow
reappearance of 0.1-0.2 % of the initial EE2
concentration after ozonation. The oxidation
products formed during ozonation of EE2 were
identified by LC-MS/MS and GC/MS using model
compounds. Oxidation products of the natural
steroid hormones E2 had significantly altered
chemical structures as compared to the parent
compounds, explaining the diminished estrogenic
activity after ozonation [86].

4.5 Molecularly imprinted polymers (MIP).

The feasibility of removing estrogenic
compounds from environmental water by the MIP
was demonstrated using lake water spiked with a-
estradiol. In addition, the MIP reusability without
any deterioration in performance was demonstrated
for at least five repeated cycles [87].

4.6 Enzymatic waste treatment and biodegradation.

Several  oxidoreductase = enzymes  (e.g.
peroxidases, polyphenol oxidases) have been
shown to be effective for the removal of aromatic
compounds, such as phenols, nonylphenol, and
bisphenol A (BPA). Technical feasibility of
laccase-catalyzed  treatment  of  municipal
wastewater contaminated by steroid estrogens (E1,
E2, E3, and EE?2) is reported in [88]. The municipal
waste water used in the study, contained 25.3 ng/l
of E2 and 6.25 ng/l of EE2. The results showed that
pH has a significant influence on laccase-catalyzed
treatment efficiency. The experimental results
showed that 20 U/ml (1 U = 1 umol/min) of initial
laccase activity was required to completely remove
each estrogen from synthetic water within a 1 h
treatment period and 15 U/ml was required to
achieve 100 % removal of EE2 [88].

The possibilities for biodegradation of estrogens
and some of their conjugates are also tested. The
study of Blanquez demonstrates the feasibility of
estrogenic  compounds  biodegradation by
suspended fungal biomass (white-rot fungi) using a
continuous bioreactor. The feasibility of E2 and
EE2 removal by Trametes versicolor was
demonstrated in batch and continuous cultures. In
batch, E2 and EE2 initially supplied at 10 mg/l
were removed by more than 97 % in 24 h, which
corresponds to volumetric removal rates of 0.43
and 0.44 mg/(l.h), respectively [89].
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4.7 Mn(l11) as an oxidizing agent.

The authors [90] structurally identify the
oxidation products of EE2. From HPLC analysis of
the reaction products, a single compound with a
molecular mass of 294 was found to be
predominant. As the molecular mass of EE2 is 296,
it is believed that this compound has been formed
by the removal of two hydrogen atoms from EE2.
Due to the formed double bond the resulting
compound is believed to be more easily oxidized or
hydrolyzed in the further treatment (e.g. activated
sludge) than the parent one.

4.8 Photolysis

Photolysis reactions have been extensively
studied for estrogens removal from agueous
environment [91-94]. It is shown that the photolysis
(under high-pressure mercury lamp, A > 365 nm,
125 W [94]) of both estrogens causes breakage and
oxidation of benzene rings to produce compounds
containing carbonyl groups [58]. However,
according to [95], while EE2 underwent
photodegradation in aqueous solutions under
irradiation with UV disinfection lamp (A = 254 nm,
30 W), no photodegradation was observed under
high pressure mercury lamp (A > 365 nm, 250 W).
The photodegradation of EE2 induced by high-
pressure mercury lamp (A > 313 nm, 250 W) in
aqueous solution was investigated in [96] and it
was shown that the process could be accelerated by
Fe®". Ferric ions can promote the photodegradation
of EE2 in aqueous solutions at a pH value of 2.0—
5.0 [97].

The phototransformation of E2 and EE2 in
dilute non buffered aqueous solution (pH 5.5-6.0)
occurs with a quite low quantum yield of about
0.06 upon polychromatic (A > 290 nm) or at 254 nm
irradiation [95]. Increasing the initial concentration
of EE2 lowers the photodegradation rate. The latter
reached its lowest value at a pH about 5.0; higher
pH values of 6.0 — 8.0 benefited the process [97].

The photodegradation of 1.6-20.0 mg/l EE2 in
aqueous solutions at a given initial pH value of 6.8
is a pseudo-first order reaction. The pseudo-first
order law is also found for the photolysis reaction
of E2 in aqueous solutions (3.0-20 mg/l) [94].

According to Rosenfeldt [98], EDCs are more
effectively degraded utilizing UV/H>O; advanced
oxidation as compared to direct UV photolysis
treatment. However, mineralization of the pollutant
would require extended UV treatment times. The
breakdown products, as compared to their parent
compounds, must be assessed through toxicological
testing.
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The relationship between degradation of E2 and
EE2 and the removal of their estrogenic activity as
measured by an in vitro estrogen activity assay,
using UV photolysis and UV/H;O, advanced
oxidation processes, is examined [99].

Survey of the treatability of endocrine disruptors
in water by advanced oxidation processes is made
by Giiltekin et al. [100].

4.9 Photocatalytic degradation
Photocatalysis vs. photolysis

Photocatalytic degradation of 17f3-estradiol on
immobilised TiO, was first reported by Coleman et
al. [91]. The wavelength of light emitted from the
lamp used includes the UVB (medium wave-range
280-315 nm; Amax = 290 nm) and UVC (short wave
or germicidal-range between 200 nm and 280 nm;
Amax=254 nm) regions of the spectrum. So,
experiments with TiO; are therefore photolysis and
photocatalysis. The same group reported [101, 102]
that photocatalysis coupled with photolysis is much
more effective in degrading estrogens than
photolysis alone caused by a 125 W medium
pressure mercury lamp emitting radiation in the
UVA (longwave or blackwave range between 315-
400 nm; Amax = 365 nm), UVB and UVC regions of
the spectrum. The photocatalytic treatment of E2
and EE2 completely removes the estrogenic activity
in less than 60 min, compared to the photolytic
process which requires 2-3 times longer treatment
for EE2 and 8-9 times for E2 [101]. Other groups
also reported that photocatalytic oxidation is much
more efficient than direct photolysis in the
degradation of E2, EE2 and E1 [101, 102, 103].

Photocatalytic reaction order

The authors [91] modeled the degradation
kinetics using an apparent first order Langmuir-
Hinshelwood kinetic rate equation. With the
increase of E2 initial concentration, the rate of the
reaction increases proportionally for both
photocatalysis and photolysis, confirming that the
reactions are first order [104]. First order kinetics is
proven or accepted in practically all of the studies
on this subject.

Photocatalytic reactors and irradiation sources

A quartz coil reactor and Hanovia 125 W
medium pressure mercury lamp (emitting in UVB
and UVC spectral regions) is used by Coleman et
al. [104]; the TiO is immobilized onto a quartz
coil. Degussa P25 TiO,, immobilized on a Ti-6Al-
4V alloy film illuminated by 150 W xenon lamp is
applied in [91]. Photocatalytic decomposition of

17-B-estradiol (E2) on TiO, immobilized on
polytetrafluoroethylene mesh sheets is presented in
[105]. The latter group reported results obtained in
two kinds of reactors with different efficiency.

A quartz water-jacketed reactor with titanium
dioxide immobilized on titanium alloy with a 125
W Philips high-pressure mercury lamp placed 3 cm
from the reactor was used by Coleman et al. [101]
for removal of estrogenic activity of several
estrogens. Rate constants of UVA photolysis of the
steroid substrates were 0.011 min?* for E2 and
0.035min for EE2 and the photocatalytic values -
0.106 min for E2 and 0.086 min™ for EE2.

A borosilicate glass spiral reactor (volume 85
ml) with TiO, immobilized onto the inside wall of
the reactor was used in [106]. A black light blue
fluorescent lamp (NEC, 15 W, emission range 300—
400 nm with maximum at ~350 nm,) was fitted
through the centre of the coil.

Zhang [107] also suggests that photocatalysis
using P25-TiO- can be a very effective method of
rapid removal of certain EDCs including E2 from
water in two UV-photo-reactors. The water
solutions were stirred with a magnetic stirrer for 30
min before TiO, was added at a concentration of 1
g/l. In reactor 1 (150 W UV-lamp), 97 % of the
compounds were degraded within 4 h of irradiation.
Even more rapid degradation was observed in
reactor 2 (15 W-lamp), where 98 % of both
compounds disappeared within 1 h due to the
shorter wavelength of UV-light in this reactor
(fixed at 253 nm) than in reactor 1 (238-579 nm)
[107].

Influence of TiO, and pollutant concentrations on
the estrogen removal efficiency

It was found that the efficiency of photocatalytic
degradation of E2 in agueous medium mediated
with Degussa P25-TiO; increases with increasing
concentration of TiO, but decreases for TiO;
concentrations higher than 0.5 g/l due to light
scattering [108]. The influence of the pollutant
concentration on the photocatalytic process rate is
seen from the data in Table 3 [104].

Table 3. Influence of the pollutant concentration on the
rate constant and degradation rate of E2 by photolysis
and photocatalytic process

Rate constant, Degradation rate,

E2, k.10 min [104] r.10° umol/l.min [104]
umol/l Photo-  Photo- Photo- Photo-
lysis  catalysis lysis catalysis
0,1 125 86 12 9
3 134 174 402 522
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Estrogenic activity removal

Degradation of E2 in water by Degussa P25-
TiO- photocatalysis has been investigated by Ohko
et al. They showed experimentally and theoretically
that the estrogenic activity of E2 is lost in the first
step of the photocatalytic reactions. Thus, the
authors conclude that TiO, photocatalysis could be
applied to water treatment as a method for efficient
removal of natural and synthetic estrogens without
generating biologically active intermediates [92].

Ohko et al. [92] concluded in their study on E2
degradation by TiO, photocatalysis that the phenol
moiety of the E2 molecule should be the starting
point of the photocatalytic oxidation. In addition,
since the intermediate products do not have a
phenol ring, the authors presumed that their
estrogenic activities are negligible [58, 92]. The
association of the oxidative degradation of some
EDCs with the aromatic moieties in their structure
is accepted in [77], as well.

Nevertheless, the degradation of estrogen
conjugates is also a rather important problem and
their photocatalytic destruction had been an object
of investigations. Estradiol and its conjugates
estradiol-3-glucuronide and estradiol-17-
glucuronide were subjected to photodegradation
using TiO, immobilized on glass beads as a
catalyst. Estradiol and its 17-glucuronide were
almost completely degraded in presence of UV
irradiation (4 W, Amax=365 nm) in 4 h [109].

Estrogen susceptibility to degradation

The quantum vyield of estrogen solutions
degradation under UV A radiation in the absence of
catalyst follows the sequence E1 > E3 > E2 > EE2,
reflecting the much higher rate of decomposition of
E1 compared to other estrogens. In the presence of
TiO,, the quantum yield follows the sequence E3 >
EE2 > E1 > E2, although the difference among the
estrogens is not significant [102].

In the presence of the illuminated (150 W xenon
lamp) Degussa P25 TiO,, E2 (0.05-3 pmol/dm?)
was 50 % degraded in 40 min and 98 % degraded in
3.5 h [91]. Photocatalytic decomposition of E2 over
TiO, immobilized on polytetrafluoroethylene mesh
sheets is performed in two types of reactors [103].
In the first one E2 concentration was decreased by
85 % in the dark (no UV illumination) after
reaching absorption equilibrium for 1 h. UV
illumination applied for 1 h after the dark period
lead to decomposition of 98 % of the initial E2,
with first-order rate constant of the photocatalytic
decomposition of 0.033 min?. In the second
reactor, 90 % of E2 disappeared after 20 min (first-
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order rate decomposition constant of 0.050 min™?)
[103]. More recently, the same group reported a
first-order rate constant of 0.15 min™* obtained for
E2 under relatively weak UV illumination (1.2
mwW/cm?) [105].

A recombinant yeast assay to measure
estrogenic activity, which provided detection limits
within the reactor of 53 ng/l for E2 and EE2, and
100 ng/l for estrone is used for the study of the
efficiency of the photocatalytic degradation of
hormones. Pseudo-first-order kinetic data showed
that photocatalysis over immobilized TiO, was
equally effective at removing the estrogenic activity
of all three steroid substrates in aqueous solutions
(initial concentrations of 10 mg/l) with a 50 %
reduction in estrogenicity within 10 min and 100 %
within 1 h. In control experiments without TiO;
catalyst, the rate of UVA photolysis of the steroid
substrates varied, but was most effective with EE2
followed by estrone, and was least effective with
E2 (0.42, 0.2 and <0.1 times the rate achieved with
photocatalysis, respectively). The application of
photocatalysis for the removal of steroid
compounds within STW effluent released into the
aquatic environment is discussed [101].

An interesting cross-relation between the
irradiation light wavelength and the chemical
nature of the estrogen is reported by Li Puma et al.
[102] studying the degradation of multicomponent
mixtures of E1, E2, EE2 and E3 in a slurry with
P25-TiO, The E3 was low sensitive to a process
under UVA irradiation, however, E1, E2 and EE2
were removed reaching 49, 20 and 25 %
conversion, respectively, after 180 min of
irradiation. Under UVC irradiation the conversions
of E2, EE2 and E3 after 180 min were 60 %, but
the reaction was much faster for E1, which was
almost completely (98 %) degraded.

The research of Karpova et al. concerns the
competitive photocatalytic oxidation and adsorption
of steroid estrogens on TiO. in the presence of
ethanol and urea. Degussa P25 TiO, under near-UV
irradiation (1.1 mW/cm?, 365 nm) was used as a
photocatalyst. The presence of urea had a negligible
effect on the oxidation of EE2 and a moderate one
on E2 destruction. The process with E2 in the
presence of urea proceeded a little faster than in its
absence at pH 7-10, but the effect was moderate as
well [110].

The comparison of some main parameters (rate
constant, degradation rate and time for degradation
of a part of the pollutant) for the photolysis and
photocatalytic process is seen from the data in
Table 4 [101, 104].
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The great differences in the photocatalytic
process conditions explain the differences in the
mentioned parameters, so the cited values can be
used for general evaluation of the process. Data
summarized in [111] show variation in the rate
constant (n.10° min?) from 14 to 174 for E2 and
from 86 to 231 reaching (in the cited paper) 399 for
E2 at 365 nme-irradiation and 315 and full
destruction for 15 min at UVC irradiation.

Doping as a tool for increasing TiO- efficiency

It was found that the addition of silver or
platinum to TiO, (doping by photodeposition) has
no effect on the photocatalytic degradation or
mineralization of all EDCs at the concentrations
found in water. This was attributed to the high
concentration of holes and hydroxyl radicals in the
system compared to the low amount of organic
matters to be degraded [106].

For the first time data on the effect of TiO>
modification by N-doping or MWCNT, are
obtained in [111]. The sorption ability and
photocatalytic activity (measured by degradation
rate constant and percentage of the pollutant
conversion) of the catalysts under UV (150 W,
emission maximum at 365 nm) illumination are
determined. The commercial product TiO, P25
showed significant degradation efficiency for both
estrogens under UV irradiation. However, in some
cases the activity of the commercial product
declines after the first 15-30 min of illumination
and plateau trends are registered at longer
irradiation times. That is why, as a final result, the
catalysts TiO,-MWCNTSs and TiO.-N show similar
or better efficiency despite the fact that their main
component - pure sol-gel synthesized TiO, - is
much less effective than the Degussa TiO, P25.

The sorption and photocatalytic performance of
the commercial product Degussa P25, the sol-gel
prepared TiO, calcined at different temperatures
and the same doped with carbon nanotubes against
the estrogen EE2 under UVC irradiation is studied
in [112]. It is found that the commercial product
TiO, P25 shows significant degradation efficiency
for EE2 providing its full destruction for 30 min.
The pure TiO; sol-gel synthesized at 700 °C is ~6-
fold less effective than the Degussa P25. Higher
rutile content, larger morphological grains and
other surface properties (acidity, hydrophobicity,
etc.) seem to be among the factors responsible for
this effect. The addition of carbon nanotubes to a
similar (produced at lower temperature) TiO, has
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no significant positive influence at the applied
photocatalytic test conditions.

Estrogens degradation under visible light
illumination

For the first time the photocatalytic destruction
of E2 and EE2 under visible light irradiation (150
W halogen lamp) is tested in [111]. The observed
rather high efficiency of Degussa TiO, P25 under
these conditions suggests that the measured band-
gap energy value can not be regarded as a direct
response to the level of photocatalytic activity. Full
destruction of E2 and >99.7 % of EE2 is reached
after 2 h irradiation with visible light.

5 CONCLUSION

The literature review shows that both natural
and synthetic estrogens are a common pollutant of
surface waters, sediments and even drinking waters.
Extremely important sources of estrogens found in
the environment are the not treated wastewaters,
such as effluents from livestock farms. Despite the
occasionally reported rather high concentrations,
the normal presence of endocrine disrupting
compounds ranges from 0.1 to dozen of nanograms
per liter. The laboratory tests, as well as the
environmental monitoring unambiguously show
that their presence in the environment even at such
low concentrations is likely to disturb the
ecosystems and to affect human health. Thus, the
need for developing reliable detection methods,
analysis tools, and adapted wastewater treatment
processes is now a subject of significant interest.
The advanced oxidation processes and especially
photocatalysis gained approval as a prospective
method for degradation of these emerging
environmental contaminants.

The data for the photocatalytic degradation rate
constants and the time for degradation of different
estrogens vary within rather wide limits, depending
on the type of catalyst, irradiation conditions and
chemical nature of the estrogen. Full destruction of
EE2 can be ensured for 15 min at UVC irradiation
and for 1 h in presence of E2 or EE2 under UVA
treatment. The recent investigations show that full
destruction of E2 and >99.7 % of EE2 can be
reached after 2 h irradiation with visible light.

Acknowledgement: The study is performed with the
financial support of the Bulgarian Fund for
Scientific Investigations (contract DO 02-93/08).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

R. P. Kralchevska et al.: Some endocrine disrupting compounds in the environment and possibilities for ...

REFERENCES

G.-G. Ying, R. S. Kookana, Y.-J. Ru, Environ. Int.,
28, 545 (2002).

O. Refsdal, Anim. Reprod. Sci., 60-61, 109 (2000).
M. R. Callantine, M. Stob, F.N. Andrews, Am J Vet
Res., 22, 462 (1961).

Shareef, M. J. Angove, J. D. Wells, B. B. Johnson,
J. Chem. Eng. Data., 51, 879 (2006).

Pan, D. Lin, H. Mashayekhi, B. Xing, Environ. Sci.
Technol., 42, 5480 (2008).

0. Braga, G. A. Smythe, A. I. Schafer, A. J. Feitz,
Environ. Sci. Technol., 39, 3351 (2005).

H. Segner, J. M. Navas, C. Schafers, A. Wenzel,
Ecotoxicol. Environ. Saf., 54, 315 (2003).

C. Johnson, J. P. Sumpter, Environ. Sci. Technol.,
35, 4697, (2001).

H. H. Tabak; R. N. Bloomhuff; R. L. Bunch, Dev.
Ind. Microbiol., 11, 497 (1970).

C. Desbrow, E. J. Routledge, G. C. Brighty, J. P.
Sumpter, M. Waldock, Environ. Sci. Technol., 32,
1549 (1998).

C. E. Purdom, P. A. Hardiman, V. J. Bye, N. C.
Eno, C. R. Tyler, J. P. Sumpter, Chem. Ecol., 8,
275 (1994).

J. F. Harries, D. A. Sheahan, S. Jobling, P.
Matthiessen, M. Neall, E. J. Routledge, R. Rycroft,
J. P. Sumpter, T. Taylor, Environ. Toxicol. Chem.,
15, 1993 (1996).

J. F. Harries, D. A. Sheahan, S. Jobling, P.
Matthiessen, M. Neall, J. P. Sumpter, T. Taylor, N.
Zaman, Environ. Toxicol. Chem., 16, 534 (1997).
S. Pawlowski, T. Ternes, M. Bonerz, T. Kluczka,
B. van der Burg, H. Nau, L. Erdinger, T.
Braunbeck, Toxicol. Sci., 75, 57 (2003).

S. A. Snyder, D. L. Villeneuve, E. M. Snyder, J. P.
Giesy, Environ. Sci. Technol., 35, 3620 (2001).

R. Gibson, C. R. Tyler, E. M. Hill, J. Chromatogr.,
A, 1066, 33 (2005).

G. W. Aherne; R.Briggs, J. Pharm. Pharmacol.,
41, 735 (1989).

M. Stumpf, T. A. Ternes, K.liaberer; W. Baumann,
VomWasser., 87, 251 (1996).

T. A Ternes, M. Stumpf, J. Mueller, K. Haberer,
R.-D. Wilken, M. Servo, Sci. Total Environ., 225,
81 (1999).

Ch. Baronti, R. Curini, G. D'Ascenzo, A. Di
Corcia, A. Gentili, R. Samperi, Environ. Sci.
Technol., 34, 5059 (2000).

H. Andersen, H. Siegrist, B. Halling-Serensen,T.
A. Ternes, Environ. Sci. Technol., 37, 4021 (2003).
P. Labadie, H. Budzinski, Environ. Sci. Technol.
39, 5113 (2005).

M. Esperanza, M. T. Suidan, R. Marfil-Vega, C.
Gonzalez, G. A. Sorial, P. McCauley, R. Brenner,
Chemosphere 66, 1535 (2007).

Y. P. Zhang, J. L. Zhou, Chemosphere 73, 848
(2008).

B. Lei, Sh. Huang, Y. Zhou, D. Wang, Z. Wang,
Chemosphere 76, 36 (2009).

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

C. Belfroid, A. Van der Horst, A. D. Vethaak, A. J.
Schifer, G. B. J. Rijs, J. Wegener, W. P. Cofino,
Sci. Total Environ., 225, 101 (1999)

P. Spengler, W. Korner, J. W. Metzger, Vom
Wasser, 93, 141 (1999).

H. M. Kuch, K. Ballschmiter, Fresenius J. Anal.
Chem. 366, 392 (2000).

A.C. Johnson, A. C. Belfroid, A. di Corcia, Sci.
Total Environ., 256, 163 (2000).

H. Huang, D. L. Sedlak, Environ. Toxicol. Chem.,
20, 133 (2001).

P. Adler, Th. Steger-Hartmann, W. Kalbfus, Acta
Hydrochim. Hydrobiol., 29, 227 (2001).

X.-Y. Xiao, D. V. McCalley, J. McEvoy,. J.
Chromatogr., A, 923, 195 (2001).

Th. Heberer, J. Hydrol., (in press).

C. Baronti, R. Curini, G. d’Ascenzo, A. Di Corcia,
A. Gentili, R. Samperi, Sci. Technol., 34, 5059
(2000).

M. P. Fernandez, M. G. lkonomou, I. Buchanan,
Sci Total Environ., 373, 250 ( 2007)

C. Johnson, T. Ternes, R. J. Williams , J. P .
Sumpter, Environ. Sci. Technol.,42, 5390 (2008).
C. Johnson, R. J. Williams, Environ. Sci. Technol.,
38, 3649 (2004).

D. W. Kolpin, E. T. Furlong, M. T. Meyer, E. M.
Thurman, S. D. Zaugg, L. B. Barber, H. T. Buxton,
Environ. Sci. Technol., 36, 1202 (2002).

Y. Zuo, K. Zhang, Y. Deng, Chemosphere, 63,
1583 (2006).

G. Morteani, P. Moller, A. Fuganti, T. Paces,
Environ. Geochem. and Health, 28, 257 (2006).
H.-Ch. Chen, H.-W. Kuo, W.-H. Ding,
Chemosphere, 74, 508 (2009).

D. Bila, A. F. Montalvdo, D. A. Azevedo, M.
Dezotti, Chemosphere, 69, 736 (2007).

J. Lee, B. C. Lee, J. S. Ra, J. Cho, I. S. Kim, N. I.
Chang, H. K. Kim, S. D. Kim, Chemosphere, 71,
1582 (2008).

M. Auriol, Y. Filali- Meknassi, C. D. Adams, R. D.
Tyagi, T.-N. Noguerol, B. Pica, Chemosphere, 70,
445 (2008).

T. de Mes, G. Zeeman, G. Lettinga, Rev. Environ.
Sci. Biotechnol., 4, 275 (2005).

G. Campbell, S. E. Borglin, F. Bailey Green, A.
Grayson, E. Wozei, W. T. Stringfellow,
Chemosphere, 65, 1265 (2006).

W. Cui, S. L. Ji, H. Y. Ren, Environ. Monit.
Assess., 121, 409 (2006).

S. R. Hutchins, M. V. White, F. M.Hudson, D. D.
Fine, Environ. Sci. Technol., 41, 738 (2007).

J. Nelson, F. Bishay, A. van Roodselaar, M.
Ikonomou, F. C. P. Law, Sci. Total Environ., 374,
80 (2007).

Salvador, C. Moretton, A. Piram, R. Faure, J.
Chromatogr., A, 1145, 102 (2007).

L. L. Tan, D. W. Hawker, J. F. Miiller, F. D. L.
Leusch, L. A. Tremblay, H. F. Chapman, Aust.
Environ. Int., 33, 654 (2007).

141


http://www.sciencedirect.com/science/journal/00489697
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fernandez%20MP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ikonomou%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buchanan%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17197011

52.

53.
54,

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

142

R. P. Kralchevska et al.: Some endocrine disrupting compounds in the environment and possibilities for...

R. J. Williams ,A. C. Johnson ,J. J. Smith |R.
Kanda, Environ Sci Technol., 37,1744 (2003).

T. Heberer, Toxicol. Lett., 131, 5 (2002).

S. D. Kim, J. Cho, I. S. Kim, Br. J. Vanderford ,
Sh. A. Snyder, Water Res., 41, 1013 (2007)

M. J. Lopez de Alda, A. Gil, E. Paz, D. Barcelo,
Analyst, 127, 1299 (2002).

J.H Shen, B Gutendorf , HH Vahl, L Shen, J
Westendorf, Toxicology, 166, 71 (2001).

M. Petrovice, E. Eljarrat, M. J. Lo¢pez de Alda, D.
Barcelo¢, TrAC, Trends Anal. Chem., 20, 637
(2001).

M. Auriol, Y. Filali-Meknassi, R. D. Tyagi, C. D.
Adams, R. Y. Surampalli, Process. Biochem., 41,
525 (2006)

M. J. Lopez de Alda, D. Barceld, TrAC, Trends
Anal. Chem., 22, 340 (2003)

S. Jobling, D. Sheahan, J. A. Osborne, P.
Matthiessen, J. P. Sumpter, Environ. Toxicol.
Chem., 15, 194 (1996)

R. Lénge, T. H. Hutchinson, C. P. Croudace, F.
Siegmund, Environ. Toxicol. Chem., 20, 1216
(2001)

K. L. Thorpe, R. I. Cummings, T. H. Hutchinson,
M. Scholz, G. Brighty, J. P. Sumpter, C. R. Tyler,
Environ. Sci. Technol., 37, 1142 (2003)

M. Fenske, G. Maack, C. Schafers, H. Segner,
Environ. Toxicol. Chem., 24, 1088 (2005)

K. A. Kidd, P. J. Blanchfield, K. H. Mills, V. P.
Palace, R. E. Evans, J. M. Lazorchak, R. W. Flick,
Proc. National Acad. Sci. USA, 104, 8897 (2005)
G. S. Dizerega, D. L. Barber, G. D. Hodgen, Fertil.
Steril. 33, 649 (1980)

B. Delvoux, B. Husen, Y. Aldenhoff, L. Koole, G.
Dunselman, H. Thole, P. Groothuis, J. Steroid
Biochem. Mol. Biol., 104, 246 (2007)

T. de Mes, G. Zeeman, G. Lettinga, Rev. in
Environ. Sci. Biotechnol., 4, 275 (2005)

K. Xu, W. F. Harper Jr, D. Zhao, Water Res., 42,
3146 (2008)

Danish Environmental Protection Agency (DEPA).
Feminisation of fish— the effect of estrogenic
compounds and their fate in sewage treatment
plants and nature. Environmental Project No. 729.
Danish Environmental Protection Agency, Danish
Ministry of the Environment; 2002.

Danish Environmental Protection Agency (DEPA).
Evaluation of analytical chemical methods for
detection of estrogens in the environment. Working
Report No. 44. Danish Environmental Protection
Agency, Danish Ministry of the Environment;
2003.

C. Layton, B. W. Gregory, J. R. Seward, T. W.
Schultz, G. S. Sayler, Environ. Sci. Technol., 34,
3925 (2000)

J. S. Vader, C. G. van Ginkel, F. M. G. M.
Sperling, J. de Jong, W. de Boer, J. S. de Graaf, M.
van der Most, P. G. W. Stokman, Chemosphere,
41, 1239 (2000)

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

M. D. Jiirgens, K. 1. E. Holthaus, A. C. Johnson, J.
J. L. Smith, M. Hetheridge, R. J. Williams,
Environ. Toxicol. Chem. 21, 480 (2002)

M. Rathner, M. Sonneborn, Forum Stidte-Hygiene,
30, 45 (1979) (in German)

M. Mastrup, R. L. Jensen, A. I. Schifer, S. Khan,
in:  Recent advances in water recycling
technologies, A. 1. Schifer, P. Sherman, T. D.
Waite (eds.), Australia, Brisbane, 2001, p. 103
G-G. Ying, R. S. Kookana, P. Dillon, Ground
Water Monit. Remed., 24, 102 (2004)

H-S. Chang, K-H. Choo, B. Lee, S-J. Choi, J.
Hazard. Mater., 172, 1, (2009)

Y. Yoon, P. Westerhoff, Sh. A. Snyder, M.
Esparza, Water Res., 37, 3530 (2003)

K. Yang, L. Z. Zhu, B. S. Xing, Environ. Sci.
Technol., 40, 1855 (2006)

K. Pyrzynska, A. Stafiej, M. Biesaga, Microchim.
Acta, 159, 293 (2007)

F. S. Su, C. S. Lu, J. Environ. Sci. Health. Part A:
Toxic/Hazard. Subst. Environ. Eng. 42, 1543
(2007)

Y. H. Li, S. G. Wang, J. Q. Wei, X. F. Zhang, C. L.
Xu, Z. K. Luan, D. H. Wu, B. Q. Wei, Chem. Phys.
Lett. 357, 263 (2002)

Y. H. Li, S. G. Wang, X. F. Zhang, J. Q. Wei, C. L.
Xu, Z. K. Luan, D. H. Wu, Mater. Res. Bull., 38,
469 (2003)

Salhi, U. von Gunten, Water Res., 33, 3239 (1999)
M. M. Huber, S. Canonica, G-Y. Park, U. von
Gunten, Environ. Sci. Technol., 37, 1016 (2003)

M. M . Huber , T. A . Ternes , U. von Gunten,
Environ. Sci. Technol., 38, 5177 (2004)

Z. Meng, W. Chen, A. Mulchandani, Environ. Sci.
Technol., 39, 8958 (2005)

M. Auriol, Y. Filali-Meknassi, R. D. Tyagi, Cr. D.
Adams, Water Res., 41, 3281 (2007)

P. Blanquez, B. Guieysse, J. Hazard. Mater., 150,
459 (2008)

S. Hwang, D.-l. Lee, Ch.-H. Lee, I.-S. Ahn, J.
Hazard. Mater., 155, 334 (2008)

H. M. Coleman, B. R. Eggins, J. A. Byrne, F. L.
Palmer, E. King, Appl. Catal., B, 24, L1 (2000)

Y. Ohko, K-I. luchi, C. Niwa, T. Tatsuma, T.
Nakashima, T. Iguchi, Y. Kubota, A. Fujishima,
Environ Sci Technol., 36, 4175 (2002)

B. E. Segmuller, B. L Armstrong, R. Dunphy, A.R.
Oyler, J. Pharm. Biomed. Anal., 23, 927 (2000)

B. Liu, X. Liu, Sci Total Environ, 320, 269 (2004)
P. Mazellier, L. Meite, J. De Laat, Chemosphere,
73, 1216 (2008)

X. L. Liu, F. Wu, N. S. Deng, Environ. Pollut.,
126, 393 (2003)

B. Liu, F. Wu, N. S. Deng, J. Hazard. Mater., 311
(2003)

J. Rosenfeldt, K. G. Linden, Environ. Sci. Technol.,
38, 5476 (2004)

J. Rosenfeldt, P. J. Chen, S. Kullman, K. G.
Linden, Sci Total Environ., 377, 105 (2007)


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Williams%20RJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnson%20AC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kanda%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/12775044
http://www.sciencedirect.com/science/journal/00431354
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0043135407X05529&_cid=271768&_pubType=JL&view=c&_auth=y&_acct=C000228598&_version=1&_urlVersion=0&_userid=10&md5=1fe5d481af44483c58df86bdd6326bbd
http://www.sciencedirect.com/science/journal/0300483X
http://www.sciencedirect.com/science?_ob=PublicationURL&_hubEid=1-s2.0-S0300483X00X01345&_cid=271265&_pubType=JL&view=c&_auth=y&_acct=C000228598&_version=1&_urlVersion=0&_userid=10&md5=cf11a7fc7222eae9c1d1292a6b64b659
http://www.sciencedirect.com/science/journal/01659936
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235787%232003%23999779993%23433866%23FLA%23&_cdi=5787&_pubType=J&view=c&_auth=y&_acct=C000054072&_version=1&_urlVersion=0&_userid=1643765&md5=419a0954a3f46a59daaa33868d92e866
http://www.springerlink.com/content/?Author=Titia+de+Mes
http://www.springerlink.com/content/?Author=Grietje+Zeeman
http://www.springerlink.com/content/1569-1705/
http://www.springerlink.com/content/1569-1705/
http://www.springerlink.com/content/1569-1705/4/4/
http://www.sciencedirect.com/science/journal/00431354
http://onlinelibrary.wiley.com/doi/10.1002/etc.v21:3/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/gwmr.2004.24.issue-2/issuetoc
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235253%232009%23998279998%231528456%23FLA%23&_cdi=5253&_pubType=J&view=c&_auth=y&_acct=C000054072&_version=1&_urlVersion=0&_userid=1643765&md5=ec5f81dd9f6fb70bd28f8588691e4833
http://www.sciencedirect.com/science/journal/00431354
http://www.ncbi.nlm.nih.gov/pubmed/17197011

R. P. Kralchevska et al.: Some endocrine disrupting compounds in the environment and possibilities for ...

100. Giiltekin, N. H. Ince, J. Environ. Manage., 85,
816 (2007)

101. M. Coleman, E. J. Routledge, J. P. Sumpter, B.
R. Eggins, J. A. Byrne, Water Res., 38, 3233
(2004)

102. Li Puma, V. Puddu, H. K. Tsang, Al. Gora, B.
Toepfer, Appl. Catal., B, 99, 388 (2010)

103. T. Nakashima, Y. Ohko, D. A. Tryk, A.
Fujishima, J. Photochem. Photobiol., A, 151, 207
(2002)

104. M. Coleman, M. I. Abdullah, B. R. Eggins, F.
L. Palmer, Appl. Catal B., 55, 23 (2005)

105. T. Nakashima, Y. Ohko, Y. Kubota, A.
Fujishima, J. Photochem. Photobiol., A, 160, 115
(2003)

106. H. M. Coleman, K. Chiang, R. Amal, Chem.
Eng. J., 113, 65 (2005)

107. Y. Zhang, J. L. Zhou, B. Ning, Water Res., 41,
19 (2007)

108. Mai, W. Sun, L. Xiong, Y. Liu, J. Ni,
Chemosphere, 73, 600 (2008)

109. K. Mitamura, H. Narukawa, T. Mizuguchi, K.
Shimada, Anal. Sci. 20, 3 (2004)

110. T. Karpova, S. Preis, J. Kallas, J. Hazard.
Mater., 146, 465 (2007)

111. R. Kralchevska, M. Milanova, M. Bistan, A.
Pintar, D. Todorovsky, Reac Kinet Mech Cat. DOI
10.1007/s11144-013-0567-0 (2013)

112. R. Kralchevska, M. Milanova, M. Bistan, A.
Pintar, D. Todorovsky, Centr. Europ. J. Chem., 10,
1137 (2012)

113. C. Y. Chen, T. Y. Wen, G. S. Wang, H. W.
Cheng, Y. H. Lin, G. W. Lien, Sci. Total Environ.,
378, 352 (2007)

114. T. A. Ternes, H. Andersen, D. Gilberg, M.
Bonerz, Anal. Chem., 74, 3498 (2002)

115. T. Isobe, S. Serizawa, T. Horiguchi, Y. Shibata,
S. Managaki, H. Takada, M.Morita, H. Shiraishi,
Environ. Pollut., 144, 632 (2006)

116. O. Braga, G. A. Smythe, A. I. Schéfer, A. J.
Feitz, Chemosphere, 61, 827 (2005)

117. N. Nasu, M. Goto, H. Kato, Y. Oshima,
H.Tanaka, Water Sci. Technol., 43, 101 (2000)
118. S. A. Snyder, T. L. Keith, D. A. Verbrugge, E.
M. Snyder, T. S. Gross, K. Kannan, J.P. Giesy,

Environ. Sci. Technol., 33, 2814 (1999)

119. H. M. Kuch, K. Ballschmitter, Environ. Sci.
Technol., 35, 3201 (2001)

120. G. Morteani, P. Moller, A. Fuganti, T. Paces,
Environ. Geochem. Health, 28, 257 (2006).

HIKOU CHEJUHEHUS C EHJOKPUHHO BB3JEMCTBUE B OKOJTHATA CPEJIA U
BB3MOXHOCTHUTE 3A TAXHOTO OTCTPAHABAHE/PA3TPAXIIAHE
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(Pesrome)

Paborata mpencrtaBs mperiies Ha JIMTEPATYpPHHUTE ITaHHU 3a IPUCHCTBUETO HA CHEIUHCHUS C CHIOKPHHHO
BB3JICHCTBUE B HW3XOJHUTEC BOIHM OT IMPCYUCTBATCIHUTE CTAaHIMU 3a OTIAJHU BOIHU, MOBBPXHOCTHH, IOJ3EMHU U
MUTCUHHN BOJAM M ceAuMeHTH. JlaneHn ca o0y JaHHU 32 TAXHOTO BB3ICHCTBHE BBPXY KHBHTE OPTaHU3MH (TJIABHO
puba). Pasriemana e crnenupukaTta Ha METOTUTE 3a OTCTPAHIBAHETO/PasTPaXKIAHETO HA 3aMBPCHTCIUTE 4Ype3
ancopOums, 030HUpaHe, Ouopasrpaxaane, Gpotonusa u GpoTokaTanus.
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In the present paper, the effect of electrolyte convection on the electrode reactions taking place on Pt and Au
electrodes in alkaline H,O; solution is investigated by cyclic voltammetry (CV). The electrochemical behavior of H,0O,
obtained by hydrolysis of calcium peroxide (CaO,) in the presence of potassium hydrogen carbonate (KHCO:s) is also
studied with a view to its use as a reagent (fuel and oxidant) for hydrogen peroxide fuel cells (HPFC).

The first cathodic reaction taking place on a Pt electrode is the reduction of the perhydroxyl ion (HO, ). At more

negative potentials current oscillations are observed. Based on the analogy to acidic medium it is supposed that the
reaction continues with formation of a hydroxide passive film and only after that by recombination of the hydrogen
atoms to the evolution of hydrogen. The electrode processes take place in conditions of stationary diffusion and the
reaction rate is determined solely by the concentration of reagent.

On solid gold, as well as on an electrodeposited gold coating onto a nickel substrate, the reactions of reduction, as
well as of oxidation take place with high catalytic activity. The morphology of the gold coating onto nickel foam does
not disintegrate after the electrochemical treatment in alkaline H>O; solution. The trends of CV curves (respectively, the
electrode reactions) of synthesized and stabilized alkaline solution of H,O, are analogous. This result leads to the
conclusion that hydrogen peroxide obtained by hydrolysis of CaO, can be used directly as a reagent (fuel or oxidant) for

HPFC.

Keywords: cyclic voltammetry, platinum, gold, electrode, hydrogen peroxide, calcium peroxide

INTRODUCTION

The search for energy sources alternative to the
traditional carbon-based fuels is a task of primary
importance nowadays. The use of hydrogen
peroxide in the fuel cells (HPFC) is determined by
the chemical nature of this reagent to be both
oxidant and reducer. The feasibility of transforming
its chemical energy into electrical through
electrochemical reactions makes it competitive to
other ecological energy sources such as hydrogen,
methanol, etc., especially where oxygen is not
easily available [1, 2]. Some of the main problems
that still hinder the wide use of H,O, for HPFC are
difficulties related to its storage, low stability, and
generation of large quantities of water upon
decomposition. One of the possible solutions is
production of H,O, by hydrolysis of peroxides of
alkaline and alkali earth metals (BaO,, SrO.CaO;
etc.) [3]. Of these, CaO; is considered the most
promising due to its low price, non-toxicity and

* To whom all correspondence should be sent:
E-mail: vps@uctm.edu

affordability.

In the course of our previous research [4] a
new method was developed for obtaining H.O, by
hydrolysis of CaO in the presence of sodium
(potassium or ammonium) hydrogen carbonate, the
chemistry of which can be described by the
following summary reaction:

Ca0, + MeHCO , + H,0=H,0, +CaCO, + MeOH (1)
where Me”™ — Na*, K", NH;,

It was found that the process runs at a high rate,
while the concentration of H,O- in the solution can
be controlled by variation of the pH, temperature,
density of the pulp and manner of mixing the
reagents.

According to [5-7] the electrode processes
taking place on Pt and Au electrodes in neutral and
alkaline  hydrogen peroxide solutions are
comparatively well studied. It is known that both
precious metals are good catalysts of the electrode
reactions taking place in alkaline hydrogen
peroxide solution. There is lack of information in
the literature about the effect of H.O, concentration
on the course of the electrode reactions, as well as
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the influence of the natural and forced convection
on them. Both parameters are of great significance
for improving the efficiency of HPFC operation.

At the same time, taking into account that
platinum and gold electrodes can be considered as
model ones in terms of catalytic capabilities with
respect to the electrode reactions taking place in
alkaline solution of H>O,, it would be interesting to
compare the run of electrode reactions of hydrogen
peroxide obtained by hydrolysis of CaO; in the
presence of KHCO; (called briefly ,non-
stabilized”) with data about stabilized hydrogen
peroxide in analogous conditions.

The objectives of this paper are: to determine
the influence of convection on the electrode
processes taking place on Pt and Au electrodes in
alkaline hydrogen peroxide medium (a vertical
electrode for determination of the natural
convection and a rotating disc electrode (RDE)
providing forced convection in conditions of
stationary diffusion) and to assess the behavior of
synthesized H;0O, on platinum and gold, with a
view to its direct use as a reagent (fuel and oxidant)
for hydrogen peroxide fuel cells.

EXPERIMENT

The following solutions were prepared for the
CV  experiments: basic electrolyte  with
concentration 1 M KOH, solution A - 0.1-0.15 M
H20.in 1M KOH; solution B — 0.2+0.25 M H;0; in
IM KOH; solution C - 0.4+0.45 M H,O; in IM
KOH. Solutions A, B and C were prepared using a
30% solution of H,O,, potassium hydroxide with
purity pro analysis and distilled water. Solution D
was prepared before each experiment by hydrolysis
of CaO; in the following conditions: temperature
298K, 50% excess of KHCOs, solid:liquid ratio =
1:10, contact time 5 min. The variations in the
molar concentration of H,O, in the examined
solutions are due to low stability of the peroxide. Its
concentration in the solution was determined before
and after each experiment by a method proposed by
Solvay [8].

The method of cyclic voltammetry that permits
comparatively  easy  determination of the
thermodynamic (reaction potential) and Kkinetic
(current density) parameters of reactions taking
place in the system [9] was used to investigate the
efficiency of electrode reactions taking place on
platinum and gold electrodes.

The experiments were carried out in a glass
three-electrode Gamry cell with volume of 200 cm?®
at room temperature. The working electrodes made
of solid platinum and gold had areas between 1 and

2 cm?. The area of the rotary disc electrode was
0.0707 cm?. A platinum counter-electrode with area
~2 cm? was used in all experiments. A calomel
reference electrode (Hg/Hg.Cl,) was used. Its
potential, compared to a normal hydrogen
electrode, is Esce = 0.244 V. During the experiment
it was placed in a separate cell filled up with 3M
solution of KCI. Its connection to the electrolytic
cell was made by a Haber-Lugin capillary through
an electrolyte bridge filled with 3M KCI on one
side, and with the working electrolyte on the other
side. The experiments were carried out with a
computer-controlled potentiostat-galvanostat Model
G 300/ZRA made by GAMRY Instruments.
GAMRY FRAMEWORK PHE 200 software was
used for processing the experimental data.

The scan rate during cyclic voltammetry
experiments was 0.1 V s, In most cases scanning
started from 0 V compared to the potential of the
comparator calomel electrode and continued up to —
2.0 V, a potential sufficiently negative to trigger the
reaction of hydrogen release. After that the
scanning direction was reversed and scanning was
carried out up to a potential of +1.2 V in the anode
region. Before each experiment, the cathode surface
was cleaned and pickled.

RESULTS AND DISCUSSION
Effect of convection on the electrode processes

Figures la to 1d present cyclic voltammetry
curves obtained in solutions A, B and C onto a Pt
working electrode. As mentioned above, platinum
is one of the best catalysts for cathodic reduction of
hydrogen peroxide [10]. One major drawback of
using platinum is the occurrence of a random
reaction of destruction manifested by covering the
electrode surface with bubbles of oxygen
immediately after its immersion in hydrogen
peroxide solution.

The CV curves obtained with a working rotating
disc electrode (RDE) without rotation are presented
in Fig.la. In this case the natural convection is
severely suppressed. The difficulties met by the
electrolyte flow in ascending are due to absence of
microconvection along the electrode/solution
interface. In consequence, the new reagent flow is
not delivered uniformly to the electrode surface, in
case of non reacted hydrogen peroxide. During the
experiments, a gas bubble occupying a large part of
the electrode can be observed, which grows with
scanning to more negative potentials. According to
Littauer and Tsai [11], in strongly alkaline solution,
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Fig.1a. Cyclic voltammograms of Pt RDE electrode,
rpm = 0.
Solutions: A,B and C, T = 298K, scan rate 0.1V s

E, Vvs SCE

Fig.1c. Cyclic voltammograms onto Pt
RDE electrode, rpm = 2000.
Solutions: A, Band C, T = 298K, scan rate 0.1V s

H,O, is transformed almost completely into
perhydroxyl ion (HO, )

H,0,+0OH” < HO, +H,0
Ko =1.5x10°

20°

)

and subsequently within bulk solution and

especially at catalytic surface:
2HO; -»20H +0, T ©)

The reaction of reduction of an HO, ion starts

at potentials about —0.2V and reaches its maximum
rate at potentials —0.6V for all three investigated
concentrations. The hydrogen evolution reaction
(HER) starts at potentials after —1.2V, such as in
IM solution of KOH. In the case of scanning in the
reverse direction an anode current is observed
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Fig.1b. Cyclic voltammograms of Pt RDE electrode,
rpm = 1000.
Solutions: A,B and C, T = 298 K, scan rate 0.1V s
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Fig.1d.Cyclic voltammograms onto Pt
RDE electrode, rpm = 3000.
Solutions: A, Band C, T = 298K, scan rate 0.1V s

immediately after reaching 0 V. This fact indicates
that the oxidation reaction taking place at the anode
is highly catalyzed by the platinum substrate [7]. It
can be seen that in 1M solution of KOH without
hydrogen peroxide, the oxidation reaction starts
only after +0.6 V.

With a higher H,O, concentration in the alkaline
solution, higher limiting currents of the cathodic, as
well as of the anodic reactions are reached (i.e., the
rates of the reactions of both reduction and
oxidation are increased).

The influence of forced convection on the
electrode processes taking place on platinum RDE
at rotation speed of the electrode — 1000, 2000 and
3000 rpm is shown in Fig.1b+d. The start of the
cathodic reaction (4) can be determined at
potentials about —0.2 V. According to the main
theoretical principle of the rotating disc electrode,
its rotation creates conditions for occurrence of the
electrochemical processes in conditions of
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stationary diffusion [12]. The higher the rotation
speed, the thinner is the boundary layer, where
there is a uniform layer with constant reagent
concentration, i.e., there are conditions of stationary
diffusion. Criterially, if the limiting current density
depends on the rotation speed, then diffusion is the
limiting stage. Analysis of the CV curves indicates
that at all three rotation speeds the limiting currents
were: for electrolyte A ~0.008 mA cm?2, for
electrolyte B - 0.01 mA cm2 and for electrolyte C —
0.02 mA cm. Therefore, the rotation speed at the
same concentration of the investigated solution
does not affect the boundary current, i.e. the
reaction speed. It is obvious that the limiting
current density is determined solely by the
hydrogen peroxide concentration. Therefore, the
charge transfer is most probably the limiting stage
and the reaction speed will be determined only by
the reagent concentration [13].

An occurrence of current oscillations (with
amplitude reaching ~ 0.10 mA cm2) could be
observed using an RDE. This phenomenon is
observed upon reduction of hydrogen peroxide on a
platinum electrode, but in acidic medium [6, 14]
and is accounted for by the formation/disintegration
of a passive hydride layer on the platinum surface.
Probably, the reason of oscillations in the alkaline
medium is also the formation of a passive film of
hydroxides generated at more negative potentials.
The thorough clarification of this phenomenon is
beyond the frame of the present study. However, it
is significant enough for clarification of the
possible reactions of hydrogen peroxide destruction
in alkaline medium and could be the subject of
another study.

The anode behavior of electrode processes
indicates a clear dependence of the reaction speed
(current density, respectively) only from the
hydrogen peroxide concentration.

Fig.2 presents cyclic voltammetric curves
obtained by the use of a platinum vertical electrode
(platinum lamella) in the investigated solutions.
Here, a significant difference is observed in the
cathodic part of the curves compared to CV curves
obtained on a horizontal platinum electrode
(Fig.1a). In all three investigated electrolytes the
cathodic reactions pass through a clearly marked
maximum, unlike the flat observed at the
horizontally positioned platinum lamella. The cause
of such trend of the curve is that with a vertical
electrode the natural convection, as a result of the
Archimedian force, is not suppressed and the
released bubbles ,,stir” the electrode surface, thus
continuously providing a fresh reagent flow.

Analysis of the electrode reactions of hydrogen
peroxide synthesized from CaO;

It is a fact that cyclic voltammetric curves
obtained on Pt and Au can be considered as a
model for the electrode processes. For this reason
these electrodes were chosen to determine the
electrochemical activity of hydrogen peroxide
(solution D) obtained by hydrolysis of CaO; x H,O»
in the presence of KHCO:s.

0.10

J, mA cm'2

L 1 1 1 1 1 1 J
20 -15 -10 -05 00 0.5 1.0 15
E, vs SCE

Fig.2. Cyclic voltammograms onto vertical Pt electrode
Solutions: A, B, Cand D, T = 298K, scan rate 0.1V s

Figure 2 presents a comparison between CV
curves obtained on a platinum electrode in alkaline
solution of stabilized H.0, and the cyclic
voltammetric curve obtained in synthesized
medium of hydrogen peroxide electrolyte (solution
D). It can be seen that the curve trend (respectively,
the nature of electrode processes taking place) is
identical to that obtained by investigation of
stabilized H,O; solutions. This fact is of great
significance for the future development of the
peroxide fuel cell, since it shows the feasibility of
using CaO- for producing hydrogen peroxide for
fuel cells.

The cyclic voltammetric curves obtained in the
investigated solutions (A, B, C and D) on a vertical
gold electrode are presented in Figure 3. Gold
demonstrates its catalytic activity in the manner
defined by other authors as well [7, 14]. The
cathodic reactions start almost immediately after
initial scanning of the potential in negative
direction (after OV) and reach the maximum rate of
reaction at —1.3V. Hydrogen evolution reaction
starts after —2.0V.

The anodic reactions are also visibly catalyzed
because they start as soon as a potential of 0 V is
reached. The rates of both cathodic and anodic
reactions in solutions depend on the concentration
of hydrogen peroxide.
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Fig.3. Cyclic voltammograms onto vertical Au electrode.
Solutions: A, B, Cand D, T = 298K, scan rate 0.1V s*
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Fig.4. Cyclic voltammograms obtained onto

electrodeposited gold coating (thickness 2 pm) on
substrate Ni foam.
Solutions: A, B, Cand D, T = 298K, scan rate 0.1V s
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(b)

Fig.5. SEM images of electrodeposited coating Au onto Ni foam before (a) and after (b) electrochemical treatment in

0.42M H, O, alkaline solution.

Fig.4 presents the CV curves obtained on an
electrodeposited gold film. The results could be
interpreted as similar to those obtained using a solid
gold electrode.

The trend of a CV curve obtained in solution D
(synthesized hydrogen peroxide) is analogous to the
curve obtained at the same concentration in
stabilized hydrogen peroxide (solution C).
Therefore, the electrode reactions of synthesized
hydrogen peroxide with scanning of the potential in
cathode and anode direction are similar to those
taking place in an alkaline solution of stabilized
H.O,. This result once again corroborates the
conclusions drawn here for the platinum electrode
and shows the feasibility of using CaO- as a reagent
in the production of H,0O, for HPFC.

Having in mind the high price of precious
metals (platinum and gold), a further step was done
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in the present work — study of the catalytic activity
of a gold electrodeposited film onto a lighter and
less expensive material - nickel foam.

The morphology of the gold coating before and
after electrochemical treatment in alkaline solution
of hydrogen peroxide is presented in Figs. 5a and b.
It is obvious that the gold coating deposited on
nickel foam does not disintegrate. This fact, as well
as the trend of the electrode processes allow to
proceed to a further study — the use of nickel foam
with electrodeposited films.

CONCLUSIONS

On the basis of the experiments made the
following conclusions can be drawn:
The first cathodic reaction on a platinum

electrode is a reduction of the peroxide ion (HO, ).
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At more negative potentials current oscillations are
observed. Based on the analogy to acidic medium,
formation of a passive hydroxide film is supposed
and only after that - recombination of the hydrogen
atoms and evolution of hydrogen. The process of
peroxide ion reduction does not occur under
diffusion control.

It was found that on both solid gold and
electrodeposited gold coating on nickel substrate,
the reduction and oxidation reactions take place
with high catalytic activity. The coat morphology
does not change after electrochemical treatment in
alkaline solution of hydrogen peroxide. The trends
of the CVA curves (respectively, the chemistry of
electrode processes) observed during working with
an electrode with electrodeposited gold coating on
nickel foam indicate the feasibility of using less
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(Pesrome)

B Hacrosimiara crtatus, ¢ momormnta Ha IMKiIndHa Bonramepomerpus (IIB), e u3cienBaHO BIMSHHETO Ha
KOHBEKLUSI Ha EJIEKTPOJIMTA BbPXY €NEKTPOJIHN PEaKLUUK MpoTHYaly BbpXy Pt u AU enekTpos B ankajeH pa3TBop Ha
H202. AHanu3upaHo e ChIIO eIeKTPOXUMHUYHOTO noBeaeHue Ha H20z, momydeH upes XuApoiin3a Ha KallueB HepoKCUa
Ca0O; B mpuchscTBHe Ha KanueB xuaporeH-kapOonar (KHCOs) ¢ men u3mon3BaHETO My KaTo peareHT (rOpHBO H
OKHCITHTEN) 38 BOJOPOJIHH MepoKcHIHHU ropuBHu KieTku (BIIT'K).

YcTaHOBEHO €, 4e IMbpBaTa KaTo[Ha Peakuys MpoTHYalla BEpXy Pt enexTpos e pexykuus Ha NepXuApOKCHIOB
fion (HO, ). Ta e mocnensana ot oOpasyBaHe Ha XMIPOOKCHIEH NMACHBEH CIIOW M TOCIIE/BAlla PEKOMOMHANNS Ha

BOJIOPOJIHUTE aTOMU J0 00pazyBaHETO Ha BOAOPOJ. ElekTpoaHuTe MpollecH MpOTHYAT B YCIOBHUATA Ha CTallMOHApHA
nudy3us U CKOPOCTTa Ha PEAKIIUATA CE OMPE/ICIIs CIMHCTBEHO OT KOHIICHTPAILMATA HA pearcHTa.

BbpXy MacuBHO 371aTO, a CBHINO Taka BBPXY 3JaTHO MOKPHUTHE, €IEKTPOOTIOXKEHO BHPXY HHUKEIOBa TSHA,
peakuuuTe Ha PEAYKINS, a ChIIO Taka U HA OKUCIICHUE TIPOTHYAT C BUCOKA KaTaIMTHYHA aKTUBHOCT. Mopdoorusita Ha
3JIaTHOTO TIOKPUTHE BBPXY HUKEJIOBA MHA HE CE pa3pyllaBa clie]] eIEKTPOXUMUIHOTO TPETUPAHE B allKajieH pa3TBOpP Ha
H20;. Xoawt Ha 1B kpuBH (CHOTBETHO, Ha €JIEKTPOJAHUTE PEAKIMN) HA CHHTE3UPAH M CTAOWITU3UPAH ajIKajeH Pa3TBOP
Ha H>Oe anamormdeH. To3u pesynraT BOAHM IO W3BOJA, Y€ BOJOPOJEH IEPOKCH MOIy4eH upe3 xuaponusa Ha CaO;
MOXe 1a ObJie U3MOJ3BaH KaTo peareHT (ropuBo win okuciuten) 3a BIITK.
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The electrocatalytic activity of cobalt and indium (solid and electrodeposited), nickel and nickel foam towards the
electrode reactions taking place in stabilized as well as synthesized (produced by calcium peroxide hydrolysis)
hydrogen peroxide solutions was investigated. It was found that the cyclic voltammetry (CV) experiments carried out
on electrodes of solid cobalt, indium and nickel indicated activity with respect to the anode reaction in alkaline
hydrogen peroxide solution. The most probable reason for the observed behaviour is a formation of passive hydroxy-
oxide layers on the surface of these metals. It was demonstrated that the nickel foam is a material suitable not only for
anodes, but can also be used as substrate of various electrodeposited layers.

The cyclic voltammetry investigations, carried out on electrodeposited layers of Co and In indicate similar electrode
activity compared to the results obtained with solid electrodes with respect to the anode reaction in alkaline hydrogen
peroxide solution.

An important conclusion from performed experiments is that the data obtained by investigation of hydrogen
peroxide medium synthesized through decomposition of CaO; are analogous to those obtained in stabilized hydrogen

peroxide solution which renders this reagent suitable for use in fuel cells.

Keywords: Cyclic voltammetry, hydrogen peroxide, calcium peroxide, Co, In, Ni, electrode

INTRODUCTION

Increasing of the efficiency of fuel cell operation
in an economic as well as in technological aspect is
the main objective targeted by numerous research
teams working in this area. Simplification of the
fuel cell design, selection of the proper material for
electrodes (which are at the same time catalysts of
the respective cathodic and anodic reactions), and
of electrolyte — these are the main parameters that
directly influence the fuel cell efficiency [1, 2]. The
team of Yamazaki et al. [3] established the
feasibility of operation of a fuel cell without
separation of the cathodic and anodic
compartments, where an alkaline hydrogen
peroxide medium can serve as a fuel as well as an
electron acceptor during its operation. However, a
suitable catalytic material shall be selected both for
the cathodic, as well as the anodic reactions. A
number of authors define some precious metals
such as platinum, gold and silver as catalysts
appropriate for the cathodic reaction, while nickel
is found to be suitable for an anode [4]. A new
material — nickel foam (polymer material with

* To whom all correspondence should be sent:
E-mail: vps@uctm.edu

nickel coating), according to a number of authors,
is also found to be a suitable material for operation
of the anodes [4].

In our previous study, the electrode processes
taking place on Pt and Au electrodes in alkaline
hydrogen peroxide medium were examined [5]. The
strong catalytic activity of the two metals for the
cathodic and anodic reactions of H;O, in IM
solution KOH was verified and it was found that
hydrogen peroxide obtained through CaO;
hydrolysis in the presence of KHCOs (non-
stabilized) has the same electrochemical behavior
as the stabilized H,0..

The purpose of this investigation is to select
materials suitable for catalysts of the electrode
reactions taking place in stabilized, as well as in
synthesized (obtained by hydrolysis of calcium
peroxide) hydrogen peroxide among cobalt, indium
(solid and electrodeposited), nickel and nickel
foam.

EXPERIMENTAL

The following solutions were prepared for the
experiments: basic electrolyte with concentration 1
M KOH, solution A — 0.1-0.15 M H,0O; in 1M
KOH; solution B — 0.2+0.25 M H,0; in 1M KOH;

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 151
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solution C — 0.4+0.45 M H20; in IM KOH. The
solutions A, B and C were prepared from 30 %
solution of H,O; and potassium hydroxide with pro
analysis purity and distilled water. Solution D was
prepared before each experiment by hydrolysis of
Ca0; in the following conditions: temperature 298
K, 50% excess KHCOs3, solid:liquid ratio = 1:10,
contact time 5 min. The variations in H,O, molar
concentration in the investigated solutions were due
to the low stability of the peroxide. Its
concentration in the solution was determined before
and after each experiment by a methodology
proposed by the firm Solvay [6].

The composition of the electrolytes for
deposition of cobalt and indium coatings was as
follows: for deposition of cobalt - 0.3 M Co as
CoSOs 7H,0 and 0.2 M diammonium hydrogen
citrate (CeH14N20O7); for deposition of indium —
0.IM In as InCl; and 0.2 M C¢H1aN20O7. The
deposition was carried out at current densities 3 A
dm= for Co and 1 A dm= for In, with the same
electric charge —1.2 Ah dm=. Chemical substances
with purity pro analysis and bidistilled water were
used for preparation of the electrolytes.

The electrode processes were investigated by the
cyclic voltammetry. The experiments were carried
out in a Gamry cell with capacity 200 cm? at room
temperature without stirring of the electrolyte. The
working electrode area was 1 to 2 cm?. In the case
of nickel foam that area was only geometrical, not
actual, due to the highly developed surface. Nickel
Foam (supplier Good Fellow) has a specificiations
as follows: thickness 1.6mm, bulk density
0.45g.cm™3, 20 pores/cm?. The counter electrode
(~2 cm?) was made of platinum. A calomel
reference electrode (Hg/Hg.Cl;) was used. Its
potential, compared to a normal hydrogen
electrode, was Esce=0.244V. The experiments were
carried out with a computer-controlled GAMRY
potentiostat-galvanostat Model G 300ZRA. The
GAMRY FRAMEWORK PHE 200 program was
used.

The scan rate was 0,1 V s In most cases
scanning started from the potential of the reference
calomel electrode and was continued until a
sufficiently negative potential was reached, at
which the reaction of hydrogen release is assumed
to start. After that the scanning direction was
reversed and scanning was carried out up to the
selected potential in the anode zone.

The surface morphology of the coatings was
studied by means of JEOL 6390 scanning electron
microscope (SEM).
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RESULTS AND DISCUSSION

The initial experiments were carried out with
working electrodes made of solid metals — cobalt,
indium and nickel. It was found that the electrode
processes in all four solutions (A, B, C and D) run
in the same manner, and that is why, in order to
facilitate the presentation, only the curves obtained
at the highest concentration of hydrogen peroxide
(solution C) were presented in graphic form (Fig.1-
3).
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Fig. 1. Cyclic voltammograms of cobalt in 1 M KOH;
solution C - 0.42 M H,O; in 1 M KOH.
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Fig. 2. Cyclic voltammograms of indium in 1 M KOH,;
solution C - 0.42 M H;02in 1 M KOH.
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Fig. 3. Cyclic voltammograms of nickel in 1 M KOH,;
solution C - 0.42 M H,O2in 1 M KOH

Cyclic voltammograms obtained on a Co
working electrode — in basic solution (1 M KOH)
and in solution C are presented in Fig.1. Activity of
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hydrogen peroxide can be observed in the cathodic
zone, presented in two cathodic waves, at —-0.8 V
and after —-1.2 V. Due to the high peroxide
concentration, the first wave is most probably due

to the reduction reaction of HO, as follows:
HO, +2e” + H,0=30H" 1)

Upon transition to more negative potentials, a
horizontal sector can be observed, most probably
due to the growth of a passive oxy-hydroxide layer
on the cobalt working electrode. According to [7],
passivation of the cobalt surface is the result of
alkalization of the cathode-contiguous layer and its
covering with cobalt hydroxides. At the potentials
of the ’second wave” in the cathodic part of the
cyclic curve some alkalization of the double layer
takes place. This alkalization leads to the formation
of hydroxide-oxyde layer.

The reaction of reduction of water and
hydrogen evolution starts after potentials of —1.5 V,
where it happens in agueous solution 1 M KOH.
The anode reaction taking place on the cobalt is
marked. In the alkaline medium of hydrogen
peroxide it is described by the equation [8]:

HO, +OH -0, +H,0+2¢e" 2

It starts immediately at the first positive
potentials, beyond 0 V and evidences the fact that
cobalt can be used as anode in the oxidation
reaction of hydrogen peroxide. Here its activity
coincides with that observed in gold and platinum
[5].

A Dbase cyclic voltammograms obtained onto
indium in 1 M solution KOH (without hydrogen
peroxide) is characterized by a cathode peak at
potentials —1.5 V, which is related to the formation
of a passive film of indium oxides and hydroxides
(Fig.2). The formation of such passive film is
confirmed by the investigations carried out in
alkaline indium solution [7] and the high value of
the stability constant of In(OH); — 103 [9].
According to [10] formation of indium hydroxide
starts at pH = 3.3 of the medium. In the working
solution 1 M KOH the solution pH is more than 12,
therefore the formation of a passive film is beyond
doubt. In the reverse direction of the curve an
anode peak is observed at potentials -1.1 V and
corresponds to the dissolution of this passive film.
Oxygen generation starts at potentials above 0.8 V.

In a hydrogen peroxide medium (curve C) - the
beginning of the reduction reaction occurs at —0.4
V. At present it cannot be maintained whether this

is a reduction reaction of the HO, ion, or release

of hydrogen on a passivated indium layer. The
anode reaction on indium working electrode shows
activity similar to that of a cobalt electrode
(compared to Figure 1).

Fig.3 presents cyclic voltammograms obtained
in 1 M solution KOH and in alkaline solution of
hydrogen peroxide on a solid nickel electrode. A
minor peak observed in H.0O: solution in the range
about -1.5 V evidences the possibility of formation
of nickel oxide before the hydrogen release
reaction. The anodic reaction runs at a high rate,
which corresponds to the information presented in
the literature [4].

On the basis of the results presented here above
it can be concluded that cobalt, indium and nickel
can be used successfully as anodes in alkaline
hydrogen peroxide solutions. Most probably reason
of such catalytic behavior of the oxidation reaction
is that it takes place on the passive films formed on
the three metals. The catalytic activity of the
cathodic processes on cobalt and indium could be
assumed, however, the type of the catalyzed
reaction should investigated in more details,
because the quantitative analysis of shown CVs
shows that the magnitude of recorded currents with
Co, In and Ni - electrodes are different.

Considering that the steps to higher efficiency of
fuel cells operation include lighter structure and, to
be sure, reduction of the electrode material prices,
further research was carried out using nickel foam
and cobalt and indium layers electrodeposited on it.
Fig. 4 presents the cyclic voltammograms obtained
in aqueous solution 1 M KOH and in alkaline
hydrogen peroxide solution (solution C) onto nickel

foam.
J
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Fig. 4. Cyclic voltammograms of nickel foam in 1 M
KOH and solution C - 0.42 M H;02in 1 M KOH

It can be said that the results are not different
from those obtained with a solid nickel electrode —
nickel foam demonstrates a high rate of the anodic
reaction. The morphology of the nickel foam before
and after the experiments is shown in Figure 5a
and 5b.
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Fig. 5. SEM images of Ni foam before (a) and after (b) electrochemical treatment in 0.42 M H,O; alkaline medium
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Fig. 6. Cyclic voltammograms obtained onto

electrodeposed Co coating (thickness 3 pm) on substrate
Ni foam Solutions: A, B, C and D, T = 298K, scan rate
0.1v st
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(a)
Fig. 7. SEM images of electrodeposited cobalt coating on Ni foam before (a) and after (b) electrochemical treatment in
0.42 M H,0, alkaline solution.
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It can be seen that in a chemically active medium,
with the potential applied over quite a wide range —
from -2.0 to +1.0 V does not have a destructive
effect on this material.

Cyclic voltammograms obtained in hydrogen
peroxide solutions of different concentrations on
electrodeposited cobalt layer with thickness 3 um on
a nickel foam substrate are presented in Fig.6. The
trend reported in experiments on a solid cobalt
electrode is observed here as well - the cathodic
reaction starts after —0.4 V, reaching the maximum
reduction rate at —1.2 V and high rate of the anode
reaction at positive potentials immediately after 0 V.
No concentration dependency during the electrode
reactions can be reported. The electrode reactions in
solutions of stabilized hydrogen peroxide (curves A,
B, C) and of non-stabilized H,O- obtained by

1pm 09 30 SEI

(b)

20kV  X10,000
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Fig. 8. Cyclic voltammograms obtained onto

electrodeposed In coating (thickness 1 pm) on substrate
Ni foam.
Solutions: A,, B, C and D, T = 298K, scan rate 0.1V s*
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Analogous to that of cobalt, an investigation is
carried out with solutions A, B, with and D. The
obtained CV curves are presented in Figure 8. The
analogy with the behavior of solid indium (compared
to Figure 2) is obvious. Solution D (synthesized
hydrogen peroxide) has a behavior similar to that of
stabilized hydrogen peroxide. The morphologies of
the indium coating before and after electrochemical
investigations, presented in Figures 9a and b, prove
the stability of the indium film. The pitting observed
in the two photos can be accounted with the low
thickness of the indium coating.

Even as a thin indium coating it can be stated that
indium as a material is suitable for catalytic carrier of
the anode reaction of hydrogen peroxide in alkaline
solution.

1pm 09 30 SEI

()

20kV  X10,000

Fig. 9. SEM images of electrodeposited In coating on Ni foam before (a) and after (b) electrochemical treatment in 0.42

M H,0, alkaline solution.

hydrolysis of calcium peroxide (curve D), have the
similar behavior. Such conclusion was drawn also
from another investigation carried out on working
electrodes of gold and platinum [5].

The morphology of the cobalt coating before
and after electrochemical treatment (investigated by
cyclic voltammetry) is presented in Figure 7a and b.
The typical crystallites of electrodeposited cobalt
are unchanged after the investigations carried out,
which confirm stability of the obtained coatings and
further investigations of the nature of the electrode
reactions on cobalt. Electrodeposition of indium is
carried out with the same electric charge as cobalt.
However, a layer of indium deposited on nickel
foam is much thinner, ~1 pm. That is due to the fact
that the electrolyte used for deposition of indium
coatings has low cathodic current utilizability.

CONCLUSIONS

On the basis of the investigations carried out the
following conclusions can be drawn:

The cyclic voltammetric investigations carried
out on electrodes of solid cobalt, indium and nickel
indicate activity with respect to the anode reaction
in alkaline hydrogen peroxide medium. The most
probable cause of such catalytic activity is the
formation of passive hydroxy-oxide layers of the
surface of these metals.

Nickel foam is a material suitable not only as
anode in the anode reaction, but also as substrate
for deposition of various electrodeposited layers.

The trends of CV curves obtained on cobalt and
indium electrodeposited coating on nickel foam are
similar to those obtained on solid Co and In
electrodes. That indicates analogous activity with
respect to the anode reaction in alkaline hydrogen
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YACT II
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(Pe3rome)

W3cnenBana e enekTopo-KaTaTUTUIHATA aKTUBHOCT Ha KOOANT M MHAWK (MacHBEH U €JIEKTPOOTIIOKEH), HUKEI
U HUKEJIOBA IIIHA CHPAMO CJICKTPOAHUTE PECAKIWU, MPOTHYAIIN B CTa6I/IJ'II/13PIpaHI/I a ChINO TakKa WU B CHUHTC3UPAHU
(Tomy4eHH 4pe3 XUAPOJIN3a Ha KalIMeB NEPOKCHL) Pa3TBOPH Ha BOJOPOJEH NIEPOKCUA. YCTAHOBEHO €, Y€ LUKINYHH
BOJITAMIIEPOMETPUYHN E€KCIEPHUMEHTH TPOBEICHH BBPXY MAacHUBEH KOOanT, MHAMH M HHUKEJ] MOKa3BaT aKTHBHOCT MO
OTHOLIEHME Ha aHOJHA peaklus B alKaJeH pa3TBOpP Ha BOJOPOJEH mnepokcuia. Haii-BeposiTHa mnpuumHa 3a
HaOJII0/]aBaHOTO TIOBEJCHHE € 0Opa3yBaHE Ha ITaCHBHU XHJPOKCH-OKCHIHM CJIOEBE BBPXY MOBBPXHOCTTAa Ha TE3U
Metanu. Jloka3zaHo e, Y€ HHKEJIOBaTa IsTHa € MaTepuaj, IMOJIXOJI] HEe CaMO 3a aHOAWTE, HO CHII0 MOXe aa Obne
M3I0JI3BaH 32 MOAJI0XKKA HA Pa3INYHU €IEKTPOOTIOKEHH CIOEBE.

[uxmaHu BOJNITAMIIEPOMETPHYHM M3CIICIBAHMS, NPOBEICHU BBPXY €JIEKTpOOTIOXKeHH cioeBe Ha CoO m In,
MTOKa3BaT MoI00Ha €JIEKTPOIHA aKTUBHOCT B CPABHEHHE C PE3YATATUTE MOJyYCHH C MACHBHU €JIEKTPOJIH 110 OTHOIICHUE
Ha aHO/IHA PEAKIUsl B aJIKaJICH Pa3TBOP HAa BOJOPOJICH NMEPOKCHI.

BaxeH u3BOJ OT NPOBEACHHUTE EKCIIEPUMEHTH € Y€ PE3yNTaTHTE, MOJIydeHH IPHU M3CICIBAaHE Ha BOAOPOJCH
HEPOKCHA B CHHTe3UpaH upe3 pasznaraHe Ha CaO; ca aHAIOTMYHU Ha Te3H, IOJYYeHH B CTaOMIM3UpaH pa3TBOp Ha
BOJIOPOJICH MEPOKCHUI, KOETO MPAaBH TO3W PEareHT IOIXOSI 32 U3II0JI3BAHE B TOPUBHH KIICTKH.
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The liquid tar product, obtained by pyrolysis of yak-milk casein was investigated and was applied for curing of
epoxy resin. Physico-chemical and thermal characteristics, IR and *H NMR spectra were recorded and compared with
the data obtained with the most often used hardener diethylenetriamine. The absorbancies of the liquid tar product were
determined by quantitative IR analysis. The curing of epoxy resin was performed at room temperature for 24 h and at
105°C for 150 min. The optimal quantity of the liquid tar product for providing maximal degree of cure at 105°C is
22.22%; at room temperature it is a 20% mixture with diethylenetriamine 50:50 g/g. From the physico-mechanical
characteristics of the cured bars and coatings it was concluded that the investigated product is a good hardener of epoxy

resins.
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INTRODUCTION

At the Institute of Chemistry and Chemical
Technology of the Mongolian Academy of
Sciences different kinds of Mongolian raw material
were studied. The results of the characterization of
the products obtained by pyrolysis of animal bones
were published in [1, 2]. The data from the thermal
analysis of yak-milk casein were given in [3]. Its
pyrolysis was described in [4]. The obtaining and
characterization of biochar from pyrolysed yak-
milk casein was published in [5]. The
characterization of liquid tar product (LTP) from
pyrolysed yak-milk casein was made in [6]. In this
article the yields of biochar (28.3%) and LTP
(37.5%) are given. The amounts of gas and water
were 20.9% and 13.3%, respectively. The elemental
composition of the LTP was: C 66.7%, H 8.3%, N
12.1% and O 12.9% (by difference). The sample
was characterized by mass spectrometry, gas
chromatography (GC)/MS and heated-probe MS, to
give molecular weight distributions for comparison
with molecular weight ranges indicated by
analytical-scale  size-exclusion chromatography
(SEC). It appeared to consist mostly of moderate
molecular weight fractions with elution times of
18-26 min. The components of these fractions were
probably 3-dimensional. GC/MS analysis showed
the presence of both aliphatic and aromatic
nitrogen-containing components. Neither GC/MS
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nor heated-probe MS were able to detect more than
about half of the tar components. The aim of our
studies was to continue with the characterization of
LTP and its application as a hardener of epoxy
resins.

EXPERIMENTAL

The investigations were made with technical
grade low-molecular bisphenol A based epoxy resin
DER 331 of Dow Chemicals (USA) and laboratory
made LTP by pyrolysis of yak-milk casein,
prepared in the Mongolian Academy of Sciences.
The curing agent used for comparison was technical
grade diethylenetriamine (DETA), product of
Alpha Chemical (India). Spectroscopy-grade
carbon tetrachloride of Merck (Germany) was
applied for preparation of LTP solutions for IR
analysis. The amine numbers of LTP and DETA
were determined with hydrochloric acid for
analysis (Merck) by the method described in [7].
The H NMR spectra of a solution of LTP in
toluene — D8 (Merck) were recorded on a JEOL
instrument (Japan). IR spectra were obtained from
thin layers of LTP and from its 1% and 20%
solutions in carbon tetrachloride on a Perkin Elmer
apparatus (USA). The thermal analyses were made
on an OD 102 MOM apparatus (Hungary). The
curing of the mixtures of epoxy resin and hardeners
(DETA or LTP) was made in polyethylene
containers. The degree of curing was determined
after grinding the cured samples, measuring their
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weights at an accuracy of 0.0001 g before and after
Neftochim (Bulgaria) for 4 h on a Soxhlet
apparatus, subsequent 10 min extracting with
acetone and heating at 105°C to constant weight.
The 4 h extraction was made with toluene because
of the limited solubility of LTP in acetone; 10 min
extraction with acetone was further performed to
facilitate the drying of the samples. Physico-
mechanical  characteristics:  density,  Brinell
hardness, impact resistance, adhesion on steel,
wood and polystyrene (PS) surfaces, elasticity and
pendulum hardness of the cured samples (bars or
coatings) were determined by standard methods [9-
14].

RESULTS AND DISCUSSION

It was shown in our previous investigation that
yak-milk casein is a good hardener of epoxy resins
[8]. However, it was difficult to prepare a mixture
because of its poor solubility. The product from the
pyrolysis of yak-milk casein is a liquid and its
solubility in epoxy resins is very good. On the other
hand, LTP has nitrogen containing groups capable
to react with epoxy groups. It is well known that
polyamines are applied as hardeners of epoxy resins
at room temperature because of their high boiling
pressure. It is of interest to compare the physico-
chemical and thermal data of LTP with those of the
most used polyamine DETA. The results are given
in Tables 1 and 2.

Table 1. Characteristics of LTP and DETA.

Amine Specific
Compound pH ne®®  number  density,
% g/lcm3
LTP 10.2 1.6735 4.47 1.02
DETA 8.7 14742 24.07 0.95

It is evident, that the amine number of LTP is
5.4 times lower than that of DETA. Therefore,
larger quantities of LTP will be necessary for
curing of epoxy resins. For comparison, the data of
DETA, Merck, for synthesis, are: pH 12, refractive
index 1.4826, specific density 0.949 — 0.952 g /cm?®,
The differences with the data of technical grade
DETA can be explained with the content of
impurities in it. The values of the thermal index of
technical grade DETA confirm this assumption,

extracting with technical grade toluene, product of
because the boiling point of DETA for synthesis is
206-209°C. Probably, the high thermal stability of
LTP is due not only to its molecular weight and the
shape of its molecules, given in [6], but to the new
products obtained at the higher temperatures. The
values obtained by TG analysis show that LTP can
be applied for curing of epoxy resins at high
temperatures. The content of groups in LTP,
available to cure epoxy resin is evident from their
'H NMR and IR spectra. In the *H NMR spectra of
the solution of LTP in toluene-D8 the following
signals are registered: multiplate & = 6.86 ppM for
protons in aromatic rings and nitrogen containing
groups; dublet 6 = 0.9 ppM, singlet 6 = 1.15 ppM
and dublet 6 = 2.15 ppM for protons in =CH- and
=CH, groups. In the IR spectra there are peaks for
groups described in [6]: -OH, aromatic rings,
aliphatic groups. At 3220, 3200 and 1140 cm™
there are peaks for -NH- , at 2980, 1460 and 815
cm* - for — CH; -. The absorbancies for -NH- and
—CHy— (internal standard) were determined and
from their ratio the values of A* = Ann/Ainst Were
calculated. On the base of the values of amine
numbers of LTP in carbon tetrachloride solution
(axis x) and the values of A* from their IR spectra
(axis y), the most appropriate absorbancies for
guantitative IR analysis were determined. The
equations of the relationships A*/amine numbers
were found for every absorbance and the
coefficients a and b were determined. From the
dispersion of the data the coefficients of correlation
R were calculated. From these results the most
appropriate absorbancies for quantitative IR
analysis of LTP were determined: 3220 cm™ for —
NH- group and internal standard at 2980 cm™
(minimal values of the coefficients: R=0.01and b
=0.75).

The determination of the optimal quantity of
LTP for curing of epoxy resin was made using
several experiments (series 1). The degree of cure
was determined from the ratios of the weights of
the samples cured at 105°C 150 min (w1) and the
weights of the not cured part after extraction with
toluene and acetone (w-).

Table 2. TG data for LTP and DETA

E
Compound KJ /?nCtOI n l100 l150 1200 I250 I300 350 l100 1150 Isoo
LTP 9.51 053 6.44 12,63 1882 319 4356 48.64 52.01 7258 89.97
Table 3. Determination of optimal quantity of LTP for curing epoxy resin DER 331
LTP, % 11.11 13.89 16.67 19.44 22.22 25 27.78 30.55
Degree of cure, % 93.35 95.85 97.71 97.90 99.93 92.00 93.38 92.50
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Table 4. Physico-mechanical characteristics of cured bars and 60 pm thick coatings

Series Degree of cure, Density, Brinell Impact Adhesion, Elasticity,  Pendulum
% g/cm? hardness, resistance, knife test mm hardness
N/mm? mm
Steel Wood PS
1 99.92 1.1481 34.43 230 2 2 2 20 0.88
2 92.92 1.0810 20.78 380 2 1 3 20 0.40
3 95.10 1.2112 29.06 150 2 1 2 20 0.73

It is evident that the influence of the quantity of
LTP is not essential. The optimal quantity of LTP is
22.2% - two times larger than the optimal quantity
of DETA for curing of this epoxy resin. If only
nitrogen containing groups participate in the curing
reaction, the optimal quantity should be about 50%.
Probably other groups from LTP, eventually -OH
participate in the curing reaction as well. It is
known that this group is active at temperatures
above 140°C. Probably the —NH- groups lower both
the temperature and the time of the curing reaction.
The second series was made at 20°C and 24 h
curing with a LTP-DETA ratio from 80:20 g/g to
20:80 g/g to verify this hypothesis and to cure
epoxy resin at room temperature. The obtained
results confirmed that increasing of the quantity of
DETA increases the degree of cure of the samples.
With the optimal quantity of hardener 20% mixture
of LTP: DETA = 50:50 g/g 93% degree of cure
was achieved.

The physico-mechanical characteristics of the
cured bars and coatings obtained with the optimal
quantities of hardeners: 22.22% LTP, heating at
105°C 150 min (series 1); 20% mixture of
LTP:DETA = 50:50 g/g, at 20°C 24 h (series 2) and
11% DETA at 20°C 24 h (series 3) were
determined (Table 4).

It is evident that the characteristics of the cured
bars and coatings obtained with LTP are equal to or
higher than those of samples, obtained with DETA.
It may be, hence, concluded that LTP is a good
hardener of epoxy resin.
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N3CJIIEABAHE HA TEUHUAT KATPAHEH ITPOAYKT OT ITMPOJIN3 HA KA3EUH OT
MIJIAKO HA K 11 HET'OBOTO ITPUJIOKEHUE ITPU BTBBPISABAHE HA EITOKCHUIHA
CMOJIA

B.Ilypescypen?, U. [lapaaxas’, B.P.I'enanues?, n.B.Kones?, U.K.I' naBues?

1H)L:cmumym nO XUMUA U XumMudra mexronoaus, Moneoncka akademus na Haykume, Yaanoamop — 51, Moneonus.
2 Vuusepcumem no xumusna mexnonoaus u memanypaus, 1765 Cogpus, Kn.Oxpudcku Ne 8, Bvreapus

[Moctprmna Ha 7 vomu, 2011 r.; npuera Ha 20 maprt, 2012 r.

(Pesrome)

TedHUAT KaTpaHEeH MPOIYKT, MOJXYYCH IPH MHUPOJIU3 HA Ka3eWH OT MILIKO Ha SK Oerre m3cieqBaH W Oe W3ION3BaH
HpH BTBBPISABAHE Ha EMOKCHAHA cMoja. PH3UKO-XMMHYHUTE U TOIUIMHHE Xapakrepuctukd, U4 u H SIMP crekrpu
0sixa TIOJIy4eHH W CPaBHCHH CBC JAaHHHUTE, MOJYYCHH OT Hal-4ecTO W3IMON3BAaHUAT BTBBPAUTEN IHCTHUICHTPHAMHH.
AOGcopOrunTe Ha TCYHHUST KaTpaHEH MPOAYKT Osixa OIpenesieHH che kommdectBeH MU-anamms. BTepasBanero Ha
eMOKCHHAa cMoJja Oecille TMpaBeHO MpW craiiHa Temmneparypa 3a 24 4. u npu 105°C 3a 150 mMuH. OnTHMamHOTO
KOJINYECTBO HA TCUHHUAT KaTPAaHCH MPOJYKT 33 OCTUraHe Ha MaKCHMaJlHa CTereH Ha oMpexsaHe npu 105°C e 22.22%;
mpu craiiHa Temmeparypa ToBa ¢ 20% cmec cbc auermnentpuamuH 50:50 rp./rp. OT (usHKO-MEeXaHUYHHTE
XapaKTEePUCTUKU HA BTBBPJCHUTE NPBTU U MOKPUTHUS € YCTAHOBEHO, Y€ M3CICABAHUAT MPOIYKT € N0OBP BTBBPAUTEN Ha
€MOKCHTHH CMOJIH.
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Nitrophenols represent one of the most challenging classes of pollutants requiring removal from wastewater streams
due to their non-biodegradability and toxicity. The applicability of Rhizopus oryzae dead biomass as an alternative
“eco-friendly” sorbent for 4-nitrophenol (4-NP) removal from aqueous phase was investigated in this study. The effect
of initial sorbate concentration and adsorbent mass on the Kinetics of adsorption were evaluated. The experimental
kinetic results were analyzed by series of rate/mass transfer equations: pseudo-first, pseudo-second order model,
Bangham’s model, intra-particle diffusion model, and Elovich kinetic equation. Probably, 4-NP sorption on the dead
biomass was mainly limited by chemisorption, but the role of intraparticle diffusion could not be neglected. The highest
extend of 4-NP uptake determined in the recent study was 94 %.

Keywords: Rhizopus oryzae dead fungi, adsorption, 4-nitrophenol, kinetics

group. Their cell walls consist mainly of chitin and
INTRODUCTION chitosan. The mechanism of biosorption is quite
complicated. Both living and dead biomasses
exhibit biosorption capacity; performance of living
biomass in binding metal ions depends not only on
nutrient and environmental status, but also on cell
age. The application of live biomass has some
disadvantages: live cells systems are sensitive to the
toxicity of the pollutants and to the working
conditions (pH, temperature). Dead biomass is
produced by physical (heating, autoclave treatment,
and vacuum drying), chemical (treatment with
acids, alkali and other organic and inorganic
substances) and mechanical (mechanical grinding)
methods [8, 9]. In addition it can be -easily
regenerated and reused. The role of different
functional groups (i.e. amino, carboxyl, hydroxyl,
phosphate) and cell wall components (chitin,
chitosan, glucan, phosphomannan) of Rhizopus
oryzae during rhodamine B adsorption was
examined. Chemical group modification studies
demonstrated that the carboxyl and amino groups
were mainly responsible for the binding of
rhodamine B on Rhizopus oryzae biomass. The
adsorption capacity of the cell wall components
with respect to rhodamine B followed the order:
phosphomannan > chitosan > chitin ~ glucan [10].

Nitrophenols are the organic compounds that
appear very frequently in the wastewater of the
almost  all heavy  chemical industries.
Mononitrophenols can be classified as compounds
exhibiting moderate to high toxicity in the aquatic
compartment [1]. 4-Nitrophenol (4-NP) could enter
the environment during its production and use in
high-temperature  coal conversion, as an
intermediate in the manufacture of parathion,
methyl parathion and N-acetyl-p-amino-phenol. It
is also found in suspended particulate matter in the
atmosphere, originating mostly from secondary
photochemical reactions in the air [2].

Among the processes used for the treatment of
wastewaters rich in phenolic compounds, solid
phase adsorption has been widely applied, and
efficiency of various adsorbents have been reported
in the literature [3, 4]. A number of scientific
investigations proved the high adsorption activity
of various biopolymers (unmodified/modified
chitosan, lignine, etc) towards phenols,
chlorophenols and dyes [5-7].

Rhizopus oryzae are saprophylic micro-
organisms, which belong to the Rhizopus fungi
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The aim of this study was to investigate the
applicability of Rhizopus oryzae as an alternative
“eco-friendly” adsorbent for 4-nitrophenol removal
from aqueous phase and to evaluate the adsorption
mechanism. The applicability of five kinetic/mass
transfer models: pseudo-first order, pseudo-second
order, Elovich kinetic models, Bangham’s equation
and the intraparticle diffusion model, was examined
on the basis of comparative estimation of the
corresponding  rate  parameters,  equilibrium
capacity, and correlation coefficients.

EXPERIMENTAL
Adsorbate

4-Nitrophenol (4-NP) (Merck, 99 %), without
further purification, was used as a sorbate in the
investigations. Its physicochemical characteristics
are presented in Table 1.

Table 1. Physicochemical properties of 4-NP [11]

Molar Density Solubi- Molecu- pKa Effective  Amax,

mass, , lity, lar molecular nm
kg gcm g/100g volume diameter,
kmol H20 nm3 mol? nm

139.11 1.270" 1.7 0191 7.08 0.813 228
“20°C

Adsorbent

Rhizopus oryzae used in the recent study as a
sorbent was supplied by the International
Myecological Institute in Surrey, Great Britain, in
the form of IMI strain 266680. The microorganisms
were isolated from a soil in Sri Lanka. malt extract
was inoculated by a standard sterile method. Three

Table 2. Kinetic and mass transfer models

ceramic granules were added to each of the batch
The spores dried at low temperature were
reactivated and cultivated in malt extract (17 g dm™3
malt extract and 3 g dm= mycological peptone,
dissolved in distilled water at pH 5.4+0.2)
incubated at 32°C for and 3 days in a platform
shaker at 175 rpm. The reactors with malt extract
to limit the microorganisms threadlike growth. The
biomass obtained was precisely washed out
consecutively with maternal lye and distilled water
and then dried in an oven at 50°C. The dried
biomass was ground in a hammer mill and
screened. The fraction wused in the recent
investigations was 0.15 — 0.50 mm.

Kinetic studies

The Kinetic experiments were conducted in a
standardized batch adsorber with a two-bladed
impeller with a Heidolph RZR 2100 motor [12].
The kinetic experiments were carried out at initial
4-NP concentrations ¢, 5, 10, 15, 20 mg dm=,
masses of adsorbent w 1, 2 g, agitation rate n 200
rpm.

SPECORD UV-VIS, Carl Zeiss Jena,
spectrophotometer was used for concentration
determinations at the corresponding wavelength (A
228 nm). The working temperature was 19+2 °C
and pH 6.1+0.2. The pH was measured using a
LHP 403T TACUSSEL pH-meter. Blanks
containing no adsorbate and replicates of each
adsorption point were used for each series of
experiments.

Model

Pseudo-first order kinetic model [13]

Ky

d
% k(0. -q) @ g(g, ~a,)=logq, —-=t-t (2)
Pseudo-second order kinetic model [14 d t 1 1
tal k(0. -9 3 —=——+—t (5
dt g k@ q
. ! Tt @
e — Mt
Elovich kinetic model, 24 — wexp (—w.q) q: =A+B.Int ®)
dt
[15, 16] ©) A= iln((x.w) ©)
qr = iln(a.w) +élm§ @ B = i (10)

Bangham’s equation [17] ; [;, Cs ] _ kg m R (11)
tog |feg (cp _CF:-’mJ log(5555.7) + o lost
Intraparticle diffusion model [18] q, = k-t0'5
t i (12)
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RESULTS AND DISCUSSION
Kinetics modeling

In order to investigate the mechanism of 4-NP
sorption on Rhizopus oryzae, the applicability of
the pseudo-first order, pseudo-second order,
Elovich kinetic models, Bangham’s equation and
the intraparticle diffusion model were examined.
The non-linear and linear forms of the models
applied are resented in Table 2.

Effect of initial sorbate concentration

The experimental kinetic curves presenting the
effect of initial nitrophenol concentration in the
liquid phase (co) on the kinetics of its adsorption on
Rhizopus oryzae are displayed in Fig. 1. Obviously,
the system reached equilibrium approximately 50
min after the beginning of the sorption process. The
highest extend of 4-NP removal attained was 94 %.

According to the experimental data, the
equilibrium adsorption capacity (Qexp) increased
directly proportionally (from 7.99 to 19.72 mg g%)
with the increase of c,. The values of the regression
coefficients Ri%2 u R2?, calculated by the pseudo-first

and pseudo-second order kinetic models (Table 3)
proved better applicability of the second-order
model. The latter conclusion was unambiguously
ascertained as by the nearly analogous modes of the
experimental and model Kinetic curves, juxtaposed
on Figure 1 as qg: vs t, so by the nearly equal values
of the experimental (qexp) and the calculated by the
second-order model (qgz2) equilibrium sorption
capacities (Table 3). The observed direct
relationship between the values of the initial
sorption rate (h) and ¢, values could, probably, be
due to the greater number of organic molecules that
attack the active sites of the sorbent, as well as to
the decreased mass transfer resistance they had to
overcome.

The proven applicability of this model signified
the role of chemisorption as probably one of the
basic rate limiting mechanisms during 4-NP
adsorption on the biomaterial studied.

The kinetic data were also analyzed using the
Elovich equation. The corresponding model
parameters (o, o) determined along with the
correlation coefficients (Re?) were given in Table 3.

Table 3. Values of the kinetic and diffusion parameters characterizing 4-NP sorption on Rhizopus oryzae - effect of

initial sorbate concentration

Pseudo-first order ki, min?t Qet, mg gt Qexp, Mg gt R1?
model

5mg dm3 0.0481 1.98 7.99 0.9320

10 mg dm-3 0.0465 4.33 12.24 0.9314

15 mg dm-3 0.0894 5.28 14.54 0.8790

20 mg dm-3 0.1375 7.26 19.72 0.8865
Pseudo;Ts]Z(ac;r;d order k2, g mgt min-t Qe2, Mg gt Qexp, Mg g~* h, mg g* min? R2?

5mg dm3 0.0817 8.09 7.99 5.3504 0.9994

10 mg dm3 0.0336 12.39 12.24 5.1593 0.9979

15 mg dm3 0.0435 14.88 14.54 9.6432 0.9995

20 mg dm-3 0.0418 19.92 19.72 16.5837 0.9992
Bangham’s equation ko, dmé gt c Rg?

5mg dm3 2.7500 0.2495 0.9725

10 mg dm-3 1.6167 0.1875 0.9653

15 mg dm3 1.2409 0.1760 0.9145

20 mg dm-3 1.4422 0.1423 0.8521
Elovich model A B o, gmg? a, mg gt mint Re?

5mg dm3 5.3838 0.6319 1.5826 3167.8980 0.9544

10 mg dm3 7.2288 1.1364 0.8800 657.8480 0.9678

15 mg dm3 8.7751 1.4885 0.6718 540.8047 0.9162

20 mg dm-3 13.3240 1.6302 0.6134 5778.8980 0.8630

Intraparticle diffusion . .

P model kii,mg g-*min-5 Kiz,mg g-*min-5 Ri1? Ri2?

5mg dm-3 0.4810 0.2055 0.9451 0.9421

10 mg dm3 1.8599 0.8619 0.8835 0.8333

15 mg dm3 1.2593 0.2056 0.9023 0.8103

20 mg dm3 2.8069 0.2647 0.9185 0.7598
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o] 10 20 30 40 50 60 70 20
t. min
Co 5 mg dm-3 4-NP - exp. data
4 Co15 mg dm-3 4-NP -exp. data

® Co10 mgdm-3 4-NP -exp. data
® Co20 mg dm-3 4-NP - exp. data

d order model

Fig. 1. Experimental and pseudo-second order model
kinetic curves for 4-NP adsorption on Rhizopus oryzae -
effect of initial sorbate concentration.

Elovich equation was used successfully to describe
second-order Kinetics assuming that the actual solid
surfaces are energetically heterogeneous [19]. The
analyses of the results outlined an inversely
proportional relationship between ¢, and the values
of the parameter - o, which is related to the extent
of surface coverage and the activation energy for
chemisorption. Consequently, the number of active
sites available for adsorption was reduced due to
the larger number of sorbate molecules at higher
initial concentrations. Fig. 2 presented graphically
the intraparticle diffusion model applied to the
investigated system.

B
|

8
3
4
2
0

a 1 2 3 ] 5 6 7 8 ] 10
105, min®s

# Co5mgdm-3- exp. data
A Co20mgdm-3 - exp. data

® Co10 mgdm-3 - exp. data M Co15mgdm-3-exp. data

——intraparticle diffusion model

Fig. 2. Intraparticle diffusion model applied for the
system 4-NP - Rhizopus oryzae - effect of initial sorbate
concentration.

The plots consisted of only two linear sections,
presuming the presence of macro- and transitional
pores in the sorbent structure. The diffusion in them
characterized with specific rate parameters, ki; and
kio, respectively (Table 3). The calculated values of
kiz were higher than that of ki.. The reason could be
as circumscription of the available vacant space for
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diffusion in them, so of pore blockage. The values
of the correlation regression coefficients
characterizing the applicability of the intraparticle
diffusion model (Rir?, Riz%) were lower than that of
R.2, but commensurable with R:2. Actually, the
three models stated above could describe the
proposed sorption process to a definite extend, but
they could not predict the high rate of adsorption
during the first minutes of the process. Probably,
the initial stages were controlled by external mass
transfer or surface diffusion, followed by chemical
reaction or a constant-rate stage, and diffusion
causing gradual decrease of the process rate. The
initial steep section of the plots associated with a
sharp increase of the nitrophenol concentration was
indicative of a rapid initial external mass transfer or
chemical interactions between functional groups of
the organic molecules with those of the biomaterial.
After saturating the external solid particles surface,
the molecules began to enter them in order to find
new vacant active sites. The sorption of 4-NP
molecules inside the pores of Rhizopus oryzae,
however, increased the diffusion resistance and led
to a decrease in the process rate.

The effect of initial sorbate concentration on the
values of the second-order model parameters gz, k»
and h was examined by plotting the linear
relationships between them and c,:

C

q; = °
ch0 + Bq (13)

C
=92 14
> = Ac +B, (14)

(o
=—9° 15
Ahco + Bh ( )

The values of the coefficients Aq, Bg, Re? Ax,
Bk, Re?, An, Bn and Ry? were calculated by linear
regression analyses and presented in Table 4.

The substitution of g and h values in egn. (13)
and (15) and then in eqgn. (5), allowed working out
the pseudo-second rate law rendering an account of
the effect of initial nitrophenol concentration:

ct
" 0.0086c, +1.3006 + (0,0272c, +0.5196)t (16)

G

Eqgn. (16) is a generalized model for prediction
of the adsorption capacity during 4-NP sorption on
Rhizopus oryzae at various initial concentrations
with time. The kinetic data for 4-NP adsorption on
Rhizopus oryzae were analyzed by using the
Bangham’s equation to examine if pore diffusion
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Table 4. Values of the empirical parameters for g2, k2 and h regarding ¢,

Aq Bq, R¢? Ax, mg B, Ri2 An, Bh, Rn?
gmg? gdm3 g min-t mg? g dm? min-! g mg min-t g dm?3 min-t
0.0272 05196  0.8877  25.98 —29.225 0.9291 0.0086 1.3006 0.0164
Table 5. Values of the kinetic and diffusion parameters characterizing 4-NP sorption on Rh. oryzae - effect of adsorbent
mass.
Pseudo-first order ki, mint Oet, Mg g* Qexp, Mg g1 R1?
model
19 0.0465 4.33 12.24 0.9314
29 0.0573 0.94 7.23 0.8650
PSGUdO;;z%%Td order kz, g mgt mint Oe2, Mg g* Cexp, Mg g1 h, mg gt min? R2?
19 0.0336 12.39 12.24 5.1593 0.9979
29 0.8715 7.26 7.23 12.6743 0.9999
Bangham’s equation ko, dm3 g? c Rg?
19 1.6167 0.1875 0.9653
29 1.7456 0.1139 0.9526
Elovich model A B o, gmg?! a, mg g min*! Re?
1lg 7.2288 1.1364 0.8800 657.8480 0.9678
29 5.9809 0.3177 3.1476 4.7630.107 0.9375
Intraparticle diffusion ki1, kiz, Ri2 Ri2
model mg g 'min %5 mg g-'min05 " 2
19 1.8599 0.8619 0.8835 0.8333
29 0.6883 0.1521 0.9999 0.9457

was the only controlling step in the adsorption
process or not. The experimental data modeled by
eqgn. (8) did not yield a desired linear fit in the
double logarithmic plot. This indicated that the
adsorption kinetics was not limited only by pore-
diffusion. The values of the Bangham’s equation
parameters ko, and o along with the correlation
coefficients (Rg) were presented in Table 3. The
highest values of the three parameters estimated at
Co 5 mg dm?3, seemed logical as the number of
organic molecules competing for vacant active sites
inside the sorbent pores was the lowest,
consequently the obstacles, due to pore blockage,
they had to overcome were reduced. According to
the results, it could be concluded that both film and
pore-diffusion played a significant role to different
extend during the different stages of the sorption
process.

Effect of adsorbent mass

The effect of adsorbent mass on the kinetics of
4-NP adsorption on Rhizopus oryzae was tested in
the present investigations. The experimental kinetic
curves (Fig. 3) displayed an outlined direct
relationship between adsorbent quality and the
extent of nitrophenol uptake from its model
solutions. The latter statement was logical as the
greater amount of adsorbent is related to larger
number of vacant active sites for the organic
molecules sorption. The sorption rate in the initial
stages of the process was the highest. The system

reached equilibrium, indicated by the horizontal
section of the kinetic curves, approximately 40-50
min after the beginning of the process. The highest
adsorption capacity attained was ge 12.24 mg g*.

The experimental data were modeled by the
pseudo-first order, pseudo-second order, Elovich
kinetic models, Bangham’s equation and the
intraparticle diffusion model, to determine the
prevailing mechanism/s during 4-NP sorption on
the biomaterial and to examine the effect of
adsorbent mass on the models kinetic and diffusion
parameters (Table 5). The high values of the
correlation coefficients (R;2 > 0.9979) and the
approximately equal values of the calculated and
experimentally obtained equilibrium adsorption
capacities (g2, ¢e) (Table 5), calculated by the
pseudo-second order model compared to the values
of the parameters obtained by applying the first
order equation (Table 5), proved the better
applicability of the second order model. Thus,
chemisorption could be accepted as one of the basic
rate limiting mechanisms during 4-NP sorption on
Rhizopus oryzae.

The above stated conclusion regarding the
mechanism of the proposed sorption process was
confirmed by the analyses of the applicability of
Bangham’s model, assuming pore diffusion as the
major rate limiting mechanism, and Elovich kinetic
equation based on the hypothesis of chemisorption.
The values of Bangham’s and Elovich equation
parameters: ko, o, A, B, ® and o, along with the
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regression coefficients (Rs? and Re?) were presented
in Table 5. The values of Rg? and Rg® were
commensurable but lower than R.? Consequently,
probably 4-NP sorption on the dead biomass was
mainly limited by chemical interactions between
the organic molecules and some functional groups
of Rhizopus oryzae, but the role of intraparticle
diffusion could not be neglected.

1 4
09
0.8
07
08
2 \d
5
0.5
*e 0
04 * s
= L 4 L 4 * 4
0.3 P *
I,
02 . 1
u L n [ n .
0.1
0 t t + 1
0 10 20 30 40 50 60 70 80
t. min
¢w 1 g Rh. oryzae ®w 2 g Rh. oryzae

Fig. 3. Experimental kinetic curves of 4-NP adsorption
on Rhizopus oryzae - effect of adsorbent mass.

The analyses of the results outlined a direct
relationship between w and the values of the
parameter ®, related to the extent of surface
coverage and the activation energy for
chemisorptions, as the larger adsorbent amount
defined greater active sites available for adsorption.

As the values of Ri; are higher than those of Ry
and lower than R, (Table 5), an explicit conclusion
whether chemisorption or intraparticle diffusion
was the general rate controlling mechanism during
4-NP sorption on Rhizopus oryzae could not be
withdrawn, i.e. either of the proposed processes
could dominate during the different sorption stages.

The adsorbent loading increased when its mass
was decreased, as unit sorbent mass got into contact
with larger number of organic molecules.
Moreover, the rate of intraparticle diffusion
decreased at higher sorbent mass as indicated by
the lower values of the rate coefficients (kiy, ki),
characterizing the experimental series with w 2 g
Rhizopus oryzae, when compared to that withw 1 g
sorbent (Table 5). Probably, the latter was due to
the larger external surface area available for
adsorption, followed by a sharp drop of 4-NP
concentration in the liquid phase and respectively,
reduction of the process driving force.

The conclusions of our scientific team, regarding
the mechanism of the sorption process investigated
were sustained by analyses of the adsorbate and
adsorbent nature. As mentioned above, chitin and
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chitosan are the basic components of Rhizopus
oryzae cell walls. Chitosan characterized with well
distinguished hydrophilic properties due to the
presence of a polar amino group in its structure. As
a result it expands in aqueous media and its active
sites responsible for the formation of H-bonds
become more easily accessible. According to Uzun
and Guzel, 4-NP adsorption on chitosan was
controlled by both physical and chemical
adsorption [5, 6]. The pKa value for the 4-NP is
7.15, i.e. its aqueous solution characterized with
low pH. The O-H bond could be easily destroyed,
while the NOy-group supports the resonance
stability of the molecular structure through
delocalization of the negative charge. The amino
group of the chitosan is positively charged in the
acidic 4-NP solution. Consequently, a chemical
interaction between the negatively charged
molecule and the positive charge of the biopolymer
could take place.

The present investigations proved the high
efficiency (94 %) of Rhizopus oryzae as an
alternative adsorbent for 4-NP removal from
aqueous phase and revealed the mechanism of the
separation process at laboratory scale. Due to the
harmful effects of these organic compounds and the
urge for sustainable development for the natural
water resources at global scale, however, the
wastewaters containing them must be treated before
being discharged to receiving natural water bodies.
Consequently, the future perspectives of the
applicability of the proposed “eco-friendly”
adsorbent for industrial purposes include large-
scale investigations of our scientific team with real
wastewaters containing mononitrophenols and/or
contaminated natural waters.

CONCLUSIONS

The mechanism of 4-NP adsorption on Rhizopus
oryzae from aqueous medium on the basis of
kinetic studies was investigated. As the theoretical
kinetic curves predicted by the pseudo-second order
model displayed an extremely high degree of
correlation with the experimental data, the rate-
limiting step might be chemical adsorption or
chemisorption involving valency forces through
exchange of electrons between the sorbate and the
sorbent. The laboratory studies proved the high
efficiency (94 % uptake extend) of Rhizopus oryzae
dead biomass as an alternative adsorbent for
removal of the toxic and recalcitrant organic
contaminant 4-NP from aqueous phase, and
outlined its future applicability in large-scale
wastewater treatment technologies.



Z. Yanevaet al.: Applicability comparison of different kinetic/diffusion models for 4-nitrophenol

NOMENCLATURE
Ce equilibrium adsorbate concentration in the
liquid phase, mg dm=
Co initial adsorbate concentration in the liquid
phase, mg dm=
dp particle diameter, mm
h initial adsorption rate, mg g~ mint

Ki Bangham’s model equilibrium constant for
the first layer adsorption

K2 Bangham’s equilibrium  constant  for
multilayer adsorption

ki intraparticle diffusion rate constant, mg g
lmin—O.S

Ko Bangham’s equation parameters, dm g

<] rate constant of pseudo-first order sorption,
min?t

Ko rate constant of pseudo-second order
sorption, g mg* min™?

m adsorbent concentration, g dm2

n agitation rate, rpm

e the equilibrium sorbate concentration in the
solid phase, mg g

ol the sorption capacity at equilibrium and at
timet, mg g’

R the universal gas constant (8.314x107° kJ
mol™' K™)

R? correlation coefficient

T temperature, K

t time, min

\% solution volume, dm?

w adsorbent mass, g

a the initial adsorption rate in Elovich
equation, mg g* min!

A maximum absorbance wavelength, nm

o Bangham’s equation parameter, (¢ < 1)

® parameter in Elovich model related to the

extent of surface coverage and the activation energy
for chemisorption, g mg
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CPABHSBAHE HA ITPMJIOKMMOCTTA HA PA3JIMYHU KNHETUYHW/AN®Y3NOHHU
MOJEJIN 3A COPBLINA HA 4-HUTPO®EHOJI BbPXY MBPTBA BUOMACA RHIZOPUS
ORYZAE

3.JI. Suesal? *, B.K. Kymanosa®, C.JI. Anpn®

Xumuxomexnonozuuen u memanypauden ynusepcumem, oya. K. Oxpuocku 8, 1756 Cogpus
2Daxynmem no eemepunapna meouyuna, Tpaxuiicku ynusepcumem, Cmyoenmcku 2pad, 6000 Cmapa 3azopa
3Kameopa no xumus u xumuuno unsicenepcmeo, Kpancku ynusepcumem, beagpacm, Cesepna HUprandus

[Nocrpnuna Ha 21 mapt, 2012 r.; kopurupana Ha 21 centemspu, 2012 .

(Pesrome)

Hutpodenonure mnpencTaBiasBaT €AWH OT HaW-NPEJN3BUKATEIHUTE KJIACOBE 3aMBbPCHUTENM, HM3HCKBAIIU
OTCTpaHsIBaHE OT BOJHU IOTOLM, MOPaAM TAXHATa TPyJHA OMOPa3rpaJuMOCT M TOKCHYHOCT. B Ta3zu myOuukauums e
M3CNIeIBaHa MPHWIOKMMOCTTAa Ha MbpTBaTta Ouomaca Rhizopus oryzae kato anTepHaTHBEH ,,eKO-copOeHT” 3a
otctpansaBaHe Ha 4-uutpodeHon (4-NP) ot Boana cpena. OrieHeH ¢ eheKThT Ha HaYalHATa KOHIICHTpAIlHs Ha copbara u
Macata Ha ajicopOeHTa BbpXy KMHETHKaTa Ha ancopOrms. Pesynrarure oT u3cieqBaHe Ha KUHETHKATa Ca aHAIM3UPaHH
4ype3 cepusi OT CKOPOCTHU/MACOTIPEHOCHH YPaBHEHHMS: MOJIENHU OT IICEBIO-IIBPBH U IICEBJIO-BTOPU MOPSABK, MOJET Ha
Banram, Mozen 3a BpTpermHa Audy3us U KWHETUIHOTO ypaBHeHHe Ha EnoBuu. BeposTHo, copbrmsta Ha 4-NP BBpxy
MBpTBaTa OMOMaca ce JIUMHUTHpA TIIaBHO OT XEMHCOpPOIHs, HO He TPsAOBa Ja ce mpeHeOpersa poisita Ha BBTpPEIIHATA
mudysus. Haii-Bucokata crener Ha orctpansBane Ha 4-NP, mocturnara B ToBa n3ciensane, € 94 %.

168



Bulgarian Chemical Communications, Volume 45, Number 2 (169 — 177) 2013

On the contact angle of electrospun polyacrylonitrile nanofiber mat
B. Hadavi Moghadam !, M. Hasanzadeh !, A. K. Haghi 2*

! Department of Textile Engineering, Amirkabir University of Technology, Tehran, Iran
2 Department of Textile Engineering, University of Guilan, Rasht, Iran

Received July 11, 2012; accepted October 18, 2012

In this work, effects of four electrospinning parameters, including solution concentration (wt.%), applied voltage
(kV), tip to collector distance (cm), and volume flow rate (ml/h), on contact angle (CA) of nanofiber mat are studied. To
optimize and predict the CA of electrospun fiber mat, response surface methodology (RSM) and artificial neural
network (ANN) are employed and a quantitative relationship between processing variables and CA of electrospun fibers
is established. It is found that the solution concentration is the most important factor impacting the CA of electrospun
fiber mat. The obtained results demonstrated that both the proposed models are highly effective in estimating CA of
electrospun fiber mat. However, more accurate results are obtained by ANN model as compared to the RSM model. In
ANN model the determination coefficient (R?) and absolute percentage error between actual and predicted response are

obtained as 0.965 and 1.97, respectively.

Keywords: Electrospinning, Contact angle, Response surface methodology, Artificial neural network

1. INTRODUCTION

The wettability of solid surfaces is a very
important property of surface chemistry, which is
controlled by both the chemical composition and
the geometrical microstructure of a rough surface
[1-3]. When a liquid droplet contacts a rough
surface, it will spread or remain as droplet with the
formation of angle between the liquid and solid
phases. Contact angle (CA) measurements are
widely used to characterize the wettability of rough
surface [3-5]. There are various methods to make a
rough  surface, such as electrospinning,
electrochemical deposition, evaporation, chemical
vapor deposition (CVD), plasma, and so on.

Electrospinning as a simple and effective
method for preparation of nanofibrous materials
have attracted increasing attention during the last
two decade [6]. Electrospinning process, unlike the
conventional fiber spinning systems (melt spinning,
wet spinning, etc.), uses electric field force instead
of mechanical force to draw and stretch a polymer
jet [7]. This process involves three main
components including syringe filled with a polymer
solution, a high voltage supplier to provide the
required electric force for stretching the liquid jet,
and a grounded collection plate to hold the
nanofiber mat. The charged polymer solution forms
a liquid jet that is drawn towards a grounded

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

collection plate. During the jet movement to the
collector, the solvent evaporates and dry fibers
deposited as randomly oriented structure on the
surface of a collector [8-13]. The electrospun
nanofiber mat possesses high specific surface area,
high porosity, and small pore size. Therefore, they
have been suggested as excellent candidate for
many applications including filtration [14],
multifunctional membranes [15], biomedical agents
[16], tissue engineering scaffolds [17-18], wound
dressings [19], full cell [20] and protective clothing
[21].

The morphology and the CA of the electrospun
nanofibers can be affected by many electrospinning
parameters including solution properties (the
concentration, liquid viscosity, surface tension, and
dielectric properties of the polymer solution),
processing conditions (applied voltage, volume
flow rate, tip to collector distance, and the strength
of the applied electric field), and ambient
conditions (temperature, atmospheric pressure and
humidity) [9-12].

In this work, the influence of four
electrospinning parameters, comprising solution
concentration, applied voltage, tip to collector
distance, and volume flow rate, on the CA of the
electrospun PAN nanofiber mat was carried out
using response surface methodology (RSM) and
artificial neural network (ANN). First, a central
composite design (CCD) was used to evaluate main
and combined effects of above parameters. Then,
these independent parameters were fed as inputs to
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an ANN while the output of the network was the
CA of electrospun fiber mat. Finally, the
importance of each electrospinning parameters on
the variation of CA of electrospun fiber mat was
determined and comparison of predicted CA value
using RSM and ANN are discussed.

2. EXPERIMENTAL

2.1. Materials

PAN powder was purchased from Polyacryle
Co. (Iran). The weight average molecular weight
(My) of PAN was approximately 100,000 g/mol. N-
N, dimethylformamide (DMF) was obtained from
Merck Co. (Germany) and was used as a solvent.
These chemicals were used as received.

2.2. Electrospinning

The PAN powder was dissolved in DMF and
gently stirred for 24 h at 50°C. Therefore,
homogenous PAN/DMF solution was prepared in
different concentration ranged from 10 wt.% to 14
wt.%. Electrospinning was set up in a horizontal
configuration as shown in Figure 1. The
electrospinning apparatus consisted of 5 ml plastic
syringe connected to a syringe pump and a
rectangular grounded collector (aluminum sheet). A
high voltage power supply (capable to produce 0-
40 kV) was used to apply a proper potential to the

metal needle. It should be noted that all
electrospinnings were carried out at room
temperature.
w Collector plate
Polymer jet
Needle
Syringe

!

Ground

High voltage power supply

Fig. 1. Schematic of electrospinning set up.
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2.3. Measurement and characterization

The morphology of the gold-sputtered
electrospun fibers were observed by scanning
electron microscope (SEM, Philips XL-30). The
average fiber diameter and distribution was
determined from selected SEM image by measuring
at least 50 random fibers. The wettability of
electrospun fiber mat was determined by CA
measurement. The CA measurements were carried
out using specially arranged microscope equipped
with camera and PCTV vision software as shown in
Figure 2. The droplet used was distilled water and
was 1 pl in volume. The CA experiments were
carried out at room temperature and were repeated
five times. All contact angles measured within 20 s
of placement of the water droplet on the
electrospun fiber mat. A typical SEM image of
electrospun fiber mat, its corresponding diameter
distribution and CA image are shown in Figure 3.

1. PC computer,

6
)
2 ) 7
L~ 2,00 i
= [I:I ..(‘(Dcmncm\nlh lenses,
oo — 3. Sample stage,

4. Solid specimen,

3. Liquid droplet,

6. Manual syringe,

7. Light source,

8. Contact angle measurement table.

Fig. 2. Schematic of CA measurement set up.

2.4. Experimental design
2.4.1. Response surface methodology

Response surface methodology (RSM) is a
combination of mathematical and statistical
techniques used to evaluate the relationship
between a set of controllable experimental factors
and observed results. This optimization process is
used in situations where several input variables
influence some output variables (responses) of the
system [22-23].

In the present study, central composite design
(CCD) was employed to establish relationships
between four electrospinning parameters and the
CA of electrospun fiber mat. The experiment was
performed for at least three levels of each factor to
fit a quadratic model. Based on preliminary
experiments, polymer solution concentration
(wt.%), applied voltage (kV), tip to collector
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Frequency

100.00 150.00

distance (cm), and volume flow rate (ml/h) were
determined as critical factors with significance
effect on CA of electrospun fiber mat. These factors
were four independent variables and chosen equally
spaced, while the CA of electrospun fiber mat was
dependent variable. The values of -1, 0, and 1 are
coded variables corresponding to low, intermediate
and high levels of each factor respectively. The
experimental parameters and their levels for four
independent variables are shown in Table 1. The
regression analysis of the experimental data was
carried out to obtain an empirical model between
processing variables. The contour surface plots
were obtained using Design-Expert® software.

Table 1. Design of experiment (factors and levels)

=actor Variable Unit _ll:amu(;—rlevlel
X1 Solution concentration (wt.%) 10 12 14
X2  Applied voltage (kv) 14 18 22
X3 Tip to collector distance (cm) 10 15 20
X4 Volume flow rate (m/h) 2 25 3

The quadratic model, Equation (1) including the
linear terms, was fitted to the data.

4 4 3 4

Y =B Y BX Y BxIH Y Y B (1)

i=1 i=1 i=1 j=2

where, Y is the predicted response, xi and X; are
the independent variables, B, is a constant, Biis the
linear coefficient, Bi is the squared coefficient, and
Bij is the second-order interaction coefficients [22,
23].

The quality of the fitted polynomial model was
expressed by the determination coefficient (R?) and
its statistical significance was performed with the

Fisher’s statistical test for analysis of variance
(ANOVA).

2.4.2. Artificial neural network

Artificial neural network (ANN) is an
information processing technique, which is inspired
by biological nervous system, composed of simple

d=188 nm
SD=49 nm
CA=60degree

250.00 300.00 350.00

Diameter (nm)

(©
Fig. 3. A typical (a) SEM image, (b) fiber diameter distribution, and (c) CA of electrospun fiber mat.

unit (neurons) operating in parallel. A typical ANN
consists of three or more layers, comprising an
input layer, one or more hidden layers and an
output layer. Every neuron has connections with
every neuron in both the previous and the following
layer. The connections between neurons consist of
weights and biases. The weights between the
neurons play an important role during the training
process. Each neuron in hidden layer and output
layer has a transfer function to produce an estimate
as target. The interconnection weights are adjusted,
based on a comparison of the network output
(predicted data) and the actual output (target), to
minimize the error between the network output and
the target [6,24-25].

Input Hidden Output
layer layer layer

/_3—0 Output

Fig. 4. The topology of artificial neural network used in
this study.

In this study, feed forward ANN with one
hidden layer composed of four neurons was
selected. The ANN was trained using back-
propagation algorithm. The same experimental data
used for each RSM designs were also used as the
input variables of the ANN. There are four neurons
in the input layer corresponding to four
electrospinning parameters and one neuron in the
output layer corresponding to CA of electrospun
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fiber mat. Figure 4 illustrates the topology of ANN
used in this investigation.

3. RESULTS AND DISCUSSION

This section discusses in details the wettability
behavior of electrospun fiber mat concluded from
CA measurements. The results of the proposed
RSM and ANN models are also presented followed
by a comparison between those models.

3.1. The analysis of variance (ANOVA)

All 30 experimental runs of CCD were
performed according to Table 2. A significance
level of 5% was selected; that is, statistical
conclusions may be assessed with 95% confidence.
In this significance level, the factor has significant

effect on CA if the p-value is less than 0.05. On the
other hand, when p-value is greater than 0.05, it is
concluded the factor has no significant effect on
CA.

The results of analysis of variance (ANOVA)
for the CA of electrospun fibers are shown in Table
3. Equation (2) is the calculated regression
equation.

CA=25.80-9.89X, +2.17X, +4.33X, - 2.33X,

~1.63X,X, —1.63X,X, +1.63X,X, —0.88X,X, — 0.63X,X, +0.37X,X,
+7.90X? +6.40X2 —0.096X,” +2.90X,’ (2)

From the p-values presented in Table 3, it can be
concluded that the p-values of terms X5, X3,
X, X5, X, X, and XX, is greater than the

Table 2. The actual design of experiments and response

Electrospinning parameters Response
No. X, _ X, _X3 X, CA ()
Concentration Voltage Distance Flow rate
1 10 14 10 2 4446
2 10 22 10 2 54+7
3 10 14 20 2 6146
4 10 22 20 2 65+4
5 10 14 10 3 3845
6 10 22 10 3 49+4
7 10 14 20 3 5145
8 10 22 20 3 5645
9 10 18 15 2.5 48+3
10 12 14 15 2.5 3043
11 12 22 15 2.5 3545
12 12 18 10 2.5 2243
13 12 18 20 2.5 3044
14 12 18 15 2 3344
15 12 18 15 3 25+3
16 12 18 15 2.5 2614
17 12 18 15 2.5 29+3
18 12 18 15 2.5 2845
19 12 18 15 2.5 25+4
20 12 18 15 25 2443
21 12 18 15 25 21+3
22 14 14 10 2 3144
23 14 22 10 2 3545
24 14 14 20 2 3346
25 14 22 20 2 374
26 14 14 10 3 1943
27 14 22 10 3 2843
28 14 14 20 3 3945
29 14 22 20 3 36+4
30 14 18 15 2.5 2043
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Table 3. Analysis of variance for the CA of electrospun fiber mat

Source SS DF MS F-value Probe > F Remarks
Model 4175.07 14 298.22 32.70 <0.0001 Significant
Xi-Concentration 1760.22 1 1760.22 193.01 <0.0001 Significant
X2-Voltage 84.50 1 84.50 9.27 0.0082 Significant
Xs-Distance 338.00 1 338.00 37.06 <0.0001 Significant
Xa-Flow rate 98.00 1 98.00 10.75 0.0051 Significant
XXz 42.25 1 42.25 4.63 0.0481 Significant
X1 X3 42.25 1 42.25 4.63 0.0481 Significant
XXy 42.25 1 42.25 4.63 0.0481 Significant
XoX3 12.25 1 12.25 1.34 0.2646
XoX4 6.25 1 6.25 0.69 0.4207 Significant
XaXy 2.25 1 2.25 0.25 0.6266
X? 161.84 1 161.84 17.75 0.0008 Significant
X2 106.24 1 106.24 11.65 0.0039 Significant
x; 0.024 1 0.024 0.0026 0.9597
Xi 21.84 1 21.84 2.40 0.1426
Residual 136.80 15 9.12
Lack of Fit 95.30 10 9.53 1.15 0.4668
Table 4. Weights and bias obtained in training ANN
Wy Wy, IWi3 IW14
1.0610 1.1064 21.4500 3.0700
W21 W2, W3 IW24
_ Weights -0.3346 2.0508 0.2210 -0.2224
Hidden IW31 IW3, 1W33 W34
layer -0.6369 -1.1086 -41.5559 0.0030
W4y IWg, IWa3 W4
-0.5038 -0.0354 0.0521 0.9560
BiaS bll b21 b31 b41
-2.5521 -2.0885 -0.0949 1.5478
LWu
0.5658
LW2,
Output . 0.2580
layer Weights LWay
-0.2759
LWa1
-0.6657
. b
Blas 47104
significance level of 0.05, therefore they have no good agreement with experimental data. The

significant effect on the CA of electrospun fiber
mat. Since the above terms had no significant effect
on CA of electrospun fiber mat, these terms were
removed. The fitted equations in coded unit are
given in Equation (3).
CA =26.07 - 9.89X, +2.17X, + 4.33X, — 2.33X,
—1.63X,X, —1.63X,X, +1.63X X,
+9.08X? +7.58X2

3)

Now, all the p-values are less than the
significance level of 0.05. Analysis of variance
showed that the RSM model was significant
(p<0.0001), which indicated that the model has a

determination coefficient (R?) obtained from
regression equation was 0.958.

3.2. Artificial neural network

In this study, the best prediction, based on
minimum error, was obtained by ANN with
one hidden layer. The suitable number of
neurons in the hidden layer was determined by
changing the number of neurons. The good
prediction and minimum error value were
obtained with four neurons in the hidden layer.
The weights and bias of ANN for CA of
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Fig. 5. Contour plots for contact angle of electrospun
fiber mat showing the effect of: (a) solution
concentration and applied voltage, (b) solution
concentration and spinning distance, (c) solution
concentration and volume flow rate.

electrospun fiber mat are given in Table 4. The R?
and mean absolute percentage error were 0.965 and
5.94% respectively, which indicates that the model
was shows good fitting with experimental data.

3.3. Effects of significant parameters on response

The morphology and structure of electrospun
fiber mat, such as the nanoscale fibers and

interfibrillar ~ distance, increases the surface
roughness as well as the fraction of contact area of
droplet with the air trapped between fibers. It is
proved that the CA decrease with increasing the
fiber diameter [26], therefore the thinner fibers, due
to their high surface roughness, have higher CA
than the thicker fibers. Hence, we used this fact for
comparing CA of electrospun fiber mat. The
interaction contour plot for CA of electrospun PAN
fiber mat are shown in Figure 5.

As mentioned in the literature, a minimum
solution concentration is required to obtain uniform
fibers  from electrospinning.  Below  this
concentration, polymer chain entanglements are
insufficient and a mixture of beads and fibers is
obtained. On the other hand, the higher solution
concentration would have more polymer chain
entanglements and less chain mobility. This causes
the hard jet extension and disruption during
electrospinning process and producing thicker
fibers [27]. Figure 5 (a) show the effect of solution
concentration and applied voltage at middle level of
distance (15 cm) and flow rate (2.5 ml/h) on CA of
electrospun fiber mat. It is obvious that at any given
voltage, the CA of electrospun fiber mat decrease
with increasing the solution concentration.

Figure 5 (b) shows the response contour plot of
interaction between solution concentration and
spinning distance at fixed voltage (18 kV) and flow
rate (2.5 ml/h). Increasing the spinning distance
causes the CA of electrospun fiber mat to increase.
Because of the longer spinning distance could give
more time for the solvent to evaporate, increasing
the spinning distance will decrease the nanofiber
diameter and increase the CA of electrospun fiber
mat [28,29]. As demonstrated in Figure 5 (b), low
solution concentration cause the increase in CA of
electrospun fiber mat at large spinning distance.

The response contour plot in Figure 5 (c)
represented the CA of electrospun fiber mat at
different solution concentration and volume flow
rate. ldeally, the volume flow rate must be
compatible with the amount of solution removed
from the tip of the needle. At low volume flow
rates, solvent would have sufficient time to
evaporate and thinner fibers were produced, but at
high volume flow rate, excess amount of solution
fed to the tip of needle and thicker fibers were
resulted [28-30]. Therefore the CA of electrospun
fiber mat will be decreased.

As shown by Equation (4), the relative
importance (RI) of the various input variables on
the output variable can be determined using ANN
weight matrix [31].

174



B Moghadam et al.: On the contact angle of electrospun polyacrylonitrile nanofiber mat

L (WS W x| LW, ) (4)

D (W | 30 W ¥ LW o}

where RI; is the relative importance of the jth input
variable on the output variable, N; and Ny are the
number of input variables and neurons in hidden
layer, respectively (Ni =4, Nn =4 in this study), IW
and LW are the connection weights, and subscript
“n” refer to output response (n=1) [31]. The relative
importance of electrospinning parameters on the
value of CA calculated by Equation (4) and is
shown in Figure 6. It can be seen seen that, all of

x10

49.69
50.00-]

30.00-

22.10

Distance

Relative importance (%)

14.98

13.23

Concentration Voltage Flow rate

Fig. 6. Relative importance of electrospinning
parameters on the CA of electrospun fiber mat.

10.00~

the input variables have considerable effects on the
CA of electrospun fiber mat. Nevertheless, the
solution concentration with relative importance of
49.69% is found to be most important factor
affecting the CA of electrospun nanofibers. These
results are in close agreement with those obtained
with RSM.

3.4. Optimizing the CA of electrospun fiber mat

The optimal values of the electrospinning
parameters were established from the quadratic
form of the RSM. Independent variables (solution

concentration, applied voltage, spinning distance,
and volume flow rate) were set in range and
dependent variable (CA) was fixed at minimum.
The optimal conditions in the tested range for
minimum CA of electrospun fiber mat are shown in
Table 5. This optimum condition was a predicted
value, thus to confirm the predictive ability of the
RSM model for response, a further electrospinning
and CA measurement was carried out according to
the optimized conditions and the agreement
between predicted and measured responses was
verified. Figure 7 shows the SEM, average fiber
diameter distribution and corresponding CA image
of electrospun fiber mat prepared at optimized
conditions.

3.5. Comparison between RSM and ANN model

Table 6 gives the experimental and predicted
values for the CA of electrospun fiber mat obtained
from RSM as well as ANN model. It is
demonstrated that both models performed well and
a good determination coefficient was obtained for
both RSM and ANN. However, the ANN model
shows higher determination coefficient (R?=0.965)
than the RSM model (R?=0.958). Moreover, the
absolute percentage error in the ANN prediction of
CA was found to be around 5.94%, while for the
RSM model, it was around 7.83%. Therefore, it can
be suggested that the ANN model shows more
accurately result than the RSM model. The plot of
actual and predicted CA of electrospun fiber mat
for RSM and ANN is shown in Figure 8.

4. CONCLUSIONS

The morphology and properties of electrospun
nanofibers  depends on many  processing
parameters. In this work, the effects of four
electrospinning parameters namely; solution

Table 5. Optimum values of the process parameters for minimum CA of electrospun fiber mat

Solution concentration Applied Spinning Volume flow Predicted CA Observed CA
(wt.%) voltage (kV)  distance (cm)  rate (ml/h) © ©
13.2 16.5 10.6 2.5 20 21

Frequency

Diameter

(b)

d=302 nm
SD=35 nm
CA=21 degree|

(nm)

(©)

Fig. 7. (a) SEM image, (b) fiber diameter distribution, and (c) CA of electrospun fiber mat prepared at optimized
conditions.
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Table 6. Experimental and predicted values by RSM and ANN models

No Experimental Predicted Absolute error (%)
' RSM ANN RSM ANN
1 44 47 48 6.41 9.97
2 54 54 54 0.78 0.46
3 61 59 61 3.70 0.42
4 65 66 61 2.06 6.06
5 38 39 38 2.37 0.54
6 49 47 49 5.10 0.68
7 51 51 51 0.35 0.45
8 56 58 56 4.32 0.17
9 48 45 60 6.17 24.37
10 30 31 27 4.93 9.35
11 35 36 31 2.34 11.15
12 22 22 21 1.18 4.15
13 30 30 32 1.33 6.04
14 33 28 33 13.94 0.60
15 25 24 25 5.04 0.87
16 26 26 26 0.27 1.33
17 29 26 26 10.10 9.16
18 28 26 26 6.89 5.91
19 25 26 26 4.28 5.38
20 24 26 26 8.63 9.77
21 21 26 26 24.14 25.45
22 31 30 31 2.26 0.57
23 35 31 35 10.34 0.66
24 33 36 32 8.18 2.18
25 37 37 37 0.59 0.34
26 19 29 21 52.11 10.23
27 28 30 30 7.07 8.20
28 39 34 31 12.05 21.30
29 36 35 36 1.72 0.04
30 20 25 20 26.30 2.27
R? 0.958 0.965
Mean absolute error (%) 7.83 5.94

® Predicted - RSM
70.00 4 Predicted - ANN

e Target

60.00 L]

50.00

Predicted value

-
o
=]
S

1
>

30.00 .

20.00

T T T T T T
20.00 30.00 40.00 50.00 60.00 70.00
Actual value

Fig. 8. Comparison between the actual and predicted
contact angle of electrospun nanofiber for RSM and
ANN model

concentration (wt.%), applied voltage (kV), tip to
collector distance (cm), and volume flow rate
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(ml/n) on CA of PAN nanofiber mat were
investigated using two different quantitative
models, comprising RSM and ANN. The RSM
model confirmed that solution concentration was
the most significant parameter in the CA of
electrospun fiber mat. Comparison of predicted CA
using RSM and ANN were also studied. The
obtained results indicated that both RSM and ANN
model shows a very good relationship between the
experimental and predicted CA values. The ANN
model shows higher determination coefficient
(R?=0.965) than the RSM model. Moreover, the
absolute percentage error of prediction for the ANN
model was much lower than that for RSM model,
indicating that ANN model had higher modeling
performance than RSM model. The minimum CA
of electrospun fiber mat estimated by RSM
equation obtained at conditions of 13.2 wt.%
solution concentration, 16.5 kV of the applied
voltage, 10.6 cm of tip to collector distance, and 2.5
ml/h of volume flow rate.
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OTHOCHO KOHTAKTUA BI'bJI C IIOJJIOKKATA HA EJIEKTPOITPEAEHU BJIAKHA OT
[NHOJIMAKPMJIOHUTPUJI

b. Xamasu Moranam, M. Xacansane, A. K. Xaru

! lenapmamenm no mexcmunno unscenepcmso, Texnonozuuen ynueepcumem Amupxabup, Texepan, Hpan
2 Jlenapmamenm no mexcmunHo unscenepcmso, Yuueepcumem 6 Iunan, Paw, Upan

[ocrermna va 11 romm, 2012 r.; mpuera Ha 18 okromBpw, 2012 1.

(Pesrome)

W3zcnenBan e eheKThT HA YETHPH MAapaMeTbpa Ha €IEKTPONPENECHETO: KOHIEHTpPAalMs Ha Pa3TBOpA, MPUIIOKECHO
HaMpPEeKCHNE, Pa3CTOSHAE MEXTy JF03aTa 1 MPUEMHUKA U 00eMHUsI IeOUT BhpXy KOHTaKTHHS BIha (CA) ¢ momioxkaTa
Ha HAHOBIAKHA OT MOJUAKPHIOHUTPWI. [IPUIOKEHH ca METOMOJOTHs Ha MOBBPXHOCTTa Ha OTkinka (RSM) wu
n3kyctBeHa HeBpoHHa Mpexa (ANN) 3a onTUMH3HpaHETO W NMPEACKa3BaHETO HA KOHTAKTHS BI'BI C MOMJIOXKKATa Ha
ENIEKTPONPEICHH BIIaKHA OT MONUAKPWIIOHUTpHI. HaMepeHH ca KOMMUeCTBEHH 3aBUCUMOCTH MEXK/Ty KOHTAKTHUS BI'BbJI U
paborHuTe mapamerpu. HamepeHo e, ye KOHIICHTpalMsATa Ha pa3TBOpa Hai-BaXKHUs (PaKTOp 32 KOHTAKTHHS BI'BI C
nojyioxkara. IlosyyeHnTe pe3yiaTaTH IOKa3BaT, 4e M JBaTa MOZeNa ca MHOrO e(eKTHBHH IpH OLCHSBAaHE Ha
KOHTaKkTHUS bIbl. Ilo-TouHu ca pesynTaTuTe, MOIY4YEHH C M3KYyCTBEHa HEBpOHHa Mpexka. Ilpu To3u mogen
koepuuuenTbT Ha Kopenauus (R2) W mpoueHTHaTa rpemka Mexay JEHCTBUTENHHS M NPEACKa3aHus OTrOBOp Ca

crotBeTHO 0,965 1 1,97.
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Response surface methodology (RSM) based on central composite design (CCD) was employed to model and
optimize the electrospinning parameters such as solution concentration (wt.%), applied voltage (kV), tip to collector
distance (cm), and volume flow rate (ml/h), that have important effects on average fiber diameter (AFD) and contact
angle (CA) of nanofiber mat. It is observed that polymer solution played an important role to the AFD and CA of
nanofibers. Analysis of variance (ANOVA) showed a high determination coefficient (R?) value of 0.9640 and 0.9683
for AFD and CA respectively, which indicated that the both models have a good agreement with experimental data.
According to model optimization of the process, the minimum CA of electrospun fiber mat is given by following
conditions: 13.2 wt.% solution concentration, 16.5 kV of the applied voltage, 10.6 cm of tip to collector distance, and

2.5 ml/h of volume flow rate.

Keywords: Electrospinning, Average fiber diameter, Contact angle, Response surface methodology

1. INTRODUCTION

Recently, it ~was  demonstrated that
electrospinning can produce superfine fiber ranging
from micrometer to nanometer using an electric
field force. In the electrospinning process, a strong
electric field is applied between polymer solution
contained in a syringe with a capillary tip and
grounded collector. When the electric field
overcomes the surface tension force, the charged
polymer solution forms a liquid jet and travels
towards collection plate. As the jet travels through
the air, the solvent evaporates and dry fibers
deposits on the surface of a collector [1-4].

The electrospun nanofibers have high specific
surface area, high porosity, and small pore size.
Therefore, they have been suggested as excellent
candidate for many applications including filtration,
multifunctional membranes, tissue engineering,
protective clothing, reinforced composites, and
hydrogen storage [5,6].

Studies have shown that the morphology and the
properties of the electrospun nanofibers depend on
many parameters including polymer solution
properties (the concentration, liquid viscosity,
surface tension, and dielectric properties of the
polymer solution), processing parameters (applied
voltage, volume flow rate, tip to collector distance,
and the strength of the applied electric field), and

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

ambient conditions (temperature,
pressure and humidity) [5-8].

Response surface methodology (RSM) is a
combination of mathematical and statistical
techniques used to evaluate the relationship
between a set of controllable experimental factors
and observed results. This optimization process is
used in situations where several input variables
influence some output variables of the system. The
main goal of RSM is to optimize the response,
which is influenced by several independent
variables, with minimum number of experiments
[9,10]. Therefore, the application of RSM in
electrospinning process will be helpful in effort to
find and optimize the electrospun nanofibers
properties.

In this paper, a study has been conducted to
investigate  the  relationship  between  four
electrospinning parameters (solution concentration,
applied voltage, tip to collector distance, and
volume flow rate) and electrospun PAN nanofiber
mat properties such as average fiber diameter
(AFD) and contact angle (CA). and combined
effects of above parameters. Then, these
independent parameters were fed as inputs to an
ANN while the output of the network was the CA
of electrospun fiber mat. Finally, the importance of
each electrospinning parameters on the variation of
CA of electrospun fiber mat was determined and
comparison of predicted CA value using RSM and
ANN are discussed.

atmospheric
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2. EXPERIMENTAL

2.1. Materials

Polyacrylonirile (PAN, M,=100,000) was
purchased from Polyacryle Co. (lran) and N-N,
dimethylformamide (DMF) was obtained from
Merck Co. (Germany).

The polymer solutions with  different
concentration ranged from 10 wt.% to 14 wt%
were prepared by dissolving PAN powder in DMF
and was stirred for 24 h at 50°C. These polymer
solutions were used for electrospinning.

2.2. Electrospinning

A schematic of the electrospinning apparatus is
shown in Figure 1. A polymer solution was loaded
in a 5 mL syringe connected to a syringe pump. The
tip of the syringe was connected to a high voltage
power supply (capable to produce 0-40 kV). Under
high voltage, a fluid jet was ejected from the tip of
the needle and accelerated toward the grounded
collector (aluminum foil). All electrospinnings
were carried out at room temperature.

DY

ollector plate

Polymer je
'

il

Chamber ('.‘l"nund

Syringe Needle

‘\ \‘ v
R — sl

LI

Pump 7

Fig. 1. Schematic of electrospinning set up.

2.3. Measurement and characterization

The electrospun nanofibers were sputter-coated
with gold and their morphology was examined with
a scanning electron microscope (SEM, Philips XL-
30). Average diameter of electrospun nanofibers
was determined from selected SEM image by
measuring at least 50 random fibers using Image J
software.

The wettability of electrospun fiber mat was
determined by water contact angle measurement.
Contact angles were measured by specially
arranged microscope equipped with camera and
PCTV vision software as shown in Figure 2. The

volume of the distilled water for each measurement
was kept at 1 pl.

Manual syringe

PC computer

CCD camera

CTk
J

Liquid droplet
and specimen

/ Light source

1

om

Fig. 2. Schematic of contact angle measurement set up.
2.4. Experimental design by RSM

In this study, the effect of four electrospinning
parameters on two responses, comprising the AFD
and the CA of electrospun fiber mat, was evaluated
using central composite design (CCD). The
experiment was performed for at least three levels
of each factor to fit a quadratic model. Polymer
solution concentration (X1), applied voltage (X2),
tip to collector distance (Xs), and volume flow rate
(X4) were chosen as independent variables and the
AFD and the CA of electrospun fiber mat as
dependent variables (responses). The experimental
parameters and their levels are given in Table 1.

Table 1. Design of experiment (factors and levels).

Factor level

Variable Unit 1 0 1

Factor

X1 Solution concentration
X2 Applied voltage (kv) 14 18 22
Xs  Tipto collector distance (cm) 10 15 20
Xa  Volume flow rate (ml/h) 2 25 3

Wt%) 10 12 14

A quadratic model, which also includes the
linear model, is given below:

Y =,30+Zﬁixi +Z:3iixi2+z 2 Bixix; (1)

i=l j=2

where, Y is the predicted response, x; and x; are
the independent variables, £y is a constant, £ is the
linear coefficients, fii is the squared coefficients
and p; is the second-order interaction coefficients
[9,10].

The statistical analysis of experimental data was
performed using Design-Expert software (Version
8.0.3, Stat-Ease, Minneapolis, MN, 2010) including
analysis of variance (ANOVA). A design of 30
experiments for independent variables and
responses for AFD and CA are listed in Table 2.

179



M. Hasanzadeh et al.: On the production optimization of polyacrylonitrile electrospun nanofiber

Table 2. The actual design of experiments and responses for AFD and CA.

Electrospinning parameters Responses
No. X1 X X3 Xa
Concentration Voltage Distance Flow rate AFD (nm) cA ()
1 10 14 10 2 206433 44+6
2 10 22 10 2 187450 54+7
3 10 14 20 2 162+25 61+6
4 10 22 20 2 164451 65+4
5 10 14 10 3 225+41 38+5
6 10 22 10 3 196453 49+4
7 10 14 20 3 181+43 5145
8 10 22 20 3 170450 5615
9 10 18 15 25 188+49 4843
10 12 14 15 25 210+31 30+3
11 12 22 15 25 184+47 3515
12 12 18 10 25 214+38 22+3
13 12 18 20 25 205+31 304
14 12 18 15 2 195+47 3344
15 12 18 15 3 221423 25+3
16 12 18 15 2.5 199450 26+4
17 12 18 15 2.5 205431 2943
18 12 18 15 25 225138 2815
19 12 18 15 25 221423 25+4
20 12 18 15 2.5 215+35 2443
21 12 18 15 2.5 218+30 2143
22 14 14 10 2 255438 31+4
23 14 22 10 2 213437 35+5
24 14 14 20 2 24033 3346
25 14 22 20 2 200430 374
26 14 14 10 3 303+36 1943
27 14 22 10 3 256140 28+3
28 14 14 20 3 283+48 3945
29 14 22 20 3 220+41 364
30 14 18 15 25 270+43 20+3
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3. RESULTS AND DISCUSSION
3.1. Morphological analysis of nanofibers

PAN solution in DMF were electrospun under
different conditions, including various PAN

solution concentrations, applied voltages, volume
flow rates and tip to collector distances, to study the
effect of electrospinning parameters on the
and properties of

morphology
nanofibers.

electrospun

(a)

AmirKabirUniversity-ANTRI

S WD «~68 2% 00 kV X20K p

Figure 3 shows the SEM images and fiber
diameter distributions of electrospun fibers in
different solution concentration as one of the most
effective  parameters to control the fiber
morphology. As observed in Figure 3, the AFD
increased with increasing solution concentration. It
was suggested that the higher solution
concentration would have more polymer chain
entanglements and less chain mobility. This causes
the hard jet extension and disruption during
electrospinning process and producing thicker
fibers.

d= 188 nm
SD=49 nm
CA=48 degree

Froquency

20000 2. aam»

Diameter (am)
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SD= 35 nm
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Diamcter (nm)

d= 270 nm
SD= 43 nm
CA= 20 drgree

Frequency

Diamcter (am)

Fig. 3. The SEM images and fiber diameter distributions of electrospun fibers in solution concentration of (a) 10 wt.%,
(b) 12 wt.% and (c) 14 wt.%.
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The SEM image and corresponding fiber
diameter distribution of electrospun nanofiber in
different applied voltage are shown in Figure 4. It is
obvious that increasing the applied voltage cause an
increase followed by a decrease in electrospun fiber
diameter. As demonstrated by previous researchers
[7,8], increasing the applied voltage may decrease,
increase or may not change the fiber diameter. In

Acc Spot Magn [;nl WD Exp P{ 2 pum

200kv 80 10000x SE 127 0

4 L -
AccV  SpotMagn Det WD Exp
200KV 30 10000x SE_125 0

one hand, increasing the applied voltage will
increase the electric field strength and higher
electrostatic repulsive force on the jet, favoring the
thinner fiber formation. On the other hand, more
surface charge will introduce on the jet and the
solution will be removed more quickly from the tip
of needle. As a result, the AFD will be increased
[8,11].

d=212 nm
SD=31 nm
CA=30 degree

Frequency
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Diameter (nm)

d=215nm
SD=35 nm
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200.00 250.00 300.00 350.00 400.00
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d=184 nm
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CA=35 drgree
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100.00 150.00 200.00 250.00 300.00 350.00
Diameter (nm)

Fig. 4. The SEM images and fiber diameter distributions of electrospun fibers in applied voltage of (a) 14 kV, (b) 18

kV and (c) 22 kV.
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Figure 5 represents the SEM image and fiber
diameter distribution of electrospun nanofiber in
different spinning distance. It can be seen that the
AFD decreased with increasing tip to collector

AccV  SpotMagn  Det WD Exp
20.0kV 8.0 10000x SE 12.4 0

AccV  Spot Magn  Det WD Exp
20.0kV 30 10000x SE 125 0

\

IAccV  Spot Magn  Det WD Exp
200kV 80 10000x SE 118 0

distance. Because of the longer spinning distance
could give more time for the solvent to evaporate,
increasing the spinning distance will decrease fiber
diameter [3,8].
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Fig. 5. The SEM images and fiber diameter distributions of electrospun fibers in tip to collector distance of (a) 10 cm,

(b) 15 cmand (c) 20 cm.
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The SEM image and fiber diameter distribution of
electrospun nanofiber in different volume flow rate
are illustrated in Figure 6. It is clear that increasing
the volume flow rate cause an increase in average
fiber diameter. Ideally, the volume flow rate must
be compatible with the amount of solution removed

!
LAccV  Spot Magn  Det WD Exp
20.0kV 30 10000x SE 125 0

‘AccV  Spot Magn  Det WD Exp
2200 kV 3.0 10000x SE 116 0

AccV SpotMagn Det WD Exp F—— 2ym

W¥20.0kv 3.0 10000x SE 126 0

from the tip of the needle. At low volume flow
rates, solvent would have sufficient time to
evaporate and thinner fibers were produced, but at
high volume flow rate, excess amount of solution
fed to the tip of needle and thicker fibers result
[3,12].
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Fig. 6. The SEM images and fiber diameter distributions of electrospun fibers in volume flow rate of (a) 2 ml/h, (b)

2.5 ml/h and (c) 3 ml/h.
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3.2. The analysis of variance (ANOVA)

The analysis of variance for AFD and CA of
electrospun fibers has been summarized in Table 3
and Table 4 respectively, which indicated that the
predictability of the models is at 95% confidence
interval. Using 5% significance level, the factor is
considered significant if the p-value is less than
0.05.

From the p-values presented in Table 3 and Table

4, it is obvious that p-values of terms XZ,
X2 X, Xq, X, X5, X,X,and XX, in the model
of AFD and X3, X3, X,X;,X,X,and XX, in
the model of CA were not significant (p>0.05).

The approximating function for AFD and CA of

electrospun fiber obtained from Equation 2 and 3
respectively.

AFD = 211.89 + 31.71X; — 15.28X; — 12.78X3
+ 12.94X, — 844X Xy + 6.31X X4

+18.15X? — 13.85 X5 ()

CA = 26.07 — 9.89 X; — 217 Xz + 433 X3
2.33Xs  —1.63X1X2 —1.63X1 X3 + 1.63X1 X4 +

9.08 X2 +7.58 X2 ®)

Analysis of variance for AFD and CA showed
that the models were significant (p<0.0001), which
indicated that the both models have a good
agreement with experimental data. The value of

determination coefficient (R?) for AFD and CA
was evaluated as 0.9640 and 0.9683 respectively.

The predicted versus actual response plots of
AFD and CA are shown in Figures 7 and 8
respectively. It can be observed that experimental
values are in good agreement with the predicted
values.

Table 3. Analysis of variance for average fiber diameter (AFD).

Source SS DF MS F-value Probe >F  Remarks
Model 31004.72 14 2214.62 28.67 <0.0001 Significant
Xi-Concentration 17484.50 1 17484.50 226.34 <0.0001 Significant
X2-Voltage 4201.39 1 4201.39 54.39 <0.0001 Significant
Xs-Distance 2938.89 1 2938.89 38.04 <0.0001 Significant
Xa-Flow rate 3016.06 1 3016.06 39.04 <0.0001 Significant
X1 X2 1139.06 1 1139.06 14.75 0.0016 Significant
X1 X3 175.56 1 175.56 2.27 0.1524

XXy 637.56 1 637.56 8.25 0.0116 Significant
XoX3 39.06 1 39.06 0.51 0.4879

XXy 162.56 1 162.56 2.10 0.1675

X3Xy 60.06 1 60.06 0.78 0.3918

X? 945.71 1 945.71 12.24 0.0032 Significant
X2 430.80 1 430.80 5.58 0.0322 Significant
X2 0.40 1 0.40 0.0052 0.9433

X? 9.30 1 9.30 0.12 0.7334

Residual 1158.75 15 77.25

Lack of Fit 711.41 10 71.14 0.80 0.6468
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Table 4. Analysis of variance for contact angle (CA) of electrospun fiber mat.

Source SS DF MS F-value Probe>F  Remarks
Model 4175.07 14 298.22 32.70 <0.0001 Significant
Xi-Concentration 1760.22 1 1760.22 193.01 <0.0001 Significant
X2-Voltage 84.50 1 84.50 9.27 0.0082 Significant
Xs-Distance 338.00 1 338.00 37.06 <0.0001 Significant
Xa-Flow rate 98.00 1 98.00 10.75 0.0051 Significant
X1 X2 42.25 1 42.25 4.63 0.0481 Significant
X1X3 42.25 1 42.25 4.63 0.0481 Significant
XXy 42.25 1 42.25 4.63 0.0481 Significant
XaoX3 12.25 1 12.25 1.34 0.2646
XXy 6.25 1 6.25 0.69 0.4207
XXy 2.25 1 2.25 0.25 0.6266
X2 161.84 1 161.84 17.75 0.0008 Significant
X2 106.24 1 106.24 11.65 0.0039 Significant
X2 0.024 1 0.024 0.0026 0.9597
X2 21.84 1 21.84 2.40 0.1426
Residual 136.80 15 9.12
Lack of Fit 95.30 10 9.53 1.15 0.4668

350,00 7000
) 00 % o 1
%250‘00_ o 32 o oo
- 0% & o]

00 5
200,007 09/o - .
Z ooo % oo
O 0o 20000 25000 300,00 35000 0 00 3000 4000 5000 5000 7000
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Actual value

Fig. 7. The predicted versus actual plot for AFD of
electrospun fiber mat.

Fig. 8. The predicted versus actual plot for CA of
electrospun fiber mat.
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3.3. Effects of significant parameters on AFD

The response surface and contour plots in Figure
9 (a) indicated that there was a considerable
interaction between solution concentration and
applied voltage at middle level of spinning distance
(15 cm) and flow rate (2.5 mi/h). It can be seen an
increase in AFD with increase in solution
concentration at any given voltage that is in
agreement with previous observations [11,12].
Generally, a minimum solution concentration is
required to obtain uniform fibers from
electrospinning. Below this concentration, polymer
chain entanglements are insufficient and a mixture
of beads and fibers is obtained. On the other hand,
the higher solution concentration would have more
polymer chain entanglements and less chain
mobility. This causes the hard jet extension and
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disruption during electrospinning process and
producing thicker fibers [7].

Figure 9 (b) shows the response surface and
contour plots of interaction between solution
concentration and flow rate at fixed voltage (18 kV)
and spinning distance (15 cm). It can be seen that at
fixed applied voltage and spinning distance, an
increase in solution concentration and volume flow
rate results in fiber with higher diameter. As
mentioned in the literature, the volume flow rate
must be compatible with the amount of solution
removed from the tip of the needle. At low volume
flow rates, solvent would have sufficient time to
evaporate and thinner fibers were produced, but at
high volume flow rate, excess amount of solution
fed to the tip of needle and thicker fibers were
resulted [3,8].
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Fig. 9. Response surface and contour plots of AFD showing the effect of: (a) solution concentration and applied
voltage, (b) solution concentration and volume flow rate.

3.4. Effects of significant parameters on CA

The response surface and contour plots in Figure
10 (a) represented the CA of electrospun fiber mat
at different solution concentration and applied
voltage. It is obvious that at fixed spinning distance

and volume flow rate, an increase in applied
voltage and decrease in solution concentration
result the higher CA. The tip to collector distance
was found to be another important processing
parameter as it influences the solvent evaporating
rate and deposition time as well as electrostatic
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field strength. The impact of spinning distance on
CA of electrospun fiber mat is illustrated in Figure
10 (b). Increasing the spinning distance causes the
CA of electrospun fiber mat to increase. As
demonstrated in Figure 10 (b), low solution
concentration cause an increase in CA of
electrospun fiber mat at large spinning distance.
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The response plots in Figure 10 (c) shows the
interaction between solution concentration and
volume flow rate at fixed applied voltage and
spinning distance. It is obvious that at any given
flow rate, CA of electrospun fiber mat will increase
as solution concentration decreases.
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Fig. 10. Response surface and contour plots of CA showing the effect of: (a) solution concentration and applied
voltage, (b) solution concentration and spinning distance, (c) solution concentration and volume flow rate.
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3.5. Determination of optimal conditions

It is well known that the value of CA for
hydrophilic surfaces is less than 90°. Fabrication of
these surfaces has attracted considerable interest for
both fundamental research and practical studies. So,
the goal of the present study is to minimize the CA
of electrospun nanofibers. The optimal conditions
of the electrospinning parameters were established
from the quadratic form of the RSM. Independent
variables namely, solution concentration, applied
voltage, spinning distance, and volume flow rate
were set in range and dependent variable (CA) was
fixed at minimum. The optimal conditions in the
tested range for minimum CA of electrospun fiber
mat are shown in Table 5.

Table 5. Optimum values of the process parameters for
minimum CA of electrospun fiber mat.

Parameter Optimum value
Solution concentration (wt.%) 13.2
Applied voltage (kV) 16.5
Spinning distance (cm) 10.6

This optimum condition was a predicted value,
thus to confirm the predictive ability of the RSM
model for response, a further electrospinning was
carried out according to the optimized conditions
and the agreement between predicted and measured
responses was verified. The measured CA of
electrospun nanofiber mat (21°) was very close to
the predicted value estimated to 20°. Figure 11

shows the SEM image and AFD distribution of
electrospun fiber mat prepared at optimized
conditions.

4. CONCLUSIONS

In this study, the effects of electrospinning
parameters, comprising solution concentration
(wt.%), applied voltage (kV), tip to collector
distance (cm), and volume flow rate (ml/h) on
average diameter and CA of electrospun PAN
nanofibers were investigated by statistical
approach. Response surface methodology (RSM)
was successfully employed to model and optimize
the electrospun nanofibers diameter and CA. The
response surface and contour plots of the predicted
AFD and CA indicated that the nanofiber diameter
and its CA are very sensitive to solution
concentration changes. It was concluded that the
polymer solution concentration was the most
significant factor impacting the AFD and CA of

electrospun fiber mat. The R*®value was 0.9640
and 0.9683 for AFD and CA respectively, which
indicates a good fit of the models with experimental
data. The optimum value of the solution
concentration, applied voltage, spinning distance,
and flow rate were found to be 13.2 wt.%, 16.5 kV,
10.6 cm and 2.5 ml/h, respectively, for minimum
CA of electrospun fiber mat.

d=302 nm
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Fig. 11. SEM image and fiber diameter distribution of electrospun fiber mat prepared at optimized conditions.

189



M. Hasanzadeh et al.: On the production optimization of polyacrylonitrile electrospun nanofiber

REFERENCES

1. A Shams Nateri and M. Hasanzadeh, J.
Comput. Theor. Nanosci., 6, 1542 (2009).

2. A Kilic, F. Oruc and A. Demir, Text. Res. J.,
78, 532 (2008).

3. S. Ramakrishna, K. Fujihara, W. E. Teo, T. C.
Lim, and Z. Ma, Editors, An Introduction to
Electrospinning and Nanofibers, National University
of Singapore, World Scientific Publishing, Singapore
(2005).

4.  P.J. Brown, K.Stevens, Editors, Nanofibers and
Nanotechnology in Textiles, Woodhead Publishing,
Cambridge, UK (2007).

5. Y. M. Shin, M. M. Hohman, M. P. Brenner and
G. C. Rutledge, Polymer, 42, 9955 (2001).

6. O.S.Yordem, M. Papila and Y. Z. Menceloglu,

7. A. K. Haghi, and M. Akbari, Phys. Status.
Solidi. A., 204, 1830 (2007).

8. M. Ziabari, V. Mottaghitalab, and A. K. Haghi,
in Nanofibers: Fabrication, Performance, and
Applications, Edited by W. N. Chang, Nova Science
Publishers, USA (2009), pp. 153-182.

9. R. H. Myers, D. C. Montgomery, and C. M.
Anderson-cook, Editors, Response  surface
methodology: process and product optimization
using designed experiments, 3rd ed., John Wiley and
Sons, USA (2009).

10. S.Y. Gu, J. Ren, G. J. Vancso, Eur. Polym. J.,
41, 2559 (2005).

11. C. Zhang, X. Yuan, L. Wu, Y. Han, J. Sheng,
Eur. Polym. J., 41, 423 (2005).

12. S. Zhang, W. S. Shim, J. Kim, Mater. Design,
30, 3659 (2009).

Mater. Design, 29, 34 (2008).

OTHOCHO OIITUMU3ALUATA HA [TIPOU3BOJCTBOTO HA EJIEKTPOITPEJEHU
HAHOBJIAKHA OT ITOJIMAKPUJIAMUI/]
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3 lenapmamenm no mamemamuxa, Paxyrmem no mamemamuyny Hayku, Ynusepcumem ¢ I'unan, Paw, Upan
4 lenapmamenm no mexcmunno unscenepcmso, Yuueepcumem 6 Iunan, Paw, Upan

Tocrprmna wa 11 rormu, 2012 r.; mpuera Ha 10 aBrycr, 2012 r.
(Pesrome)

Ipunoxxena e METONONOTHS Ha MOBbpxHHHATa Ha oTkiuka (RSM), ocHOBaHa Ha IEHTPATHO KOMIIO3HMI[HOHEH
TUIAHUPAH EKCIIEPUMEHT 33 MOJICJIMPAHETO U ONTUMH3ALMSTA Ha TApaMETPUTE Ha EJEKTPOIpPEICHE — KOHLIEHTPALUs Ha
pastBopute (Teri. %), mpuinokeHoto Hamnpexenue (KV), pascTOSHHETO OT Jro3ara J0 MPHEMHHMKA (CM) U OOEMHUS
ne6ut (Ml/h), umanu BaxkHO 3HAYEHME 32 CpeHUS TUaMeThp Ha BiakHata (AFD) 1 KOHTaKTHHS BI'BJT HA C TIOUTOXKKATA
(CA). Orbens3aHo e, ye MOJIMMEPHUTE Pa3TBOpH MMaT BaxkHa poist 32 AFD u 3a CA mpu HaHOBIIakHATa. AHAJIU3BT HA
JICIIepcHsTa TI0Ka3Ba BHCOK KoepuuueHT Ha kopenaius oT 0.9640 u ceobBeTHO 0.9683 32 AFD u CA, xoero mokaspa
Ye J[BaTa MOJeja ce ChriacyBar J00pe ¢ onuTHUTE JaHHU. Criopell MOJEIMPaHEeTO Ha Mpolieca MUHUMAJIeH KOHTaKTeH
BI'BJI C TIOJUIOKKATA 32 EJICKTPOIPE/ICHUTE BJIAKHA ce HAOJII0/1aBa IPHU CIIETHUTE YCIIOBHS: KOHIIGHTpAIMs Ha pa3TBOpa -
13.2 tern.%, npunosxkeno Hanpexenue - 16.5 KV; pascrosiuue ot aro3ara To npuemuuka - , 10.6 cm u obemen ne6ur Ha
noToka - 2.5 ml/h.
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Propene yield enhancement from metathesis of ethene and 2-butene on mixed HBeta-
alumina supported molybdenum-based catalysts using aluminum nitrate as alumina
precursor
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The mixed HBeta-alumina supported molybdenum-based catalysts with 4 wt% Mo loading were prepared by
incipient wetness impregnation method. Aluminum nitrate and aluminum oxide were used as alumina precursors in
mixing with HBeta zeolite followed by calcination at 550°C. The catalyst using aluminum nitrate as alumina precursor,
Mo/AN-+HB(550), markedly outperformed its counterpart using aluminum oxide as precursor, Mo/AO+HB(550), in
both 2-butene conversion and propene selectivity from metathesis of ethene and 2—butene. The relatively higher metal-
support interaction, as well as the derivation of surface tetrahedral molybdenum oxide species were discernible on Mo/
AN+HB(550), as observed from Hp-TPR and UV-vis spectra, respectively. In addition, the higher acidity obtained on
Mo/AN+HB(550), presumably due to the better protection of HBeta zeolite structure achieved by the optimum
compatibility between Al using aluminum nitrate as alumina precursor and HBeta, was believed to play a significant

role for the enhancement of propene yield by metathesis of ethene and 2—butene.

Keywords: Aluminum nitrate; Molybdenum-based catalyst; Metathesis; Propene

INTRODUCTION

Metathesis reaction of ethene and 2-butene is an
alternative way to produce propene, the demand of
which is rapidly increasing on the worldwide
market. In this way the C4 alkenes from the
refineries and steam crackers can be upgraded [1-
4]. The catalysts used for such reaction are mostly
based on rhenium, molybdenum and tungsten [5].
Though rhenium-based catalysts supported on
alumina or silica-alumina are the most interesting
ones due to their high activity even at room
temperature, the costs of rhenium compounds are
high and catalysts with low rhenium loadings have
only negligible activities [6]. Supported
molybdenum oxide catalysts have received much
attention, as they are widely used in petrochemical
processes including metathesis of alkenes [6]. Liu
et al. [6] have found that the supported Mo/HBeta
catalysts show some activities for the olefin
metathesis; however, the catalytic performance
remarkably increases after addition of AlOs.
Moreover, they have reported that a molybdenum-
based catalyst impregnated on  HBeta-
Al;03(Mo/HB-Al>03) with an optimum Mo loading

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

of 4 wt% was the best catalyst for the metathesis of
ethene and 2-butene to propene among the catalysts
evaluated, namely, Mo/MgO, Mo/Al,Q3;, Mo/MCM-
22, Mo/ZSM-35, Mo/silicate and 6Mo/SAPO-11
[5, 7]. The relatively poor metathesis activity of
Mo/HBeta without AlO; was ascribed to the
possible dealumination of framework Al in HBeta
upon the high loading of Mo [8]. Though alumina
addition into the composite support has been
proposed to protect the framework of HBeta from
being destroyed upon Mo loadings to a large extent
due to the preferential migration of Mo species on
the alumina surface [9, 10], the synergistic effect of
alumina precursor on the metathesis activity has not
yet been observed.

Therefore, this work aims at investigating the
enhancement of propene production by metathesis
of ethene and 2-butene on mixed HBeta-alumina
supported molybdenum-based catalyst by adopting
aluminum nitrate as a precursor for alumina. All
catalysts were prepared by incipient wetness
impregnation of 4 wt % of molybdenum on a mixed
HBeta-alumina support. The catalyst
characterization was conducted by employing
techniques of BET surface area assessment, X-Ray
diffraction, NHs-TPD, UV-vis spectra and H2-TPR.
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EXPERIMENTAL
2.1 Preparation of catalysts

HBeta zeolite (Si/Al = 27) manufactured by
Tosoh Corporation physically mixed with either
aluminum nitrate nonahydrate  (AIN303.9H,0,
Fluka) or aluminum oxide (Fluka) was used as a
support with HBeta/Al-precursor ratio of 70:30.
The mixed support samples were calcined in air at
predetermined temperatures ranging from 350-950
°C for 2 h before impregnation with an aqueous
solution of ammonium molybdate tetrahydrate
(NH)6M060O24-4H,O) to obtain 4 wt% of
molybdenum. The catalysts were designated as
Mo/AN+HB(y) and Mo/AO+HB(y) for the samples
prepared from the support of HBeta mixed with
aluminum  nitrate  and  aluminum  oxide,
respectively. After impregnation, all catalysts were
calcined in air at 680°C for 2 h.

2.2 Catalyst characterization

X-ray diffraction patterns of all catalysts were
collected on an X-ray diffractometer (Siemens
D5000) using Ni filters Cu Ko radiation from 20°
to 80°.

Brunauer-Emmett-Teller (BET) surface areas, as
well as the pore volumes of the catalysts were
obtained on a surface area analyzer (Micromeritics
ASAP 2010).

The catalyst reducibility was assessed by
temperature programmed reduction with hydrogen
(H2=TPR). A portion of 0.2 g of the catalyst sample
was placed in a quartz tube and pretreated in Ar
flow (50 ml/min) at 200°C for 2 h. Then the carrier
gas was replaced with 10% H at the same flow rate
and was balanced with Ar in the temperature range
of 40 to 800°C. The peak area assessment was made
by a Micromeritics Chemisorb 2750 automated
system supplied with Chemi Soft TPx software.

The catalyst acidity was determined by the
technique of ammonia temperature programmed
desorption (NHs-TPD). A portion of 0.2 g of the
catalyst sample was placed in a quartz tube and was
pretreated in helium flow (50 ml/min) at 200°C for
2 h. Then, the catalyst sample was adsorbed till
saturation with 15% NHs balanced with He. The
physisorbed ammonia was desorbed in a helium gas
flow for about 1 h. The sample was subsequently

heated from 40 to 800°C at a heating rate of
10°C/min. The peak area assessment was made by a
Micromeritics Chemisorb 2750 automated system
supplied with Chemi Soft TPx software.

UV-vis spectra were recorded on a Lambda 650
UV-vis spectrometer equipped with a diffuse
reflectance attachment at room temperature in the
range of 200900 nm.

2.3 Catalytic performance for metathesis reaction

A portion of 2.0 g of catalyst was placed in a
fixed bed reactor with inner diameter (ID) of 7.5
mm to which a type K thermocouple was mounted.
The catalyst was pretreated at 550°C with a heating
rate of 10°C/min in a nitrogen flow for 1 h and was
cooled down to reaction temperature of 120°C
(pressure=0.1MPa). The feed consisting of 4% C3H.,
2% rrans—2—CsHs balanced with N, (equivalent to
CoHaltrans—2—C4Hsg ratio of 2:1) was used. The
sample analysis was performed on a Shimadzu GC
2014 gas chromatograph equipped with a column of
packed 10% silicone SE-30 (3.02 m with 0.53 mm
ID) and a flame ionization detector using nitrogen
as the carrier gas (5 ml/min).

RESULTS

The physical properties of the molybdenum-
based catalysts impregnated on mixed HBeta and
aluminum oxide calcined at 550°C,
Mo/AO+HRB(550), and mixed HBeta and aluminum
nitrate calcined at the same temperature,
Mo/AN+HB(550), are shown in Table 1.

No significant difference in pore volume was
observed for both samples, while the BET surface
areas and pore sizes of both samples were in the
range of 412-423 m?g and 6.38-8.64 nm,
respectively.  The relative crystallinity of
Mo/AN+HB(550) was slightly higher than that of
Mo/AO+HB(550). The conversions of 2-butene and
propene selectivities for the metathesis reaction of
ethene and 2-butene on Mo/AN-+HB(550) and
Mo/AO+HB(550) are shown in Figs. 1 and 2,
respectively. It is  clearly seen  that
Mo/AN+HB(550) using aluminum nitrate as a
precursor markedly outperformed its counterpart
using aluminum oxide as a precursor,

Table 1. Physical properties of catalysts prepared with different Al-precursors.

Sample

4%Mo/AlO(550)-HB  4%Mo/AIN(550)-Hp

BET surface area (m?/g)
Pore volume (cm3/g)
Pore size (nm)

Relative crystallinity (%)

423 412
0.40 0.38
6.38 8.64
51 55
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Fig.1. Metathesis conversion on mixed support
molybdenum-based catalysts using different Al-
precursors. (a) = Mo/AN(550)-HB and (b) =
Mo/AO(550)-HB.
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Fig.2. Metathesis selectivity on mixed support

molybdenum-based
precursors. (a) =
Mo/AO(550)-HB

Mo/AO+HRB(550), in both 2-butene conversion and
propene selectivity throughout the observed 5 h on
stream. This reflects the different interaction
characteristics between Al and HBeta obtained
using different Al precursors and hence the
different metal-support interaction characteristics
obtained on both catalyst samples. The H~TPR
profiles of both catalyst samples are shown in Fig.
3. The Mo/AO+HB(550) catalyst displayed an Ho—
TPR peak at about 400°C while a relatively broader
peak at higher temperature (around 500 to 600°C)
was observed for the Mo/AN+HB(550) catalyst.
The stronger metal-support interaction obtained
on the catalyst sample using aluminum nitrate as Al
precursor might be responsible, among the other
things, for the better catalyst performance on
metathesis reaction. Fig. 4 shows the UV-vis
spectra of both catalyst samples. The relatively
strong peak around 230 nm corresponding to the
surface tetrahedral Mo oxide species [1] was clearly
observed on the catalyst sample using aluminum
nitrate as Al precursor. This should be responsible
for the improved metathesis activity of Mo/AN-+HS
(550) favored by the existence of surface
tetrahedral active sites. As shown in Fig. 5, the

catalysts using different Al-
Mo/AN(550)-HB and (b) =

Mo/AN+HB(550)

Intensity (a.u.)

Mo/AO+HB(550)

0 1(;0 2(;0 3(;0 4(;0 5(;0 6(;0 7(;0
Temperature (C)
Fig.3. Ho-TPR profiles for mixed support molybdenum-
based catalysts using different Al-precursors.
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o
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Fig.4. UV-vis spectra of mixed support molybdenum-
based catalysts using different  Al-precursors.
(a)= Mo/AN(550)-HB, (b)= Mo/AO(550)-HB.

NHs—TPD profiles of both catalyst samples reveal
that Mo/AN+HB(550) displays higher acidity than
its counterpart, Mo/AO+HB(550). The Brensted
acid-derived surface hydroxyl group was believed
to react with molybdenum oxide crystallites, from
which the metathesis active site of surface
tetrahedral molybdenum oxide species could be
obtained. Phongsawat et al. [11] have studied the
metathesis of ethylene and 2-pentene for propylene
production on SiO>-Al,O; supported rhenium
catalysts. They have found that the weak acidity
equivalent to the NHz—TPD profile at around 300°C
or lower was not strong enough for isomerization
reaction and metathesis activity to be maintained.
Therefore, the acid strength in this case was
supposed to be moderate enough to promote
metathesis activity essentially without significant
contribution to isomerization. This should be one of
the factors that promote the enhancement of
propene production by metathesis reaction.

Catalyst heat treatment may somewhat influence
the thermal stability of the support structure which
may affect the catalytic performance. Therefore, the
calcination temperatures of mixed HBeta and
alumina, using aluminum nitrate as a precursor,
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Fig.5. NHs-TPD profiles for mixed support
molybdenum-based catalysts using different Al-
precursors.
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Fig.6. X-ray diffraction pattern of mixed support
molybdenum-based catalysts using different Al-
precursors calcined at different temperatures.

were varied from 350 to 950°C. The XRD patterns
of the catalysts calcined at different temperatures
are shown in Fig. 6. The characteristic peaks of
HBeta zeolite were observed for all catalysts due to
the amorphous characteristics of alumina. It was
found that the crystallinity of the catalysts markedly
decreased at calcination temperatures higher than
750°C. The structural collapse of HBeta zeolite may
occur at high calcination temperature especially for
the catalyst calcined at 950°C designated as
Mo/AN+HB(950). The conversion of 2-butene and
propene selectivity by metathesis reaction on those
catalysts calcined at different temperatures are
demonstrated in Figs. 7 and 8, respectively. The
catalyst performance on both 2-butene conversion
and propene selectivity deteriorated with the higher
calcination temperatures during the 5 h on stream.
The adverse effect of high calcination temperature
was evidently most pronounced on the catalyst
calcined at 950°C with almost no propene formed
on Mo/AN+HB(950) even at the early period of
reaction. This may be attributed to the structural
collapse of HBeta zeolite at such high temperature
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Fig.7. Metathesis conversion on mixed support
molybdenum-based catalysts using different Al-
precursors calcined at different temperatures. (a) =
Mo/AN(350)-HB, (b) = Mo/AN(550)-HB, (c) =

Mo/AN(750)-HB, and (d) = Mo/AN(950)-HB.
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Fig.8. Metathesis selectivity on mixed support
molybdenum-based catalysts using different Al-
precursors calcined at different temperatures. (a) =
Mo/AN(350)-HB, (b) = MOo/AN(550)-HB, (c) =
Mo/AN(750)-HB, and (d) = Mo/AN(950)-HB.
as evidenced by the considerably low crystallinity
on its XRD pattern.

DISCUSSIONS

The significantly low metathesis activity of Mo/
AN-+HJ calcined at 950°C due to structural collapse
of HBeta is analogous to the adverse effect of
dealumination derived at high Mo loading contents
in Mo/HBeta without alumina addition, as found by
Liu et al. [6]. According to Liu et al. [10], the
HBeta particles were surrounded by irregular
alumina floccules as observed from high-resolution
SEM images. The preferential distribution of Mo
species in alumina rather than in HBeta, as
observed from the quantitative EDS analysis using
aluminum nitrate as precursor of alumina, may
contribute to the better formation of Al floccules
with HBeta which favors the preferential migration
of Mo in the alumina surface. As a consequence,
better protection of the HBeta structure by alumina
using aluminum nitrate as a precursor and hence
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higher acidity contributing to the good metathesis
activity of propene formation from ethene and 2-
butene might be achieved. Though the precise role
of aluminum nitrate as alumina precursor on the
enhancement of propene production is subject to
further investigation, we are strongly convinced
that the optimum compatibility between Al and
HBeta is the key factor to obtain an active catalyst
for metathesis reaction with the acquisition of
optimum metal-support interaction and Brensted
acidity. Our further work to modify the mixing of
Al and HBeta by adopting sol-gel preparation is
under investigation and the preliminary results
seem to support our expectation.

CONCLUSIONS

The mixed HBeta-alumina  supported
molybdenum catalyst calcined at 550°C using
aluminum nitrate as a precursor, Mo/AN+HB(550),
markedly outperformed its counterpart using
aluminum oxide as a precursor, Mo/AO+HB(550),
in both 2-butene conversion and propene selectivity
throughout the observed 5 h on stream of
metathesis reaction between ethene and 2-butene.
The relatively stronger metal-support interaction on
Mo/AN+HB(550), as observed from H-TPR, as
well as the derivation of surface tetrahedral
molybdenum oxide species, as observed from UV-
vis spectra should be, among other factors,
responsible for the relatively good metathesis
activity of the catalyst. The higher acidity acquired
on Mo/AN+HB(550), probably due to the better
protection of HBeta zeolite structure achieved by
the optimum compatibility between Al using
aluminum nitrate as precursor and HBeta, was
believed to play a significant role for the
enhancement of propene production by metathesis
reaction of ethene and 2-butene.
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YCKOPABAHE HA IIPEBPBIIAHETO HA ITPOIIEH YPE3 ITPET'PYIIMPAHE HA ETUJIEH
N 2-BYTEH BbPXY CMECEH KATAJIM3ATOP HA OCHOBATA HA MOJIMB/IEH,
HAHECEH BBPXY HB-AJIYMUHUEB TPUOKCU/, ITOJIVUEH OT AJIYMWHUEB HUTPAT

B. Herusopapykca?, C. ®aranacpu!, I1. IIpacepraam’, B. ®onrcapar?, K. Cypuiie?

L [Jenmwvp 3a 6vpxoeu nocmudicenus no kamaus u KAaMammuiHo uHdicenepcmeo, Kameopa no umicernepna xumus,
Dakynmem no unxcenepcmso, Yuusepcumem Yynanaunkopu, bankox 10330, Taiinano
2SCG Xumukanu Ko.,LOO/ yn. Cuam-cement 1, bane cro, banxok 10800, Tauirano

Ioctenuna Ha 2 aBryct 2011 r.; npepaboTena Ha 2 HoemBpu 2012 1.
(Pestome)

KatanmzatopsT, chabpxaiy 4% Teri. MONMMOAEH ce MPUTOTBS MO0 METOAA Ha HAYaIHOTO MMIIPETHUpPAHE C Biara.
Karo mpekypcopu 3a MOJy4aBaHETO Ha IIOJUIOKKATA OT alyMHHHEB OKCHJI CE€ H3IOJ3BAT IyMHHHEB HHTpAT U
anymunueB Tpuocua. Te ce cmecBar ¢ HB 3eomut, cien koero cmecta ce kamuuuupa npu 550°C. Karamuzatopbt
Mo/AN+HB(550), momydeH ¢ ajlyMHHHEB HHUTpaT KaTo MOPEKypcop 3a0eNekHMO MPEBB3XOXKIA JAPYTHUS
(Mo/AO+HB(550)), mpu mpeBpbilaHeT0 Ha 2-OyTeH M MO OTHOIICHHE HA CENEKTHBHOCTTA CIPSMO MPOICH IMPH
NpEerpynupaHeTo Ha eTwieHa W 2-OyreHa. OTHOCHTENHO CHJIHUTE B3aUMOJCHCTBHS METAN-TIOJUIOXKKA, KaKTO |
MOJy4aBaHETO HA IIOBBPXHOCTHH TETpacOpUYHH (OpMH Ha MOJMOICHOBHS OKCHUI ca 3a0CleKUMH IpH
Mo/AN+HB(550) u ca ycranoBenu ¢ momomnra Ha Hp-TPR and UV-Buaumu cnektpu. OcBeH ToBa ce mpHema, 4e
BHCOKaTa KMCENUHHOCT, noydena mpu Mo/AN+HB(550) nma 3HaunTenHa pojist 3a YCKOPSABAHETO HA MPETPYIUPAHETO
Ha eTWJIeHa U 2-0yTeHa J1o mporeH. BeposTHO ToBa ce ABIKM Ha Mo-no0pata 3amuTa Ha HB-3eonuTHaTa CTpyKTYpa OT
aIyMUHHMS, TIOCTUTHATA MTPU M3II0JI3BAHETO HA AlyMUHHUEB HUTPAT KaTo MPEKypPCop.
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The possibility of using sauerkraut juice as an anolyte in a microbial fuel cell (MFC) was previously proved by us.
In this study, fifty day-long MFC experiments covering the total term of the sauerkraut fermentation process were
performed. A change in the electrochemical behavior of sauerkraut juice, associated with the successive loading of
different dominating microbial species in the mixed microflora, as well as accumulation of various intermediate and end
metabolites, was observed by means of cyclic voltammetry. The highest MFC power density of 1.87 W/m® was
achieved by using a fresh sauerkraut juice as an anolyte at the early stage of fermentation, when hetero-fermentative
species are developed into the medium. However, the maximum power density of a MFC permanently loaded with
external resistance was obtained after a month operation, corresponding to the lower development of hetero-
fermentative lactic acid bacteria and their substitution with homo-fermentative bacteria. Stable long-term current

density of 1.05+0.10 A/m® was generated at the later fermentation stages.

Keywords: microbial fuel cell, sauerkraut fermentation, electricity generation

INTRODUCTION

The great idea of the microbial fuel cell (MFC)
concept is connected with electricity generation
based on the naturally occurring metabolic
processes of microorganisms. Thus, the MFC
technology is expected to have an impact on both
electricity production from renewable sources and
biodegradable waste purification [1-4].

Food industry is one of the biggest sources of
waste biomass. Different methods for its
minimization or re-utilization, depending on the
specific origin and technology, are in use [5, 6].

Recently, MFC technology has been proposed as
an alternative of some of these technologies [7, 8],
however, a lot of research has to be done for its
practical implementation.

The sauerkraut production, based on lactic acid
fermentation of cabbage, is wide-spread in many
countries. In our recent study, the possibility to use
sauerkraut juice as an anolyte in MFC was proved
[9].

The aim of the present work was to verify the
possibility for continuous electricity generation by
MFC based on sauerkraut fermentation. For this
purpose, long-term experiments covering the total
period of the sauerkraut fermentation process were
performed.

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

EXPERIMENTAL

Cabbage fermentation was undertaken in a 51
fermentor, placed into a thermostat-incubator at
16 °C. 4% NacCl soultion was used as a brine.

The electrochemical behavior of the produced
sauerkraut juice in the progress of the fermentation
process was examined by means of cyclic
voltammetry (CV). A sample of the juice was taken
from the fermentor and placed into a three-
electrode electrochemical cell. Platinum ORP
electrode was used as a working electrode,
platinum mesh as a counter electrode and Ag/AgCl
as a reference. The potential was swept with a scan
rate of 25mV/s. The CV measurements were
performed on a 35-2 PJT potentiostat-galvanostat
(Radiometer-Tacussel, France) with [IMT-101
electrochemical interface and VoltaMaster2
software.

Sauerkraut juice (100 ml) along with cut pieces
of cabbage leaves as a carbohydrate source were
introduced in the anodic compartments of two
identical double-chamber MFCs. Buffered solution
(pH 7) of 0.1 M K;[Fe(CN)e] was placed in the
cathodic chambers and served as a catholyte. The
anodic and cathodic compartments were connected
with a salt bridge. Rectangular shaped pieces of
carbon felt (SPC-7011, 30g/m? WeiBgerber
GmbH & Co. KG) with geometric area of 21 cm?
were used as both anodes and cathodes. The
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inoculated MFCs were kept in a thermostat-
incubator at 16 °C along the whole experiment
duration. One of them (MFC 1) was kept at open
circuit and once per day polarization measurements
by stepwise change of the external resistance from
10kQ to 0Q were carried out. The second
microbial fuel cell (MFC2) was permanently
polarized by switching a load resistance (1 kQ) in
the external circuit and its terminal voltage was
monitored by a digital multimeter (Lamar RE67).
From the obtained data, the generated current was
estimated by using Ohm’s law. Periodically,
polarization measurements by varying the external
resistance were accomplised.

As a control experiment, cabbage juice was
periodically taken from the fermentor, introduced
into a third MFC and after stabilization of the open
curcuit voltage (OCV), polarization measurements
at variable resistances were performed.

RESULTS AND DISCUSSION

The CV-measurements performed with the
sauerkraut juice reveal that a broad anodic peak
with varying intensity and potential appears in the
voltamograms. At the first days of the fermentation
process the peak intensity grew and its potential
shifted from -380 to —270 mV (vs. Ag/AgCl) —
Fig.1la. Till the 10" day the CV-pattern remained
unchanged, but with the progress of the
fermentation process the anodic peak shifted to
more positive potentials and its height was reduced
—Fig.1b.

The recorded  variable  electrochemical
behaviour could be associated with the successive
loading of different dominating microbial species in
the mixed microflora, as well as with oxidation of
various intermediate and end metabolites produced
during fermentation. The sauerkraut production is
based on lactic acid fermentation. The starter for
sauerkraut is the normal mixed biota of cabbage, in
which the main species are Leuconostoc
mesenteroides and Lactobacillus plantarum. The
addition of 2.25-2.50 % salt restricts the activities
of gram-negative bacteria, while the lactic acid rods
and cocci are favored. The activities of the cocci
usually cease when the acid content increases to
0.7-1.0%. The final stages of sauerkraut
production are effected by L. plantarum and
L. brevis. P. cerevisiae and E. faecalis may also
contribute to product development. The final total
acidity is generally 1.6-1.8 %, with lactic acid at
1.0-1.3% and pH in the range of 3.1 to 3.7 [10].
The depletion of the main substrates at the end of
the process is the most probable reason for the
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observed decrease of the anodic peak intensity in
the CVs.

The MFC experiments using sauerkraut juice as
an anolyte confirmed the possibility for electricity
generation along the sauerkraut fermentation
process — Fig.2. The obtained data show that the
system is rapidly adaptive and starts to produce
electricity immediately after innoculation of the
MFC.

a0 20 0

20 20 w0 60
E (v AGIAGCH), mV

0 0 a0
E (v Ag/AGC), mV

Fig. 1. Cyclic voltammograms obtained with sauerkraut
juice at different stages of fermentation.

When not loaded with an external resistance
(MFC 1), the OCV initially increased from 470 to
750 mV and held at close values for two weeks
(Fig.2a). After this period it sharply dropped back
to 500 mV and then gradually grew up to a
stationary value of 580+15mV. Analogous
tendencies in the change of the maximum power
density, estimated from the obtained polarization
curves, were observed. The highest value of
745 mW/m?® was achieved at the 4" day after MFC
innoculation. After two weeks the generated power
drastically dropped to 220 mW/m?3, but afterwords
it gradually increased to 300+25 mW/m3, At the
end of the experiment both OCV and maximum
power values fell down.

Complex variation of OCV and maximum
power density was also observed when a load
resistance was permanently switched on in the
external current circuit (MFC 2, Fig.2b). The
obtained lower values could be assigned to the fact
that the system was enduringly under “stress”
caused by the continuous electricity production.
This is especially valid for the initial period, when a
significant decrease of the maximum power was
observed. During the next stage, however, the
variation of both OCV and maximum power values
is similar to that achieved with MFC 1.
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Fig. 2. Variation of OCV and maximum power density
obtained with: a) MFC 1; b) MFC 2.
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Interesting features were obtained in the control
MFC experiment. The highest maximum power
density of 1.87 W/m® was achieved with the
sauerkraut juice taken at the 10" day of the
fermentation process. This value exceeds 2.5 times
that obtained with MFC 1 (Fig.3), which indicates
some differences in the culture development, when
it is performed in a bioreactor with a MFC. Most
probably, these differences are connected with cell
inhibition effects in the case of MFC, which has a
volume much smaller than that of the fermentor.
The tendency to drastic lowering of the maximum
power at the second half of fermentation in
comparison to the values recorded at the first half
was also observed in the control experiment.

The ability for continuous electricity generation
was demonstrated by the experiment performed
with MFC 2. During the whole experiment duration
the MFC was loaded with a constant external
resistance (Rex.=1kQ), except when polarization
measurements by stepwise change of the load
resistance were carried out. The variation of the
generated current densities with time is shown in

Fig. 4.
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Fig. 3. Optimal polarization and power curves obtained
during three MFC experiments.
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Fig. 4. Variation of generated current with time.

The measured terminal voltage reached a stable
value few minutes after the circuit was closed
through the external resistance. The highest current
value was registered at the first day of the
experiment. A steep decrease of the current was
observed till the 9" day, after which the current
continued to diminish with a slower rate. After
three weeks, however, it began to restore and
stabilized at 1.05£0.10 A/m® for eighteen days. A
subsequent current fall down to the end of
experiment was observed.

Comparing the results obtained by all MFC
experiments, some charateristic features could be
pointed out. Generally, the whole process could be
divided into several distinct stages.

In the case when the system was not
permanently disturbed (MFC 1), the OCV and
maximum power values initially increased,
reaching maxima at the fourth day of cultivation.
This initial period of adaptation may be assigned to
the first phase of fermentation, where anaerobic
bacteria such as Klebsiella and Enterobacter lead
the fermentation, and begin producing an acidic
environment that favours later bacteria [11]. During
the next period corresponding to the second
fermentation phase, in which the acid levels
become too high for many bacteria, and
Leuconostoc mesenteroides and other Leuconostoc
spp. take dominance, the MFC outputs slightly
decreased but remained relatively high. The end of
this stage was traced out by a sharp fall down of the
electric parameters (OCV and power density) two
weeks after the beginning of the experiment. Lower
but relatively stable output values in comparison
with those obtained during the second stage were
observed along the third one. These results are not
suprising having in mind that in the third
fermentation phase various Lactobacillus species
including L. brevis and L. plantarum ferment any
remaining sugars, further lowering the pH [11, 12].

Three stages in the process progress could be
also distinguished from the current-time plot
(Fig.4), obtained with the continuously loaded
MFC 2. In this case, however, a steep drop of the
electrical parameters was observed during the first
stage in contrary to the increase in OCV and
maximum power attained with MFC 1. This result
could be explained taking into account that the
system under permanent load had no acclimation
period and the microorganisms tried to recover the
energy required for their own growth and
development in a competition with the continuous
electricity flux. This also explains the retardation of
the first and the second stages, as well as the much
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I'EHEPMPAHE HA EJIEKTPUYECTBO I10 BPEME HA ®EPMEHTALIUA HA 3EJIE
1. B. Xy6enosa!, M. 1. Mutop?

UInosouscku ynueepcumem ,, laucuti Xunendapcku”, Kameopa no 6uoxumus u muxpobuonozus, ya. ,, Llap Acen” 24,
4000 Inogous, bvreapus,
2[0z03anaden yrusepcumem ,, Heogpum Puncku”, Kamedpa no xumus, ya. ,, Mean Muxaiinog” 66, 2700 Brazoesepao,
bwaeapus

IToctenuna Ha 10 HoemBpu 2011; npuera Ha 29 HoemBpH 2011
(Pesrome)

BB3MoXHOCTTa 32 M3NOJN3BaHE Ha 3€JE€B COK Karo aHONUT B MHKpoOuosormueH ropuseH enement (MI'E) Ge
J0Ka3aHa OT HAac B MPEIWINHO H3cieABaHe. B HacrosimaTta paboTa ca IpeacTaBeHH pesynrature oT S50-THeBHH
eKCIIEpUMEHTH, 00XBaIlaIy IeIHs IepHo Ha Ipolieca Ha (hepMeHTanus Ha 3eie. Upes MUKINYHA BOJITaMIIEPOMETPHUS
0e TpociereHO HM3MEHEHHETO Ha EJEeKTPOXMMHYHOTO IOBEJCHHE Ha 3€JIeB COK, CBBP3aHO C IIOCIEIO0BAaTEIHOTO
pE€aAyBaHE Ha PA3JIMYHU JOMUHHUPANIUA MI/IKpO6I/IaIlHI/I BHUI0OBC B CMCCCHarTa MI/IKpocbnopa, KaKTO W HATPYINBAHETO Ha
MEXIWHHA W KpailHu Mertabonutu. Haii-BHCcOka MIBTHOCT Ha MomHOcTTa OT 1.87 W/m? 6e mnocrturaara npu
n3non3Bane kato aHonut B MI'E Ha 3eneB cok B HavamHa (as3a Ha (epMeHTanmATa, KOTaTo B cpenaTa JOMUHHpAT
XeTepo-pepMEeHTaTUBHN MHKpPOOMAIHM BHUIOBE. MakcHMMajHaTa IUTBTHOCT Ha MomHoctta Ha MIE ¢ mocrosHHO
CBBP3aHO TOBApHO CHIIPOTUBIIEHHE, 00aue, Oe MoIyueHa ciiesl eUH Mecel] padoTa, KOraTo € HaJuile 3a0aBeHO pa3BUTHE
Ha XeTepo-(h)epMEHTATHBHHUTE MJICYHO-KHCENM OaKkTepuM W TAXHaTa 3aMsiHa C XOMO-(epMEHTATHBHU OaKTepHH.
OTHOCHTEINIHO TIOCTOSIHHA TLTBTHOCT Ha Toka oT 1.05+0.10 A/m® 6e renepupana 3a NEpHOA OT 2 CEJMHIM TIPE3 MO-
KBCHUTE €Tany Ha (pepMeHTanuITA.
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lon replacement in protein active site is attracting considerable interest due to its application in some spectroscopic
methods like perturbed angular correlation. Theoretical consideration of ion replacement in plastocyanin was done
using the two layer ONIOM method. The copper (1) and copper (I1) ions in the plastocyanin active site were replaced by
silver (1) and cadmium (1), respectively. Optimization of the four proteins was done with LANL2DZ and SDD basis
sets. Molecular orbital, natural bond orbital and atom in molecule analysis were used to determine the electronic
structures of the four active sites. The total energy of copper (I) plastocyanin is lower than that of silver (I)
plastocyanin. Copper (II) plastocyanin showed a lower energy than cadimum(ll) plastocyanin. HOMO and LUMO
orbital energies of the copper (I) and cadmium (I1) active sites are lower than those of the silver (1) and copper (1)
active sites, respectively. The four active sites displayed different charge distribution. Atom in molecule theory

demonstrated different values for electronic density and bond ellipticity for the four active sites.

Key words: Electronic structure; Protein active site; ab initio; DFT; AIM; NBO

1. INTRODUCTION

Large molecular systems such as catalysts,
nanotubes and bimolecular systems are not simple
enough to be investigated by quantum methods
alone. Therefore, the ONIOM method has been
developed to overcome this problem. ONIOM
method has been used to study the mechanism of
enzyme catalyzed reactions, electronic structure of
protein active site and ion replacement in protein
structure [1-8].

Plastocyanin (PC), also known as blue copper
(BC) protein, is a small soluble copper protein with
a barrel-like  structure.  Multiconfigurational
approach has been used for consideration of the
electronic structure and charge transfer of model
complex systems of plastocyanin. Excellent
agreement has been found between the
experimental and the calculated spectra [9]. Smbhu
et al. used a theoretical method for poplar
plastocyanin to calculate the standard reduction
potentials in vitro. They showed that calculated
potentials are in excellent agreement with the
experimental one [10]. Density functional theory
(DFT) calculation of the active site of plastocyanin
was performed for model complexes. These model
complexes were constructed by exchanging His,

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

Cys and Met residues by imidazol, methyl-thiolate
and dimethyl-sulfide, respectively [11]. Perturbed
angular correlation spectroscopy (PAC), which is
based on gamma ray emission from radioactive
nuclei, has been used to study the binding of
plastocyanin to reduced photosystem 1 of spinach
by substituting copper (I) and copper (I1) by silver
() and cadmium (Il), respectively [12,13]. A
question that needs to be answered is whether the
electronic structure of silver(l) and cadmium(Il)
active sites is similar to that of copper(l) and
copper(Il) active sites or not. The present work is
an attempt to show the main difference between the
electronic structures of the active sites of copper(l)
and silver(l) protein and also between copper(ll)
and cadmium(ll) protein using ONIOM approach,
molecular orbital (MO), natural bond orbital (NBO)
and atom in molecule(AlM) theory analysis.

2. COMPUTATIONAL DETAILS

The  experimental  X-ray  structure  of
plastocyanin was retrieved from the Brookhaven
Protein Databank (PDB ID: 1ylb and 1plc). PDB
code of reduced and oxidized form of plastocyanin
is 1ylb and 1plc, respectively. The two layer
ONIOM hybrid method was used for calculations.
The active site of plastocyanin consisting of 38
atoms including metal ion and side chain of His37,
His87, Cys84 and Met92 was used as QM region.
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Beckes three-parameter hybrid exchange functional
and the Lee-Yang-Parr correlation functional DFT
hybrid B3LYP method [14,15] by employing the
effective core potentials of Hay and Wadt with
double-e valence (LanL2DZ) basis set [16] and the
Stuttgart Dresden Dunning pseudopotentials (SDD)
basis set [17,18] were used for the QM region. For
the remaining part of the protein structure UFF
force field was used. All calculations were
performed using the GAUSSIAN 03 package [19].
NOC software, downloaded from
http://noch.sourceforge.net/, was used  for
representation of protein structure. The active site
complex of the proteins was extracted from the
optimized protein structure and was used for further
analysis. NBO analysis was used for evaluating
atomic charge and second-order interaction
energies [20]. The topological properties of electron
density were analyzed for the four active site
complexes using the AIM2000 program [21
Correspondence 24].

3. RESULTS AND DISCUSSION

3.1 Spinach plastocyanin protein

Fig. 1 shows the PDB structure of the spinach
plastocyanin. As clearly seen, there is one active
site in this protein. The active site is consisting of
one copper ion, two histidines, one cysteine and
one methionin residue. For the present study, we
used the copper ion and the side chain of the
mentioned residues as high layer and the other parts
of the protein as low layer.

Table 1. Energy analysis of the four plastocyanin active sites

Fig. 1. Spinach plastocyanin protein structure along with
active sites

3.2 Energy analysis

Table 1 shows the high and low layer energy of
ONIOM calculation for all basis sets. The main
difference among the four active site energies is
seen in the energy of the model system with high
level of the calculation. Copper (1) active site shows
the lowest energy among other active sites. The
order of decrease in total energy is as follows:

Copper (1) < copper (Il) < silver (I) < cadmium
(I1) active site

Data in Table 1 show that energy values are not
sensitive to the selection of basis set.

3.3 Structure parameters analysis

Table 2 illustrates the bond distance of the metal
ion of the protein active site from His to the sulfur
atom of the Cys and Met ligand. Bond distances
were derived from two PDB entries that were

Cu*-PC Ag*-PC Cu?-PC Cd#-PC
Basis set SDD LANL2DZ SDD LANL2DZ SDD LANL2DZ SDD LANL2Dz
Elow(model) 0.3 0.3 0.26 0.26 0.34 0.35 0.31 0.31
Enigh(model) -1683.6 -906.3 -1633.2 —855.8 -1683.2 -905.9 -1654 —757.9
Eiow(real) 2.32 2.27 2.26 2.43 2.29 2.3 2.24 2.25
Etotal -1681.6 —904.3 -1631.2 —853.9 -1681.3 -903.9 -1652 —755.9
Table 2. Bond distances of the four active sites along with experimental data
X*-PC Cu*-PC Ag*-PC Cu2+-PC Cd*-PC
Basis set SDD LANL2DZ SDD LANL2DZ Exp SDD LANL2DZ SDD LANL2DZ Exp
His87
X-N 1.99 2.02 2.23 2.26 2.09 197 1.99 2.21 2.26 2.06
His37
X-N 1.99 2.02 2.23 2.25 2.07 1.97 1.96 2.22 2.25 1.91
Met92
X-S 3.09 3.11 3.28 3.52 3.10 2.60 2.59 2.71 2.77 2.82
Cys84
X-S 2.21 2.28 244 2.57 212 2.42 2.27 2.72 2.74 2.07

*X stands for metal ion
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X*-PC Cu*-PC Ag*-PC Cu2*-PC Cd?-PC
LANL2D LANL2D LANL LANL2D
Basisset  SDD z SDD Z Exp SDD 2DZ SDD Z Exp
His87
X-N-C20 12532 12538 12531  124.62 126.46 124.89 12212 121.07 12441 125.99
X-N-C17 126.78 127.01 12676  127.46 127.89 127.71  129.86 13145  128.38 123.93
His37
X-N-C5 12314 12226 121.28 12247 125.98 121.71 12410 11890 11554 128.97
X-N-C2 12912 130.10 13070  130.22 128.63 129.86  127.46 13358  137.27 123.10
Met92
X-S-C30 9857 9798  107.41 89.27 117.26 116.61  111.66 107.47  110.44 96.48
X-S-C28  129.67 130.65 138.29  138.95 122.51 135.80 130.51 127.81  123.03 126.86
Cys84
X-S-C 109.90 109.38 111.03  109.78 113.63 105.12  108.65  99.88 104.85 110.42

“X stands for metal ion

mentioned above. Except the distance between
sulfur and copper (I) ion, LAnI2dz basis set can
reproduce experimental bond distance lengths more
accurately than SDD basis set in the copper (I)
active site. ONIOM calculation with SDD basis set
can predict all bond lengths more accurately than
Lanl2dz one. Besides bond distances between
sulfur and metal ion in the Met ligand, ONIOM
calculation with the Lanl2dz basis set shows the
accurate bond lengths for other distances of the
copper (I1) active site. For cadmium (11) active site
Lanl2dz basis set shows strong prediction with
respect to SDD basis set for metal-sulfur distance in
Met92 ligand, but weak prediction is seen for other
bond distances.

Table 3 shows selected bond angles of the four
active sites. For copper (1) active site, Lanl2dz basis
set can reproduce X-N- Co and X-N- Cy bond
angles of the His 87 and also X-N- CS of the His
37 more accurately than SDD basis set. For silver
(D active site, Lanl2dz basis set gives better
prediction than SDD basis set for X-N- Cy bond
angle of the His87 and X-N- Co, X-N- Cp of the
His 37. Except X-N- Cy bond angle of the His 87,
LanL2dz shows better prediction than SDD basis
set. Finally, except X-N- Co, X-N- Cp and X-S- Ce
bond angle, the prediction of bond angles by
Lanl2dz is worse than by SDD basis set.

3.4 MO analysis

Fig. 2 shows the highest occupied molecular
orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the four active sites.
The HOMO and LUMO energies varied as follows:

EHomo-caqay < Eromo-cu(ity < EHomo-cuty < EHomo-Ag()

ELumo-cdiny < Evrumo-cuany < Evumo-cugy < ELumo-aga)

Based on these results, one can conclude that Ag**
active site in plastocyanin can donate an electron to
a partner more feasibly than Cu'* active site. Also,
comparision of LUMO orbitals energies shows that

Cd?* active site can receive an electron more
comfortably than Cu?* active site.

3.5 NBO analysis

Table 4 shows the natural charge of atoms in the
four active sites. As clearly seen, insertion of silver
ion into the active site increases some atom charges
such as Ce of the His37; CB and Co of the His87
and reduces some atom charges such as No¢ of the
His37, Cy of the His87; CB of the Met92 and Sy of
the Cys84. Insertion of cadmium (Il) into the
copper (I) active site caused decreasing of charge
density on CB of the His37 and CpS of the His87.

Table 5 shows the stabilization energy of the
donor-acceptor interaction of the four active sites.
For all active sites, the strongest interaction is
between Ne lone pair and 6" ys- . bond.

Table 4: Atomic charges of plastocyanin active sites

Cu*active Ag*active Cu?*active  Cd**active
site site site site
Charge
His37
CB 0.557 0.559 —-0.009 0.033
Cvy -0.171 -0.254 0.099 0.063
Cd 0.261 0.061 0.075 0.069
No -0.178 0.026 -0.545 —0.443
Ce 0.094 —0.093 0.26 0.21
Ne —-0.156 -0.161 -0.234 -0.267
His87
CB 0.564 —0.528 —0.009 0.056
Cy -0.18 0.319 0.085 0.058
Cd 0.269 —0.267 0.085 0.077
No —-0.159 -0.402 -0.541 -0.441
Ce 0.074 0.312 0.268 0.227
Ne —-0.159 -0.125 -0.235 —-0.265
Met92
CB -0.128 0.58 0.121 0.076
Cy -0.027 -0.123 —-0.086 —-0.092
Sd 0.032 0.075 0.048 0.003
Ce -0.087 —-0.086 -0.152 -0.142
Cys84
CB -0.547 —0.075 0.09 0.156
Sy —-0.082 0.0104 -0.217 -0.079
Metal
Cu* 0.557 - - -
Ag" - 0.387 - -
Cu? - - 1.404 -
Cd# - - - 1.329
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Table 5: Stabilization energies of donor-acceptor interaction

Cu* active site

Ag* active site Cu®active site Cd?*active site

Charge transfer E(2), E(j)-E(i),F(i,j)

BD(Cu- CB)(Met92)— BD*(Cy-g)(Met92) 30.24-0.41-0.143
LP(Ne)(His37) —BD*( Cy — C8)(His37) 34.43-0.59-0.188
LP(Ne)(His37) —»BD*( N&— Ce)(His37) 49.10-0.47-0.193
LP(Ne)(His87) —BD*( Cy — C5)(His87) 34.88-0.59-0.189
LP(Ne)(His87) —BD*( N — Ce)(His87) 47.67-0.46-0.188

LP(NS)(His37) —BD*(Sg-Cu)(Cys) -
LP(Ne)(His37) —BD*( Cy — C8)(His37) -
LP(Ne)(His37) —BD*( N& — Ce)(His37) -

BD*( CB —Cu)(Met92) —LP*(Cu38) -

BD*( CB-Cu)(Met92) —Ry*(Cu38) -

LP(N&)(His37) —LP*(Ag)
LP(Ne)(His37)—BD*( N&- Ce)(His37) -
LP(N&)(His37) —LP*(Ag)
LP(Ne)(His87)— BD*( N&— Ce)(His87) -
BD ( CB -Sy)(His87)— LP*( Cd) .

- 48.45-0.83-0.184 -
- 50.62-0.55-0.158 -
- 147.00-0.41-0.219 -
- 213.86-0.02-0.109 -
- 43.29-0.13-0.126 -
28.51-0.72-0.190 - -
75.04-0.47-0.239 - —
29.53-0.78-0.200 -

35.79-0.48-0.168
18.82-0.33-0.108

3.6 AIM analysis

Table 6 shows the results of AIM analysis for all
active site complexes. In the case of copper (I)
active site, the data show that high electron density
exists for the Cu-N bond of the His37 and His87
ligands. Because of V?p<0, no charge depletion is
registered for all bonds. Bond ellipticity(e), which
can be wused to detect conjugation and
hyperconjugation, is large only for Cu-S bond of
Met92 and Cys84 ligands. For Ag (1) active site, the
same trend as for copper (I) active site is seen. The
charge density behavior of copper (Il) active site is
similar to that of copper (I) and silver (I) active
sites, but high bond ellipticity is found only for Cu-
S of the Cys84 ligand. For the cadmium active site,
the behavior of charge density is similar to that for
other active sites, but bond ellipticity of Cd-S of
Met92 ligand shows a high value.

Table 6: Atom in molecule properties of metal-ligand
bonds

X— X— X—
X" N(His87) N(His37) S(Met92) X-S(Cys84)
Cu*

p 0.077 0.077 0.015 0.062
Vzp -0.122 -0.117 —-0.007 —0.060

€ 0.050 0.064 0.101 0.110
Ag*

p 0.065 0.065 0.009 0.047
Vzp -0.074 -0.073 —0.005 —-0.039

€ 0.059 0.069 0.093 0.092
Cu2+

p 0.080 0.086 0.019 0.064
V2p -0.124 -0.136 —-0.010 —0.057

€ 0.064 0.075 0.077 0.101
Cd2+

p 0.061 0.062 0.032 0.028
Vzp —-0.061 —-0.063 —0.023 -0.021

€ 0.070 0.074 0.081 0.079

*X stands for metal ion

4. CONCLUSION

The ion replacement in plastocyanin was studied
by the ONIOM calculation method. The results
revealed the main difference between the four
proteins. Total protein energy of copper (1) and
copper (I1) was found to be lower than that of silver
(D) and cadmium (Il) proteins, respectively. Also,
HOMO and LUMO orbital energies of copper (1)
and cadimum (1) active sites are lower than those
of silver (I) and copper (Il) active sites. Natural
charges of atoms in the four active sites illustrated
that substitution of ion in plastocyanin can cause
different charge distribution in the plastocyanin
active site. Also, atom in molecule theory showed
different electronic density and bond ellipticity for
bonds of the central metal ion with atoms of
surrounding ligands. Although the substitution of
silver (1) with copper (I) in PAC spectroscopy can
help to derive useful information about binding of
plastocyanin to photosytem I, ONIOM results show
that the electronic structures of the substituted
active sites are different.
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yuusepcumem Azao, Mawxao, Upan

Hocreruna va 22 romm, 2011 r.; mpuera Ha 20 toHm, 2012 1.

(Pesrome)

3aMsHaTa Ha HOHM B aKTHBHUTE IIGHTPOBE Ha IPOTEHHH IPEIU3BHKBA 3HAYMTENICH MHTEpEC MOpPaand HEHHOTO
NPWIOKEHHE MPU HAKOU CIEKTPOCKONCKM Mertoau, Hampumep mnpu PACS (Perturbed Angular Correlation
Spectroscopy). TeopeTHYHOTO pasriekJaHe Ha 3aMsHaTa Ha HOHM B IUIACTOLIMAHWHA € H3BBPIIEHO C IOMOINTA
neycnoiaust ONIOM-meton. MenHute WoHHM (€IHO W JBYBaJCHTHH) B aKTHBHHUS ICHTHD Ha IUIACTOIMAHWHA CE
3amecTBaT ChOTBeTHO Cbc cpeObpHHU (I) m xammmii (II). M3BbpmieHa e onTMMu3anMs Ha YETHPHUTE INPOTEHHA C
LANL2DZ u SDD 6a3ucuu Mpexu. MoJeKkyJTHUTe OpOUTain, eCTeCTBEHUTe OPOUTANNM Ha BPB3KUTE M aTOMHUTE ca
M3IIONI3BaHU 3a ONpEeNsHe Ha EJIEKTPOHHHWTE CTPYKTYpH Ha YETHPHUTE aKTHUBHM ILeHTpoBe. OOmara eHeprus Ha
mwractonuaauHa ¢ Meq (I) e mo-Hucka ot Ta3m Ha mactoruanuH cke cpedpo (I). [ImacrommanmasT ¢ Mexn (II) mokassa
no-Hucka eneprus ot To3u ¢ kaamuii (II). HOMO u LUMO-op6uranuuTte eneprun Ha akTuBHUTE HieHTpoBe ¢ mex (1) n
kagmuii (1) ca mo-mmckm ot tesm mpu cpedpo (1) m mex (Il). Uetnpure akTUBHH IEHTPOBE ITOKA3BaT Pa3IMIHO
pasnpeneneHrue Ha 3apsiia. YCTAHOBEHM ca Pa3IMYHM CTOWHOCTH Ha €JNEKTPOHHATa IUTBTHOCT M EJMITHYHOCTTa HA
BPB3KUTE 32 YUSTUPUTE aKTHBHU LICHTPOBE.
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Evaluation of the potential application of La, xSrkCuO4 s and Nd, xSrkNiO4 5 as
alternative cathode materials for solid oxide fuel cells
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Comparative analysis between two cathode materials for the preparation of solid oxide fuel cells was performed.
Series of layered perovskites La, xSrkCuQ4 s were synthesized by the nitrate citrate method with different levels of Sr -
substitution. Cathode materials area specific resistance (ASR) at different temperatures and fuel cells resistances at
different temperatures are the indicative criteria the present work is focused on, in order to evaluate and compare the
operating characteristics of both cathodes. For the determination of these parameters electrochemical impedance
spectroscopy (EIS) over “cathode/interlayer/electrolyte/interlayer/cathode” structured symmetrical cells for the ASR
determination was applied. Afterwards voltammograms over “anode/electrolyte/interlayer/cathode” structured anode
supported SOFC (AS-SOFC) for the determination of cells resistance were acquired. Voltamogramms were recorded
for different times of SOFCs exposure under real operation conditions, thus evaluating cells capacity to operate for a
long period of time. AFM topography observations were performed in order to indirectly explain the differences in the
behavior of the samples tested. The potential application of both cathode materials as alternative SOFC was evaluated

and conclusions were drawn.

Keywords: SOFC, cathodes, La, xSrxCuOa-s, Nd2_xSrkNiOa_s, perovskites

INTRODUCTION

During the recent decades the demand for new
energetic sources has sharply increased. In this
context, the solid oxide fuel cells (SOFCs) have
been found to be an attractive alternative of the
already utilized energetic systems. Furthermore,
SOFCs could be wused for co-generation of
electricity and valuable products for the chemical
industry as well [1 — 4]. Nevertheless, the
application of SOFCs as industrial integrated
products recommends standardization in order to
guarantee their reliable and harmless usage for
prolonged periods of time.

Each layer of the multilayered ceramic element
performs its own function. The most widely spread
materials for SOFC application are described in
several review papers [5, 6]. Generally the SOFC is
composed by cathode (air electrode), anode (fuel
electrode), electrolyte, functional layers in between,
interconnectors and sealings.

The requirements, related to the SOFC
household and industrial exploitation, predetermine
the large scientific R&D activities intended for new
ceramic materials and technologies for their
synthesis. Thus, studies are carried out on the

* To whom all correspondence should be sent:
E-mail: stefan_sim83@yahoo.com

synthesis and characterization of cathode materials
as. Lao,5Sro,5C003, LaC003, LaNio,eFEOAOs [7, 8],
Ceo,g Smo,101,95, L&o,sSfo,sCOo,zFEo,gOs [9, 10],
LaMnOs;, La; xSrkCo0Os3s, La;«SrxCoiyFeyOs5
[11, 12] and others [13]. Typical electrolyte in the
SOFC technology is yttria stabilized zirconia (YSZ)
owing to its ionic conductivity and electrical
insulating properties at temperatures 700-1000°C.
Disadvantage of this material is its relatively high
chemical activity towards some elements that are
often present in the cathode composition. This can
be overcome by including gadolinium doped ceria
(CGO) as barrier interlayers between the cathode
and the electrolyte. In most cases the anode
material is Ni-cermet as a porous fuel electrode.

It was established from previous works, that
there is a permanently increasing interest in the
development of new materials for SOFC
applications [14]. Nowadays, the evolution of the
SOFC technology leads to new challenges. One of
the main problems to deal with appears to be the
lowering of the operation temperature. New
generation of fuel cells - intermediate temperature
SOFSs (ITSOFCs) achieves performance at
temperatures in the range of 700-850°C, which
allows the use of significantly less expensive
construction materials in comparison to the older
generation SOFCs with an operation temperature
range of 1000°C. Overcoming of the problem is

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 207



S. Kozhukharov et al.: Evaluation of the Potential Application of LazxSrCuO4-s and Nd2-xSrxNiOa4-s as...

related to structural and functional changes in the
entire fuel cell device.

It was described [15] that at low operation
temperatures, the polarization losses and the
importance of catalysis of the electrode reactions
sharply increase. At the cathode, mixed potentials
can arise when traces of combustible substances
determine the electrode potential in competition
with oxygen. In the present work temperatures
below 700°C will not be applied during tests due to
the operation characteristics of the YSZ electrolyte.
It is known that its ionic conductivity cannot be
activated below 700°C.

The aim of the present research work is to
compare the variations of two cells resistances as a
function of the operating temperature as one of the
indicative criteria for the fuel cells performance.
The variation of the resistance as a function of the
test duration was also indicated. Symmetrical cells
with cathode-electrolyte-cathode structure were
used to determine the cathode resistance by
electrochemical impedance spectroscopy (EIS)
where the area specific resistance (ASR) was
determined for both cathode materials. Later on two
different anode supported fuel cells (AS-SOFC)
with anode-electrolyte-interlayer-cathode structure
were prepared and tested with the two different
cathode materials. The variation of the fuel cells
resistance as a function of the current density was
determined. AFM observations were carried out in
order to explain the differences between the fuel
cells with the different cathodes.

EXPERIMENTAL

Cell assembling

Two kinds of test objects were used in the
present work:

(i) Symmetric cells - They were composed by
two cathode layers screen printed on both sides of
the electrolyte layer. CGO containing paste was
screen printed, dried and sintered as a barrier layer
between the cathode and the YSZ, thus preventing
the formation of insulating layers from the cathode
components and the electrolyte. It was synthesized
via classical ceramic method. Preliminarily
prepared pastes containing La, xSrxCuQOs.s and Nda-
xSrxNiO45, were afterwards screen printed on both
sides of the sintered solid electrolyte.

(i1) Anode supported SOFC - For AS-SOFC
preparation, anode supported half cells were used.
They were supplied from SOFCPOWER S.r.l. [16],
composed by YSZ- solid electrolyte and a Ni
cermet anode. Functional CGO interlayer was
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deposited via screen printing, followed by screen
printing deposition of LaxxSrkCuQOs, and Nda
xSrkNiO4 5 cathode materials.

After each cycle of deposition every layer was
sintered in an individual thermal cycle. The primer
CGO layer was treated in the following cycle: an
increase with a step of 1°C/min up to 400°C,
followed by a 3°C/min step up to 1250°C. The final
cooling rate was 5°C/min. The cathode layer was
treated at 900°C for 2h and a cooling rate at
5°C/min was applied. Thus, the obtained bi-layer
film had a total thickness of 30 um.

Characterization procedures

The following methods were applied for
characterization of the cells obtained.

(i)- Determination of the area specific resistance
(ASR) of both cathode materials on symmetrical
cells. It was determined by high temperature AC
impedance spectroscopy on Autolab PGStat-30,
produced by EcoChemie, The Netherlands. The
measurements were performed at open circuit
voltage (OCV) in the frequency range of 1 MHz to
0,1 Hz in the temperature interval between 500 and
700°C. The EIS analysis yielded results on the
determination of the polarization resistance of the
cathode materials. The polarization resistance
obtained on a Nyquist plot of the EIS curves was
used in the calculation of the ASR.

(ii)- V - J characteristics of the anode supported
fuel cell. It was performed in a high temperature
furnace with controlled gas flows, product of ECN
— The Netherlands.  Acquisition of the
voltammograms: it was performed in a
galvanostatic regime at 50mA/cm? for 180 sec. The
voltammograms were done at the maximum
threshold: 0,420A/cm? and at the minimum
threshold: 500mV. The voltammetric measurements
were executed at 900, 850, 800, 750 and 700°C,
respectively. The test procedure was started after
initial achieving of the operation temperature in
nitrogen atmosphere for reduction of NiO into Ni°
and stabilizing the Ni:YSZ cermet anode layer and
stable charging of the cell up to 0.3 A/cm? and
retention of this temperature for 2 h.

RESULTS AND DISCUSSION

Determination of the Area Specific Resistance.

It was determined on symmetric cells, prepared
as was described above. After the polarization
resistance was obtained from the EIS
measurements, the ASR was calculated according
to equation 1, where S is the area of the tested
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electrode. The division into two gives the value for
one of the cathode layers.

R xS
ASR = sz L)

* Nd1,25r0,8Ni04

24 = Nd1,45r0,6Ni04
#® Nd1,65r0,4Ni04
B Nd1,85r0,2Ni04

A& NdZNiO4

log(ASR /Q cm?)

0,95 1 1,05 11 115 1,2 1,25 13 1,35
1000/T(K?)

(a)

It was established that the samples of the
symmetric cells with the respective cathodes show
almost identical values of the ASR for the five
temperatures in the range from 500 to 700°C, as is
shown in Figure 1(a, b) below.

# 1al,75r0,3Cu04

15 ® 1a1,95,1Cu04

W 121,5500,5Cu04

log(ASR /() cm?)

e

0,5

0,35 1 1,05 1,1 1,15 12 125 13 135
1000/T(K?)

(b)

Fig. 1. Values of the area specific resistance of a) Nd>xSrxNiOs and b) LaxxSrxCuOs for different
temperatures, expressed in 1000/T (K1)

ol
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Fig. 2. SOFC Voltammograms acquired for Las 7 Sro3CuQa4.s at 700, 800, 850°C  (b) Nd6Sro4NiOa., at 700,
750, 800, 850, 900°C.

The similarity of the diagrams evinces that both
electrodes possess identical area  specific
resistances, and even almost the same trends of
dependence of ASR vs. temperature. In addition,
the analysis shows a low cathode resistance that
allows us to consider both materials as suitable for
cathode materials application. As shown in the
literature, the resistance of IT SOFC cathode should
be in the order of 1 Qcm? at 700°C [16, 17].

The performed analysis showed different ASR
values obtained for the different levels of Sr-
substitution. The lowest resistance values were
detected for Lai;SrosCuQ4, as well as for
Nd16Sro4NiOss - tested samples. The latter two
cathode materials were used in the subsequent
experiments of the complete AS-SOFCs tests;
simplifying these materials with indexes LSC and
NSN, respectively.

3.2. V-J characteristics

There is a clear deviation between the
theoretical and the real correlation values of the
electric potential and the current density [18]. This
difference is determined by losses caused by
various sources, as for example: 1 — losses from

activation of the electrodes; 2 — losses from Ohmic
polarization, (i.e: polarization resistance R;), and 3
— losses from the gas transport, caused by the
diffusion between the feeding combustible gas and
the gaseous products. Here it should be mentioned
that the presence of the combustion products
decreases the concentration of the feeding gas and
consequently — its partial pressure. It is clear that
the rate of all these losses depends on the
composition of the SOFC components and on their
properties, (i.e. density, thickness, porosity, etc.).
That was the reason we performed a comparative
analysis on the electrochemical behavior of cells,
either with Lay 7Sro3CuQy, or with NdSrosNiOg4 s
at different operation temperatures. The results
obtained are presented in Figure 2 (a,b) for both
LSC and NSN samples.

Figure 2 shows the considerable difference in
the behaviour of the respective cells. The
correlation of the results of Figure 1 and Figure 2
leads to a surprising fact: although the
characteristics shown in Figure 1 are almost
identical, the voltammograms in Figure 2 reveal
remarkable differences for the complete ITSOFC
with the respective cathodes. The open circuit
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voltages for the LSC sample, position (a) are in the
range of 850 mV and do not reach 1000 mV,
whereas they are between 1000 and 1100 mV in
position (b) for the NSN sample. Additionally, at
700°C the cell with the former cathodic material
achieves the 500 mV threshold at 0,120mA/cm?,
while that with the latter one reaches it at
0,150mA/cm?. Higher differences between LSC
and NSN cathode cells even arise at elevated
temperatures. Thus, at 800 and 850°C the cells
achieve the 500 mV threshold at about 0,240
mA/cm?, whereas the cells with Ni-based cathodes
reach it at 0,275 mA/cm? at 800°C, and at more
than 0,400 mA/cm? at 850°C, respectively. At
900°C no voltammogram for the lanthanum
cathode cells could be detected, because the
material suffered partial fusion at this temperature.

Furthermore, the shapes of the curves reveal
supplemental differences. Possible explanation
about the phenomenon in the latter case could be
the decomposition of the water molecules,
rendering additional H, supply. In this way, at
higher ~ current  densities, the  additional
decomposition of the water, (coming either from
the fuel humidity, or as a product of the H, —
H.O()), could deliver additional quantities of
hydrogen, thus increasing the efficiency of the
entire ITSOFC.

The curves for 800 and 850°C of position (a)
reveal almost indistinguishable double inflections,
indicating the presence of different processes in the
respective ranges of the voltammograms. They
could originate from structural changes in the
respective cathode materials, as is explained in the
next paragraph.

The polarization resistance R, could be
calculated by equation 2, taking in account that the
polarization resistance expresses the relation

+ LSC72h8500C
a » LSC60h850 0 C

Voltage .V

om0 w0 oam  oaw
2
mA/em

Fig. 3. Voltammograms acquired during the durability tests. (a)- Lai,7 Sro3CuOa.s. (b)- Nd1,6Sro4NiOas

Apparently, the durability tests prove the
statement that the NSN cathode sample displays
excellent durability, incomparable to that of LSC
cathode cells. Indeed, the voltammograms maintain
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between the changes of current density (AJ) and the
voltage (AV) in a given range.
AV )
R, X , Qf cm. 2
Both cells showed their lowest R, values at
700°C. Their values were estimated to be 3.666
kQ/cm? for LSC and 3.333 kQ/cm? for NSN,
respectively. In other words, at 700°C the cell with
the NSN electrode slightly exceeds that with the
LSC one. Nevertheless, at 850°C the R, value for
nickelate was estimated to be 0.75kQ/cm?, whereas
for LSC it reaches 1.5 kQ/cm? This fact is an
additional evidence for the better behavior of
Nd1,6Sro4NiO45, compared to Lai7SrosCuOas, at
higher temperatures. The contradiction between the
identical ASR behavior in Figure 1, and the
remarkable differences in Figure 2 is a direct
evidence for either the incompatibility of LSC with
the rest of the components of the fuel cells, or the
presence of cell “destructive” processes at
temperatures above 750°C. This contradiction
reveals that the cells possess rather distinguishable
electrical characteristics, although they are identical
for both cathode materials.

3.3. Durability tests

The duration of the time elapsed until the
breakdown of whatever industrial product at
operation conditions, (i.e. temperature, pressure,
etc.), is considered as durability. The breakdown of
the respective product appears at the moment of the
sharp dissipation of its parameters from their
nominal or initial values. Thus, in the present case
significant difference between the respective cells
arises regarding their durability. Figure 3 shows
voltammograms recorded for different times of
SOFCs exposure to real operation conditions.

0000 ¥

“NSN 400k 850°C
oo NSN 300h 850°C
ANSN 2000 850°C
0500 ®NSN 100k 850° C
#NSN 0h850°C

vion
bom om0 o0 o0 ome  oxe  oin  oxa 04
mA/em®

the shape of straight lines even after 400 hours for
the NSN sample, whereas the LSC sample exhibits
curves with clear inflexions even after 60 h. This



S. Kozhukharov et al.: Evaluation of the Potential Application of LazxSrxCuO4-s and Nd2—xSrxNiOa4-s as...

means that the durability of NSN cathode exceeds
that of LSC by about 6 or 7 times.

Furthermore, the Nd16Sro4NiOss reveals a
surprising improvement of their voltammograms
after 200 hours. The polarization resistances (Rp)
for the respective curves could be calculated by the
equation 1. Thus, the Rp calculations have evinced
the presence of a posterior improvement after 200
hours of exposure. Immediately after the stable
charging of the cell, (see experimental part), the
NSN-cell sample had Rp equal to 1.000 k/cm?,
compared to 1.430 kQ/cm? after 200 hours and
1.143 kQ/cm? after 400 hours, respectively. The
values obtained are an additional evidence of the
subsequent  improvement of the electric
characteristics of the NSN cells. Because the
structural  transformations for such ceramic
materials are generally inconvertible, it looks more
likely that the subsequent improvement of the NSN
cells after 200 h is a consequence of other

X 435m

Mean fit 14um

phenomena. Indeed, a hypothetic explanation can
be assumed that after deterioration (or inactivation)
of a part of the cathode, enhancement of another
part takes place. The reason for this enhancement
could be the additional portion of H originating
from the thermal decomposition of water. In this
way, H, undergoes oxidation on the intact zone of
the cathode, compensating the obstructed area.

The remarkable difference between the
durability of LSC and NSN was observed via
structural measurements, as well. They are shortly
discussed in the next section.

3.4. Surface topology characterization

The inflections in positions (a) of Figures 2 and
3, commented above in the present text could
generally be a consequence of structural
deterioration of the La; 7Sro3sCuOa. This suggestion
was confirmed by the AFM observations done and
3D surface topology shown in Figure 4.

Mean fit 2.2um

X 495m

Fig. 4. AFM 3 D images of cathodes of cells after durability tests. (a)- Lai.7 Sro.3CuQy, after 72 hours.
(b)- Nd2«xSrxNiO4_s after 400 hours

Figure 4 obviously confirms that the surface of
the NSN cathode material is much rougher and its
structural conformation is preserved even after 400
hours. This roughness could be an indirect evidence
for better porosity and higher specific area. On the
contrary, on the image of the LSC cathode (Figure
4-a) different morphology is observed. The reason
for this lower porosity is that the cathode material
has suffered partial fusion in the high temperature
operation conditions. Afterwards, the fused liquid
material has filled the pores. Subsequently, the
presence of liquid (fused) phase in the electrode
obviously leads to posterior agglomeration
processes in the structure of the LSC electrode.
That is the reason for the uniform distribution of the
pores in the latter case (see Fig.4 position b),
compared to the irregular distribution of the
roughness in the former case (see Fig.4 position a).
In other words, the 6 to 7 times lower durability of
the former material is caused by partial diffusion of
the material. Consequently, the lower durability of
LSC originates from its lower thermal resistance.

4. CONCLUSIONS.

After the analysis of the results obtained, the
following conclusions could be drawn:

1) Both tested LSC and NSN cathode samples
reveal similar trends of evolution of the ASR with
the temperature. However, the operation
characteristics for all cell samples are rather
distinguishable.  The remarkable differences
between the respective LSC and NSN fuel cells are
a direct evidence either for the incompatibility of
LSC with the rest cells components or for the
incapability of this cathode to operate in the
temperature range chosen for the present work.
This contradiction reveals that the SOFC possesses
rather distinguishable electrical characteristics,
although the ASR values of both cathodic materials
are identical.

2) After the acquisition of the operation
characteristics for the entire cells, it was proved that
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LSC samples suffer structural deterioration at
temperatures higher than 700°C. The respective
voltammograms are curved, due to presence of
inflexions for the SOFC containing Lai7Sro3CuQa-s
cathode. The voltammograms of the NSN cell are
straight lines, showing the thermal stability of the
NSN cathode material. Furthermore, at 850°C the
polarization resistance of LSC (1.5 kQ/cm?) is
twice higher than that of NSN (0.75 kQ/cm?),
despite their equal values at 700°C. This is a clear
indication that both cathodes are more suitable for
work in the intermediate rather than in the high
temperature range.

3) Besides the confirmation of the results from
the previous measurements, the durability tests
performed show that NSN is 6-7 times more
durable than the LSC cathode.

4) The AFM surface topology study
undoubtedly shows that the LSC material
undergoes partial fusion accompanied by

agglomeration processes.

A general conclusion can be made based on the
analysis performed. The NSN cathode is a
promising material to be included in the given
configuration of anode supported zirconia based
ITSOFC. As for the LSC material, its potential
should be tested in combination with different
electrolytes that can achieve ionic conductivity at
less aggressive temperatures that should not lead to
phase transformation in the cathode structure.
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N3CJIEJIBAHE U OLIEHKA HA TIOTEHIHHUAJIHOTO ITPUJIOXKEHUE KATO
AJITEPHATHUBHU KATOJAHU MATEPUAJIN 3A TBbPJIOOKMCHIM I'OPMBHU KJIETKU
HA Lax xSrxCuOs-s 1 Nd2xSrxNiOa 5,

C. Koxyxapos, M. Maukosa, B. Koxyxapos, C. I1. Cumeonos

Xumuxomexuonozuuen u memanypeuder ynugepcumem, 1756 Cogpusa
[ocrenmna Ha 24 anprt, 2012 r.; mpuera va 30 maif, 2012 1.
(Pesrome)

[IpoBenen Oelne cpaBHHUTENICH aHATU3 MEXIy JBaTa KaTOAHM Marepuaja 3a MPUIaraHeTo MM B TBBPAOOKHUCHHU
ropuBHA KieTku. Cepus OT T. Hap. CIOeBH NMEepOBCKUTH THI Lay xSrxCuO4 s Ogxa cHHTE3MpaHH 10 HUTPAT-IIUTPATCH
METOJI C pa3iIMYHO CTEIICH Ha 3aMecTBaHe cbe SI. Crelin(pUYHOTO OBBPXHOCTHO chlpoTuBicHUe (ASR) npH pazindHu
TEMIIEPaTypHU,KaKTO U CHIIPOTUBJICHHUATA HA CAMHUTE TOPUBHH KJICTKH TPH Pa3IMYHHM TEMIIEPAaTypu ca MOKa3aTeIHUS
KPHUTEpUH BBPXY KOHTO ce (pOKycHpa HACTOsIIaTa padoTa ¢ LEN Aa Ce CPaBHAT ONEPAlMOHHHUTE XapaKTEPUCTHKH Ha
JIBaTa KaTola. 3a ONpeACIITHETO Ha Te3H IapaMeTpH Oe IPOBECH aHaIHN3 ChC UMIleNaHcHa criekTpockonus (EIS) Bbpxy
CHMETPUYHO CTPYKTYPHPAHH KIECTKH ‘‘KaToA/MEKIMHEH (QyHKIMOHAJCH CIION/eIeKTPOIUT/MEXANHEH (YHKIHOHAICH
croit/katox” 3a ompenensiaero Ha ASR. Crien KoeTo 0sXa MOMyY4eHH BOJTAMOTPAMH OT aHOAHO Oa3sWpaHd TOPHUBHH
KJIETKU ‘“‘aHoj/enekTponuT/MexaIuHeH (YHKIHOHAIEH CIOM/KaToq” 3a ONpeNessHETO Ha CHIPOTHBIEHHETO Ha Taka
OKOMIIJICKTOBAaHUTE TOPUBHU KJIETKH. bsixa CHETH BOJTaMOTpaMu INpU Pa3IMYHO BpeMe Ha MOJJaraHe NOJA pealHu
OIEpaIlMOHHU YCIIOBHUs, 32 OICHKa Ha KamanureTa Ha pa0oTa 3a IBITH INEpPUOJM OT BpeMe. ATOMHO CHIIOBa
Mukpockonuss AFM OGemie mpuokeHa 3a HaOJMrOACHUS Ha TomorpausiTa U KOCBEHOTO OOSCHCHHE Ha PA3JIUKUTE B
MOBE/ICHUETO Ha TecTBaHHUTE 0Opas3iu. [loTeHIMamHOTO npuiaraHe ¥ Ha JBata KaToJHHM MaTepHana KaTo ajJTepHaTHBU
Ha CBIIECTBYBAIIUTE OEIle OLEHEHO ChC CHOTBETHUTE N3BOIH U 3aKIIOUCHHS.
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Energy efficiency is a very important indicator in the stability assessment of industrial processes. The optimal
utilization of energy is a vital task today, as it determines the state of environment, technology and product price. The
present work describes a method for the reduction of energy consumption by heat integration, in a system of bioreactors
for the production of antibiotics. A scheme for heat integration of two heat reservoirs is suggested, ensuring
performance at different time intervals. A mathematical model of the processes taking place in the two reactors is
developed. On the base of the model, a strategy for optimal control of energy resources using heat integration of two
heat reservoirs is proposed. The optimization task is formulated in terms of the Mixed Integral Non-Linear

Programming (MINLP). The proposed method is applied to a real industrial process for antibiotics production.

Keywords: Heat integration, batch reactors, Heat storages, Antibiotics

INTRODUCTION

There is a contemporary problem with efficient
energy consumption. The energy sources are
constantly decreasing and have a negative effect on
the environment, thereby forcing the search for
alternative resources.

In industrial systems, the optimal utilization of
the energy resources is one of the main problems
[1]. All up-to-date scientific achievements and
engineering practices are involved in solving these
problems as early as the design phase. In existing
production lines, it is necessary to make the most of
the energy using suitable engineering solutions.

In most of the chemical and biochemical
productions, a number of heating and cooling
processes are usually involved according to the
technological scheme [2, 3]. They most often result
in major energy losses. The production of
antibiotics is one of such processes [4]. In this case,
one could effectively decrease, as well as control,
the energy consumption, using the approach of heat
integration of the production processes.

AIM

The aim of the present work is to suggest a
practical method for energy saving by heat
integration of a system of bioreactors in the
production of antibiotics, using heat reservoirs and

* To whom all correspondence should be sent:
E-mail: bivanov@bas.bg
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their control methods. Thus, the costs of energy
resources could be decreased.

PROBLEM DESCRIPTION

A Dbioreactor system for the production of
antibiotics was studied. The process involves
preparation of a nutrient, followed by its
sterilization and cooling to working temperature for
the fermentation process. The nutrient preparation
and its sterilization involve the use of water vapor
as an energy carrier. The fermentation is performed
after cooling the sterilized nutrient to working
temperature of 30°C. Technical and cooled water is
used for this process. The idea for reduction of
energy consumption is to integrate these two
processes. If a certain reactor is in a regime of
cooling, then the energy released could be stored in
a heat reservoir to be used for the preparation of
nutrients in another reactor. This would save energy
in the second reactor, and also reduce the amount of
technical water required for these processes. The
idea can be implemented by designing a proper
scheme. Furthermore, the major factors providing
maximum utilization of the internal energy in both
reactors should be determined.

Figs. 1 (a) and (b) show such a scheme for
running the processes. The determination of the
controlling factors is reduced to the parameters of
the time intervals. The process conditions should
provide a minimum value of the energy used by the
external systems.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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PRODUCTION OF ANTIBIOTICS

One of the most common methods used for the
production of antibiotics is the preparation of the
substrate by fermentation. It is carried out in
bioreactors, and the sequence of processes and their
conditions are listed below:

Stage 1:Nutrient preparation

1.This process is carried out by mixing micelles
and nutrient in a subsidiary reactor.

Stage 2:Fermentation components

1. Mixing of component Vi from Tank A with V2
with water at 20°C (CW20) by stirring for 1 hour
until nutrition medium NMA is obtained.

2. Mixing of component Vi from Tank B with V2
CW20 by stirring for certain time until nutrition
medium NMB is obtained.

Stage 3:Fermentation process

1. Transfer of NMA to reactor Fc and heat from
20°C to 55°C.

2. Heating NMA from 55° to 100°C using steam.
3. Sterilization of NMA with 100°C steam for
about 0.5 h.

4. Transfer of NMB to F. and mixing it with

NMA to obtain AB_IAB.

5. Addition of Vss CW20.

6. Heat the mixture V¢ with vapor to T = 55°C to
obtain medium NMAB.

7. Heat the mixture NMAB with water vapor from
55°C to 120°C.

8. Sterilization of NMAB with water vapour at
temperature of 120°C.

9. Cooling NMAB from 120°C to 45°C using
CW20.

10. Cooling of NMAB from 45°C to 30°C using 5°C
cooled water (CW5).

11. Addition of IMX to NMAB up to volume Vmax to
obtain FM.

12. Cooling the medium FM to Trr using CW5 and
carry out fermentation for 120 h — 150 h until the
product FB is obtained.

Stage 4: Dilution

1. Transfer FB to an intermediate reservoir.
2. Addition of Vg with water CW20 for
deactivation to obtain the product DFB.

Stage 5: Filtration

1. Filtering the DFB to obtain concentrated
material DSC.

Stage 6: Sterilization of the empty fermenter

1. Washing the empty fermenter with CW20.

2. Sterilization of the washed fermenter with water
vapor with temperature of 130°C.

3. Sterilization of the washed fermenter with water
vapor with temperature of 130°C.

PROCESS ORGANIZATION

According to the technology (Stages 1-6), there
are a number of processes requiring the use of
external energy (STEAM, CW20, CW5) for heating
and cooling. The problem with their dependence on
external energy sources can be solved by creating
conditions for heat integration. In Fig.1, the “H”
reactor will be regarded as the fermenter, where the
processes 3.1-3.7 have ended. By the end of 3.7,
the mixture in the fermenter would have a
temperature of T = 120°C. Processes 3.8 and 3.9
are carried out at Tsr = 30°C.

HEAT INTEGRATION USING HEAT OF THE
RESERVOIR

According to the technological regulations,
some of the processes require the use of external
energy (STEAM, CW20, CWS5) for heating and
cooling. The reduction of external energy used can
be achieved by using a certain scheme of heat
integration. The process of “Cooling” the reactor
after sterilization does not coincide with the
processes of preparation of the nutrient for
sterilization in another reactor. For this reason, it is
not possible to use the scheme of heat integration
suggested in the publication by Boyadjiev et al. [4].
Therefore, heat reservoirs must be used to store the
energy from the hot reactor, until it is utilized for
the preparation of the nutrient in a subsequent
reactor. It may also be used in the process of
dilution after fermentation. A hot reactor is the
fermenter Fn where the processes of feeding the
raw materials and sterilization. (3.1-3.7). It should
be cooled down to temperature of 30°C to carry out
fermentation. A cold reactor (fermenter) Fc, where
the preparation of the nutrient and its sterilization is
carried out.
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Fig 1b. Piping and instrumentation diagram for heat integration and heat reservoirs.

According to the scheme suggested, the hot subsequently be used when the processes of
reactor Fy is cooled with water CW20 using its nutrient preparation are carried out in another
serpentine. Thus, the water flowing out of the fermentation reactor Fc (processes 3.1-3.5). The
serpentine is stored in heat tank 1. It will volume of this heat tank should be as large as to
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contain the amount of water necessary to maintain
the processes. The second heat tank is designed to
store the water required to carry out process 4.2,
and its volume should be as large as the amount of
water needed for the process. The design presented
in Fig.1 can provide for the processes involved in
the technological regulation. The task of process
control is to determine the controlling variables
ensuring minimum costs (water, vapor) the scheme.

MATHEMATICAL MODEL

It is assumed that for each of the four stages
cooling will be carried out by certain dependence of
the change of cooling water flow with time. This
assumption provides a possibility to use models of
the processes with ordinary differential equations.
These equations describing the processes of heat-
and mass transfer are:

1. An equation describing the change of the
temperature of the mixture in reactor F4 when a
flow of CW20 or CW5 of certain flow rate Fu; - is
described by an equation for each time interval:

AT, (©-1) (FWiCpWi)( "1 )vieled) ()

dt Dy; VeCpe
where:
° T =X Ty + (1_ X )Tws’ X = {OV]-}’
. Wi:ﬂ:exp( uA ] A s
T T, FwiCPwi
the heat exchange surface of the serpentine in [ mz],
) U is the total coefficient of heat transfer, in
[ewm 2k ],
. CPr,CPyaorCPys iN [kJm‘g’K‘1 ,
o CPwi = XiCPy o + (1_ Xi)CpWS’ Cpw 2 and

Cpus are the specific heat capacities of CW20 and
CWS5.

. The flow rate of the cooling water through
the serpentine is Fyi [m%/s].

2.The temperature at the serpentine outlet is
determined for each time interval by the equation:

T-*=(®W‘_1)TH+(D1 T", Vie(l+4) )

Wi Wi
The solution of equation (1) was to be found
under initial condition Te(0), where Te(0) = Tsr(0),
at i =1 and Tr(0) = Tri(0)(ti-a) ati >1. It should
be taken into account that the temperature of the
water flowing out of the serpentine T, must be
lower than that of the material contained in the

fermenter Tei ie. T 2T, .

3. The volumes of the tanks S1, S2, SW and
their temperatures for each time interval are
described by:

Vo _ s

de Y Vie(l+4) @)
CDWV51 d('jl' =y’ FWiCpWi(Ti* _TSil)

At initial  conditions V§1(0)=V51‘1)(t(i_1)),

T4(0)=T8P(ty) and at i=1 for the first time
interval — 1 V{,(0)=0, T¢,(0)=T;".
dvy,

= yistWi
dt | vie(+4) 4
CpuiVs, dTSZ =y’ FWiCp\Ni(Ti* _Tsiz)
At inltlal conditions  V{,(0)=V (‘1)(t(,_1))
T14,(0)=T&Y (t(i_l)) and at i=1 for
the first time interval — V{,(0)=0, TS, (0)=T".
dVSIW SwW
=Y Fui
dt 47! Vie (1+ 4) )
CpWVI dSW I:W|CpW|( | SW)
At initial  conditions  V{, (O)=VS(\iA71)(t(i_l)) :

TS‘W(O)zTS(\‘N‘l)(t(i,l)) and at i=1 for the first time
interval —Vg,(0)=0, T4, (0)=T", y*={0v1},
y22={ov1}, y» ={0v1} depending on the that
whether the corresponding heat tank is filled during
the given time interval or not.
4. Cooling flow values Fy;(t) with time. In general
the flow through the cooling serpentine can be
presented by the expression:
signlFya — FAL))+
Wl(t): g ( MAX I( )) }’vl € (1+4), (6)
(1_ Slgn(FMAX -F (t)))FMAX

at

F@) = A +(B - A)exp(-Cit), Vie(+4), (7)
Where sign(.)=1 when (Fy. —F(t))>0 and
sign(.) =0 at (Fyayx — F:(t))<0. The values of the
coefficients A, B;, C; should be determined.

Another possible method for controlling the

cooling water flow is at a constant flow rate within
the intervals. This method is comparatively easy for
implementation, but the effectiveness of each
method should be compared. In this method the
values of the coefficients are A =0, B, >0 and

C,=0 foreach ie(l+4).
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By the end of the fourth interval, when the
procedure ends, the parameters of the heat tanks are

VS*l’ VS*Z ! VS*W and TS*l' TS*Z ' TS*W '

AIMS OF HEAT INTEGRATION

The aim of heat integration is to minimize the
guantities of resources used (vapor and cooling
water) to accomplish the processes in both reactors.
This can be achieved by providing maximum
possible heat recovery from the cooled reactor. The
heat stored in the tank S1 is further used for the
preparation of the fermentation medium in another
reactor, while the amount contained in S2 is used
in stage 4.2. The energy used during the cooling
with water CW 5 should also be taken into account.

The objective function of heat integration is
expressed by:

Costyyr = MIN{Cost:team +Costys + Cosﬁmer}, (8)
where:
e Cost_ s the cost of vapor,

e Cost,,
cooling,
e CoSty., is the cost of the water used to

carry out the processes in the cases when heat
reservoirs are used.

These components can be found using the
following expressions:

COSt;eam = CSteame\NVS*l(Ts,; _TS* )+
CoteamCPw (VF _VS*lXTS*t —Twao ),
Costys = CoyaCPeVe (Trs —Tra) L 9)

COStyaer = Cuy 2o(§z:v:ti:/:’{:){-l\-/s§/v] J

where,

is the cost of energy from CW5 by

Vivater = V21 + Vo2 + V35,
Cws is the cost of unit energy from CW5 in
Iv/kJ,
Cqteam IS the cost of unit energy for water vapor
Iv/kJ, while C, .- the cost of the water used

Iv./m3.

CONTROLLING VARIABLES
The essence of the process control is to
determine the controlling variables which would
ensure that the minimum amount of resources is
used in order to carry out the processes in the two
reactors. These variables are:

{A.B,C.t} Viels (10)
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as continuous variables defining the cooling water
flow rate with time and the duration of each time
interval, as well as

x ={ovi}, yt={ovi}

ye2={ovi) v ={ovi
as Boolean variables determining the sequence by
which the cooling agents CW 5 or CW 20 are used.
IV. Constraints. The constraints are related to the
requirements of the technology towards the

duration of the processes and the technical

limitations of the cooling devices (serpentine).
i=4 )

Dot <t

i=1
Va1 Vo1 +Vo, +Vss

VS*Z SVWaste

(vt vt )<t

(YiSl +y 2+ Yisw)= X, Vie 14
Costyyr <Costyo vt

T, <T

}}, Vield (11)

>, (12)

fer

J

where Costy, v are the costs of energy and

water, when the processes are carried out without
heat integration.

CONTROL WITH HEAT INTEGRATION

For the control, the variables (10) and (11)
should be determined. These variables should give
a minimum of the goal function (8) under the
limitations posed by (12).

The task formulated is that of MINLP, and it can
also be solved using well known methods and
programming systems such as GAMS Brooke A. D.
et al. (1998) [5] or MATLAB [6].

MOTIVATING EXAMPLE

The suggested method of heat integration was
implemented in a production line for antibiotics.
The technological process consists of 6 main stages
which have the following parameters (Antibiotics
production of Actavista Co., Razgrad branch):

Stage 1: Preparation of the nutrient

1. This process is carried out by mixing micelles
and the nutrient in a subsidiary reactor having a

volume of 5m®.
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Stage 2: Preparation of the components of the
fermentation medium

1. Mixing 2m*® of component A  with
V,, =10m*®, with water at 20°C (CW20), and
stirring for 1 hour to obtain nutrient NMA .

2. Mixing 2m® of component B with V,, =10m®,
with CW 20, and stirring for 1 hour to obtain
nutrient NMB .

Stage 3: Process of fermentation

1. Transfer of NMA to reactor F. and heating it

from 20°C to 55°C.

2. Heating NMA from 55°C to 100°C using
water vapor.
3. Sterilization of NMA with water vapor at

100°C for about 30 minutes.

4. Transfer NMB to F., and mixing it with
NMA to obtain ABIAB.

5. Addition of V5 =17m>t018m*® andCW 20.

6. Heating the 42 m® mixture to T =55°C with
vapor to obtain the mixture NMAB .

7. Heating the mixture NMAB from 55°C to

120°C with water vapor for 1.5-2 hours.
8. Sterilization of NMAB with water vapor at

120°C for 30 minutes.

9. Cooling NMAB from 120°C
using CW 20.

10. Cooling NMAB from 45°C to 30°C with
5°C cooled water (CW 5) for 30 minutes.

11. Addition of IMX to NMAB for t=0.75h to
volume of 47m? to obtain FM .

12. Cooling the FM medium to t=30°C using
CW5 and carry out fermentation for 120h—150h
to obtain the product FB.

to 45°C

Stage 4: Dilution
1. Transfer FB to an intermediate reservoir for
1 hour.
2. Addition of 23m® CW 20 for deactivation to
obtain the product DFB.

Stage 5: Filtration

1. Filtration of DFB for 12h to obtain the
concentrated material DSC .

Stage 6: Sterilization of the empty fermenter
1. Washing the empty fermenter with CW 20 .

2. Sterilization of the washed fermenter with
water vapor at 130°C for 2h.

The process parameters are as follows:
CPr =Cpy 20 = CPys = 4200kIn*K ™, T, =5°C,
Twao = 20.00°C, U =1.20kWm K™,
A=56.55m?, T-(0)=T, =Tg, =120°C,
t, =6000s, V,5 =18m°, Fy. =0.04m*/s,
Viyase = 23M° , V,, =V,, =10m?,
Cuao =2.184lv/m*, T, =30°C,

CSteam = (CGsteam/4-184)10_6 Iv/kJ ,
CGgpeam = 277.00Iv/GCal ,

Cys =(CG,s/4.184110° Iv/kJ,
CG,, s = 681.00lv/GCal .

The scheme of the heat integration of the
processes was implemented, and the optimal
controlling parameters were determined. MATLAB
R2006a was used for the calculations and the
optimization procedure was performed with the
FMINCON module.

Table 1 shows the optimal values of the
controlling parameters obtained from the solution
of the optimization procedure according to the
module used.

Table 1. Continuous controlling variables

i s1 s2 SW 0 o

I t, [Sec.] A B, C X Yi Yi Yi Ty C TFi(ti) C
1 2005.8 0.0 0.0189 0.0 1 1 0 0 64.75 79.50

2 601.9 0.0 0.0382 0.0 1 0 1 0 64.75 69.26

3 1469.8 0.0 0.0400 0.0 1 0 0 1 64.75 50.94

4 1922.5 0.0 0.0400 0.0 0 0 0 0 64.75 30.00

Table 2 Discrete controlling variables

i s1 s2 Sw 0 o

S [sec.] A B, C X Yi Yi Yi Tey C TFi(ti) C
1 1784.8 0.0152 0.0219 1.0686e-4 1 1 0 0 62.2 81.8

2 575.7 0.0383 0.0400 1.0000e-4 1 0 1 0 62.2 715

3 1902.3 0.0400 0.0204 0.0100 1 0 0 1 62.2 48.3

4 1737.2 0.0400 0.0399 0.0100 0 0 0 0 62.2 30.0
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Table 3. Costs of energy resources

Costs for system

Costs for system with

Costs for system with

Resource without heat heat integration and heat integration and Saving
integration continuous controlling discrete controlling %
Iw. variables |w. variables [w.
1168.40 720.84 695.23 38.30(40.49
COStSTEAM ( )
377.15 161.24 128.41 57.24(66.00
Cost,, », (66.00)
389.89 527.95 601.48 -35.40(-54
Cost,s (-54)
1935.44 1410.03 1425.12 27.14(26.36
Cost (26.36)

The controlling variables for the case when the
cooling flows have flow rates constant in time but
different in time intervals, i.e. the case of quasi-
optimal control, are presented in Table 2.

Fig.2 shows the change of the temperatures in
the reactor and at the serpentine outlet during the
time intervals for the case when heat integration
was used with continuous controlling variables.
Fig.3 is for the case with discrete variables.

120 ! ; : ;

Temperature [C]

o i 1 L i L
0 1000 2000 3000 4000 5000 6000
Time [sec.]

Fig. 2. Change of the temperatures in the reactor for the

case of the system with heat integration and continuous
controlling variables.

The costs of the resources used for heating and
cooling in the system with two heat tanks under
optimal control, as well as that for a system without
heat integration, are presented in Table 3.

It can be seen that heat integration and optimal
control of the process gives substantial reduction of
water CW20 used for cooling by 57% and increase
of cooling water CW5 by 35%. Simultaneously, the
water vapor necessary for the processes decreases
by about 38%. The use of heat tanks obviates the
necessity to co-ordinate the processes in all
reactors, and results in a total saving of energy
sources (cooling water and water vapor) of about
27%. It should also be noted that the heat
integration system decreased the consumption of
water vapor and cooling water CW20.
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Temperature [C]

20

DU 1 UiUU QDiDD EXDiDU AD‘DD SOBU 6000
Time [sec.]

Fig.3. Change of the temperatures in the reactor for the

case of the system with heat integration and discrete

controlling variables.
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Fig.4. Change of heat tank volumes with time under
continuous controlling variables .

0 i i
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The optimal control system requires a special
device designed to follow the optimal law for
controlling the cooling water flow rates (Fig.4) in
the individual intervals. A much simpler law for
controlling the cooling water flow rates (Fig.5) can
be wused by quasi-optimal control, and the
economical results obtained would be similar.
Furthermore, the quasi-optimal control does not
require special controlling devices, thereby making
its implementation much easier.
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Fig.5. Change of heat tank volumes with time under Time [sec.]

discrete controlling variables.

Temperature

i
1000

Fig. 7. Change of cooling agents flow rates under

0.04 discrete controlling variables.
CONCLUSION
0.035 On the basis of the obtained results, the

following can be concluded:
A new structure for heat integration with two
003 heat storage tanks and an appropriate mathematical
model are developed. An optimal process control
strategy is proposed. The optimization task is
0oz formulated in terms of the Mixed Integral Non-
Linear Programming (MINLP) with minimization

: ; : 5 of the cost of used resources.
B o 000 o T2 The proposed method is successfully applied to

Time [sec.] the industrial process of antibiotics production.
Fig. 6. Change of cooling agents flow rates under
continuous controlling variables.

NOTATIONS
Hot reactor

Cold reactor
Heat tank 1

Heat tank 2

Heat tank SW 2
Mixture of water with component A

Mixture of water with component B
Mixture of NMA and NMB

Nutrient medium
Mixture of water and nutrients in the reactor auxiliary

Fermentation medium - mixture of IMX and NMAB
The deactivated product after termination of fermentation

Water with 5°C

Water with 20°C

Temperature of the hot fermenter during t - time interval [ °C]
Temperature of the water CW 20 [ °C]

Temperature of the water CW5 [ °C]
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Temperature in the heat tank S1 during i- time interval [OC]

The temperature in the heat tank S2 during i-h time interval [°C]

The temperature in the heat tank SW during i- time interval, [ °C]

Water temperature at the entrance of the coil [ °C]

Water temperature at the output of the coil [ °C]

Volume of the hot fermenter [ m3]

Volume of water in the heat tank S1 during i- time interval [m?’]

Volume of water in the heat tank S2 during i- time interval [ m3]

Volume of water in the heat tank SW during i- time interval [ma]
Volume of water in the heat tank S1 in the end of the i- time interval [ m3]
Volume of water in the heat tank S2 in the end of the i- time interval [ m3]
Volume of water in the heat tank SW in the end of the | time interval [ms]
Total volume of water used for the whole process [ m3]

Volume of NMA during stage 2.1 [ m3]

Volume of NMB during stage 2.1 [mg]

Volume of water added in stage 3.5 [ m3]

Specific heat capacities of hot fermenter [kJm_3K_1]

Specific heat capacities of water CW 20 [kJ m’3K’1]

Specific heat capacities of water CW 5 [kJ m‘3K'l]

Specific heat capacities of used water [kJ m‘3K'l]

Binary variable y7* ={0v1}

Binary variable Y2 = {0 v 1}

Binary variable y* ={0v1}

Binary variable x, = {0v 1}

Flow rate of the cooling water through the coil [ m3/s].

Heat transfer surface of the coil [ m2]

Overall heat transfer coefficient [ka‘2 K ‘1] ,

Values of the coefficients should be determined

Value of steam used for process [Iv]

Value of the energy use of cooling water CW5 [Iv]

Value the water used to carry out the processes in the cases when heat reservoirs are used [Iv]
Price per unit of energy used for process steam [IV/ kJ]

Price per unit of energy used for cooling water CW 5 process [IV/ kJ]

Price per unit volume of cooling water CW 20 used for process [IV./ m3]

Cost of energy and water required to the process in the case in absence of heat integration [IV]
Price per unit of energy used for process steam [Iv/ GCal ]
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CGys Price per unit of energy used for process cooling water CW 5 [Iv/GCaI]
Cuws Price per unit of energy used for process cooling water CW 5 [IV / kJ]

t; Duration of the i-time interval [ S]

t; Time to complete the cooling process[ S]

Iv Bulgarian Leva
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OIITUMAIJIHO VIIPABJIEHUE IIOTPEBJIEHUETO HA EHEPI'UATA TIPU
I[MPON3BOJACTBOTO HA AHTUBMOTHULIN

p. ﬂ06py()ofcaﬂueez, . Huxkonosa', B. Heanoe', A. Aiioan®

1HHcmumym no unocenepua xumusi — BAH, yn. ,, Axao. I'. bonueg*, on. 103, 1113 Cogus, Bvrcapus
2Vuueepcumem ,, ITpogh. 0-p Acen 3namapos ™, Y. ,, IIpoch. Axumoe “ Nel, 8000 Bypeac, Bvneapus
SAmepurancku ynusepcumem na Ilapuax, IIK 26666, Llapuax, Obedunenu apabeku emupcmea

[ony4ena Ha 16 maii 2012r., npuera Ha 3 romu 2012 .
(Pe3rome)

EnepruiinaTta e)eKTHBHOCT € MHOTO BayKeH ITOKa3aTel NMPH OIEHKaTa Ha CTAOMIIHOCTTA HAa MPOMMIIICHUTE IPOLIECH.
OnTUMaTHOTO M3MOJI3BaHE HAa €HEePIusATa € OCHOBHA 3aJada M JHEC, Thil KaTo TS ONpeneNs ChbCTOSHUETO Ha OKOJIHATa
cpena, TEXHOJIOTHUTE U IIeHaTa Ha MPoayKTa. B HacTosmara paboTa ce OmucBa METOJ 3a HaMaJsiBaHe MOTPeOJIEHHETO
Ha EHEeprus B pe3yiaTaT Ha TOIUIMHA HHTETpalus B CHUCTeMa OHOPEaKTOpH 3a MPOM3BOJCTBO HAa AHTHOMOTHIIH.
[MpennoxxeHa e cxema 3a TOIUIMHHATA MHTETPalMs C JBa TOILUIMHHY pe3epBoapa. PaspaboTeH e MaTeMaTHdeH MOJeN Ha
MIPOLIECUTE, KOWTO NMPOTHYAT B [BaTa peakropa. M3mon3Bailku TO3M MOAEN € NMPEeAsioKEeH METOA 3a YIpaBleHHEe Ha
SHEepruifHUTe pecypcH, 4Ype3 TOIUIMHHA HWHTEerpanys ¢ JABa TOIUIMHHM pe3epBoapa. 3ajgadara 3a yYIpaBJCHHE €
¢dopMynupaHa KaTro 3aJada Ha CMECEHOTO HENWHEWHO NporpamupaHe. MeTOABT € TeCcTBaH Ha IpUMepa Ha
IIPOM3BOJICTBOTO HA aHTHOMOTHIIH.
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Crystal structures of two polysubstituted derivatives of cyclohexanone

I. Manolov™, C. Maichle-Mossmer?

DDepartment of Pharmaceutical Chemistry, Faculty of Pharmacy, Medical University, 2, Dunav St, BG-1000 Sofia,
Bulgaria
Alnstitute of Inorganic Chemistry, Auf der Morgenstelle 18, D-72076 Tiibingen, Germany

Received April 24, 2012; accepted May 30, 2012

The structure of 2,4-diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-cyclohexanone (I) was determined by X-ray
crystallography. The symmetry operation (-x + 2, - y + 1, -z) generates the whole molecule. The compound crystallizes
in an orthorhombic system and was characterized thus: Py, & = 8.6405(10), b=18.682(2), c=20.187(4), a= p=y=90°, Z
=.8, V =3258.7 (8) A%. The crystal structure was solved by direct methods and refined by full-matrix least-squares on
F? to final values of R1 = 0.0687 and wR2 = 0.1225. The structure of 2,4-Diacetyl-3-(4-fluorophenyl)-5-hydroxy-5-
methylcyclohexanone (I1) was determine by X-ray crystallography. The symmetry operation (-x + 2, -y + 1, -2)
generates the whole molecule. The compound crystallizes in a monoclinic system and was characterized thus: P2./c,
a=5.7045 (5), b=18.120 (3), ¢=16.1678 (11), o= y=90°, P=96.192 (6) °, Z = 4, V = 1661.5 (3) A% The crystal
structure was solved by direct methods and refined by full-matrix least-squares on F? to final values of R1 = 0.0699 and
wR2 = 0. 0.2100.

Key words: 2,4-Diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-cyclohexanone, 2,4-Diacetyl-3-(4-fluorophenyl)-5-

hydroxy-5-methylcyclohexanone, 1,3-dicarbonyl compounds, crystal structure, aldol condensation reaction

INTRODUCTION

The investigations on the interaction between
1,3-dicarbonyl compounds (2,4-pentanedione or
ethylacetoacetate) and aldehydes or ketones began
at the end of the 19" century and are continuing till
present [1-4]. The results are diverse. It has been
accepted that different condensation products are
synthesized at different molar ratios of the
reactants, by varying temperature or type of
catalyst.

In this research the interaction between some
aromatic aldehydes and 2,4-pentanedione at a molar
ratio of 1:1, 1:2 or 1:4 in the presence of piperidine
as a catalyst and glacial acetic acid was studied.
The interaction was performed at room temperature
for 2 h (Fig. 1).

EXPERIMENTAL

The crystal structure of the compounds was
determined using the single crystal X-ray
diffraction method. Data collection was carried out
at —60 °C using graphite-monochromated MoK,
radiation (A = 1.5418 A) on an ENRAF NONIUS
four circle diffractometer. The unit cell was
determined and refined using the CAD4-EXPRESS
program. A semiempirical absorption correction

* To whom all correspondence should be sent:
E-mail: imanolov@gmx.net
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was performed using the PLATON/ABS PSI
program [5]. The structure was solved with direct
methods by SHELXS97 [6] and refined with
SHELXL97 [7] by least-squares methods based on
F2. All non-hydrogen atoms were fully refined and
all hydrogen atom positions were taken from the
electron density map and refined isotropically. The
plots of the molecular structure were made using
the DIAMOND program (CRYSTAL IMPACT
GbR, Bonn, Germany).

Complete data collection parameters and details
of the structure solution and refinement are given in
Table 1. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

RESULTS AND DISCUSSION

The structure of the synthesized compounds was
proven by IR, *H-NMR and mass-spectral analyses.
Single crystals suitable for X-ray structure analysis
could be obtained by crystallization from an ethanol
solution, which afforded colorless crystals. The
crystal and  structure-refinement data are
summarized in Tables 1 — 7.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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NN HyC
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Fig.1. Chemical formula of the title compounds
Table 1. Crystal and experimental data for 2,4-Diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-cyclohexanone (1) and
2,4-Diacetyl-3-(4-fluorophenyl)-5-hydroxy-5-methylcyclohexanone (11).
| 1]

Chemical formula C17H19NO¢ C17H19FO4
Formula weight 333.33 306.32
Temperature 213 (2) K 223 (2) K
Crystal system: Orthorhombic Monoclinic

Space group: Pbca P 21/n
a=28.6405(10)A a=5.7045(5)A
b=18.682 (2)A b=18.120 (3)A
c=20.187 (H)A c=20.1
a= B=y=90° =96.192 (6)°
a=y=90°
Volume 3258.7 (8) A® 1661.5 (3) A3
Z 8 4
Density (calculated) 1.359 Mg/m3 1.225 Mg/m?
Radiation : MoKo (A=10.71073 A) MoKa (A= 1.5418 A)
F(000) 1408 648
Crystal size 0.30 x 0.15x0.15 mm 50 x 0.15 x 0.15 mm
No. of reflections collected 2205 3998
No. of independent reflections 1673 2827
0 range for data collection [°] 5.83 t0 20.81 5.50 to 64.96
Data / restraints / parameters 1673/0/273 2827/0/276
Goodness-of-fit on F? 1.078 1.067
R indices [1>2c (1)] R1=0.0687, wR2 =0.1225 R1 =0.0699,wR2 = 0.2100
R indices (all data) R1=0.2550, wR2 = 0.1590 R1 =0.0792,wR2 =0.2210
Refinement: Full matrix Full matrix

(A/ G)max = 0001
(Ap)max = 0.38 €A
(A/p)min =- 021 eA-S

Measurement: Enraf-Nonius CAD4 Enraf-Nonius CAD4
Program system: Enraf-Nonius SDP Enraf-Nonius SDP
Structure determination: MULTAN MULTAN
CCDC deposition number: 706401 706402
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Table 2. Atomic coordinates ( x 10%) and equivalent
isotropic displacement parameters (A2x10%) for 2,4-
diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-
cyclohexanone (1).
Atom X y z U (eq)
C1l 2663(10) 1890 (5) 3991 (4) 47(2)
Cc2 3546 (10) 2560 (4) 3769 (5) 47(2)
C3 2533 (12) 3219(5) 3687 (4) 57(2)
C4  1370(15) 3065(6) 3149(5) 62 (3)
C5 580 (12) 2362 (5) 3231(4) 54(2)
C6 1106 (10) 1837 (5) 3653 (4) 47(2)
C11 3689(9) 1251(4) 3912(4) 43(2)
C12 3860 (12) 927(5) 3308(4) 51(3)
C13 4914(12) 378(5) 3198(5) 56 (3)
Cl4 5784(9) 176(4) 3732(6) 52(2)
C15 5664 (12) 488(5) 4338(5) 59 (3)
C16 4609 (11) 1021 (5) 4425(4) 48(2)
C21 4871(12) 2699 (4) 4242 (5) 52 (2)
C22 6485(14) 2644 (7) 3973(7) 75(3)
=2 C32 3483 (17) 3863(6) 3518(7) 77 (4)
C6l1  123(12) 1223(5) 3760(5) 59(2)
C62  421(10) 709 (4) 4314(4) 70(3)
014 7672(8) -617(3) 4112(4) 93(2)
015 7166(9) -637(3) 3075(4) 112(3)
021 4639(7) 2839(3) 4825(3) 94(2)
031 1678(7) 3386(3) 4293(3) 79(2)
051 -722(8) 2282(3) 2893(3) 80(2)
061 -1099(7) 1135(3) 3427 (3) 84(2)
N14 6962 (11) -393(4) 3626(5) 77(3)

Fig. 2. ORTEP structurte of 2,4-diacetyl-5-hydroxy-5-
methyl-3-(4-nitrophenyl)-cyclohexanone (1), showing
50% probability ellipsoids.

Table 3. Atomic coordinates ( x 10%) and equivalent
isotropic displacement parameters (A% x 10%) for 2,4-
diacetyl-3-(4-fluorophenyl)-5-hydroxy-5-
methylcyclohexanone (11)
Atom X y z U (eq)
C1 455 (4) 7077 (1) 11011(2) 33(1)
C2 2355(4) 7048 (1) 10391(2) 33(1)
C3 2335(4) 6307 (1) 9931(2) 35(1)

Fig. 3. ORTEP structure of 2,4-diacetyl-3-(4-
fluorophenyl)-5-hydroxy-5-methylcyclohexanone  (l1),
showing 50% probability ellipsoids.

The interaction of 4-bromobenzaldehyde, 4-
hydroxybenzaldehyde and 4-methoxybenzaldehyde gg ig;i gig ggg? gg 1(1);3;1 % gg 8;
with 2,4-pentandione results in the formation of the C6 816 (4) 6427 (1) 11629(2) 34 (1)
respective  3-(4-substituted-benzylidene)pentane- C11  498(5) 7812(1) 11459(2) 34(1)
2,4-dione [8].We established that the condensation C12 2456 (5) 8043 (2) 11982 (2) 42 (1)
process between aromatic aldehydes (containing a C13 2494 (6) 8726(2) 12373(2) 47(1)
nitro group or a fluorine atom at para-position of C14  550(5) 9167(2) 12231(2) 46(1)
the aromatic nucleus compared to aldehyde group) C15  -1407(6) 8966 (2) 11727(2) 50(1)

C16 -1433(5) 8281(2) 11339(2) 44 (1)
C20 2182(5) 7707(2) 9803 (2) 40 (1)
C22 -66(6) 7860(2) 9261(2) 54 (1)

and 1,4-pentandione produced polysubstituted
derivative of cyclohexanone (fig.: 2 and 3). These

two substituents reveal —l-effect and strong -M- C32 4110(5) 6290(2) 9288(2) 45 (1)
effect. X-ray crystal analysis proved a carbocyclic C6l -1143(5) 6363(1) 12196(2) 38(1)
product, a result of the interaction between one C62 -541(7) 5979(2) 13006 (2) 52 (1)
mole aldehyde and two moles 2,4-pentandione, 021 3891(4) 8097 (1) 9779(2) 63(1)
namely  2E-4-diacetyl-5-hydroxy-5-methyl-3-(4’- 031 -3(3) 6195(1) 9531(1) 39(1)
nitro-phenyl)-cyclohexanone or 2E-4-diacetyl-5- 051  -264(4) 5184(1) 11272(1) 45(1)
hydroxy-5-methyl-3-(4’-fluorophenyl)- 061 -3095(4) 6606 (1) 11985(1) 51 (1)
cyclohexanone F1 582 (4) 9845(1) 12605 (1) 66 (1)
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Table 4. Selected bond lengths (A) for 2,4-diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-cyclohexanone (1)

Bond Length Bond Length
Cl-C11 1496(10) C5-C6 1.377 (10)
Cl-C6 1512(10) C6-C61 1.444(11)
Cl-C2 1532(10) Cl1l4-N14 1.487(11)
C2-C21 1513(10) C21-021 1.223(9)
C2-C3 1521(10) C21-C22 1.500(12)
C3-031 1462(8) C61-061 1.261(9)
C3-C32 1495(12) C61-C62 1.496(10)
C3-C4 1506(11) O14-N14 1.231(8)
C4-C5 1490(12) O15-N14 1.214(8)
C5-051 1.323(9)
Table 5. Selected bond angles ( *) for 2,4-diacetyl-5-hydroxy-5-methyl-3-(4-nitrophenyl)-cyclohexanone (1)
Bond Angle Bond Angle
Cli1-C1-C6 1152(7) C5-C6-C61 117.7 (9)
Ccl1-Ccl1-cC2 109.0(7) C5-C6-C1 121.8 (9)
C6-Cl-C2 1114(38) C61-C6-C1 120.5 (9)
c21-C2-C3 1114(7) Cl6-C1l1l1-C1 120.7 (8)
c21-Cc2-C1 1094(7) C1l12-C11-C1 120.8 (8)
c3-Cc2-C1 1140(8) C15-C14-N14 119.3(10)
031-C3-C32 1073(8) C13-C14-N14 117.4(10)
031-C3-C4 1079(8) 021-C21-C22 121.0(9)
C32-C3-C4 1108(9) 0©21-C21-C2 121.3(9)
031-C3-C2 1118(7) C22-C21-C2 117.6 (9)
C32-C3-C2 111.1(10) 0O61-C61-C6 121.0 (9)
C4-C3-C2 1079(8) 061-C61-C62 117.3(9)
C5-C4-C3 1133(9) C6-C61-C62 121.4 (9)
O051-C5-C6 121.3(9) 0O15-N14-014 122.0(9)
O051-C5-C4 1156(9) 0O15-N14-C14 120.0(10)
C6-C5-C4 123.0(10) O14-N14-C14 118.0(9)
Table 6. Selected bond lengths (A) for 2,4-diacetyl-3-(4-fluorophenyl)-5-hydroxy-5-methylcyclohexanone (11)
Bond Length Bond Length
Cl-C11 1515(33) C5-051 1.214(3)
Cl-C6 1543(3) C5-C6 1.520 (3)
Cl-C2 1555(3) C6-C61 1.525(4)
C2-C20 1522(4) Cl14-F1 1.367(3)
C2-C3 1535(3) C20-021 1.208(4)
C3-031 1432(3) C20-C22 1.499 (4)
C3-C32 1528(4) C61-061 1.211(3)
C3-C4 1544(4) C61-C62 1.490(4)
C4-C5 1.498(4)
Table 7. Selected bond angles ( °) for 2,4-diacetyl-5-hydroxy-5-methyl-3-(4-fluorophenyl)-cyclohexanone (I1)
Bond Angle Bond Angle
Cl1-C1-C6 111.61(19) C4-C5-C6 115.2 (2)
Cl1-C1-C2 1112(2) C5-C6-C61 109.2 (2)
c6-Cl-C2 109.7(2) C5-C6-C1 111.0(2)
c20-C2-C3 1128(2) C61-C6-C1 113.1(2)
c20-C2-C1 1119(2) C16-C11-C1 120.0(2)
c3-C2-C1 1119(2) Cl1l2-C11-C1 121.7(2)
031-C3-C32 1101(2 C15-C14-F1 1185(Q3)
031-C3-C2 10749(19) C13-C14-F1 118.7(3)
C32-C3-C2 1121(2) 021-C20-C22 121.1(3)
031-C3-C4 1080(2) 021-C20-C2 1187(3)
C32-C3-C4 1104(2) C22-C20-C2 120.2(2)
C2-C3-C4 108.7(2) 061-C61-C62 122.3(3)
C5-C4-C3 1086(2) 061-C61-C6 121.0(2)
051-C5-C4 1234(2) C62-C61-C6 116.7(2)
O51-C5-C6 121.4 (2)
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Florencio at al.[9] established that during the
reaction between nickel acetylacetonate dihydrate
and p-nitrobenzyl chloride with dimethyl sulfoxide
as a solvent only the monoalkylation product was
obtained instead of the expected mixture of
dialkylation and monoalkylation products. In this
reaction a compound with empirical formula
C17H19NOgs was obtained, which was analyzed by
X-ray diffraction methods in order to obtain
conformational data. The product was 2E-4-
diacetyl-5Z-methyl-3-(p-nitrophenyl)-cyclohex-1-
en-1,5E-diol. The unit cell dimensions reported by
Florencio were: a= 20.176(2), b=8.623(3),
c=18.746(9) A [9]. Our data do not correspond to
their data: a = 8.6405 (10), b=18.682(2) and
c=20.187(4)A. analogous results were obtained
using 4-fluorobenzaldehyde. The bond lengths were
longer than the respective ones of the compound
containing a nitro group. It seems that the
electronegativity and the mesomeric effect of the
nitro group is due to the difference in the bond
length.The two cyclohexan rings were in a distorted
half-chair conformation. The acetyl group was
attached to C2 in a trans-equatorial position and the
hydroxyl group attached to C3 was situated in an
axial position for both compounds. Ponomarev et
al.[10] described the synthesis of a cyclic product
with the same molecular formula based only on the
data of a spectral analysis as well as data of

fluorine. However, the results of the elemental
analysis do not correspond to the formula suggested
by them. The synthesized by us substance
corresponds to the suggested formula. The results
are based on the spectral, elemental and X-ray
crystal structure analysis.
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elemental analysis for carbon, hydrogen and

KPUCTAJIHU CTPYKTYPU HA JIBE ITOJIMCYBCTUTYNPAHU ITPON3BO/JHU HA
HNUKIJIIOXEKCAHOHA

. Manosnos™?, 1. Maiixie-Mbocmep?

Y [lenapmamenm no gpapmayeemuuna xumus, @apmayesmuyen gpaxyimem, Meduyuncku ynusepcumem, 1000 Copus
)HHcmumym no neopeanuuna xumusi, 12076 Tobuneen, ['epmanus

Ioctrenuna Ha 21 anpwui, 2012 r.; kopurupana Ha 19 cenremspy, 2012 r.

(Pesrome)

Crpykryparta Ha 2,4-auaneTuii-5-mMetun-5-xunpokcu-3-(4-autpodenun)uukioxekcanon (I) e omnpenenena
Ype3 MOHOKPHCTAJIEH PEHTTEHOCTPYKTypeH aHanu3. CheIMHEHHETO KPHCTalH3upa B OPTOPOMOMYHA KPHUCTAIHA
chucTeMa ¥ TpOCTpaHCTBeHa TIpyma Pch, ¢ mapameTrpd Ha eneMeHTapHara kierka a=8.6405(10), b=18.682(2),
¢=20.187(4), o= B=y=90°, Z =.8, V = 3258.7 (8) A%. Kpucranuara cTpykTypa € A0Ka3aHa C IUPEKTHH METOIH U TOUHO
OTpeJieNieHa ¢ MOMOIITa Ha METO/Ia Ha Hall-MalKkuTe KBajparu 3a F2 o croiinoct R1 = 0.0687. Crpykrypara Ha 2,4-
qanetui-3-(4-gnyopodenun)-5-xuapokcu-5-merunukinoxekcanon  (II) e ompenenena upe3 MOHOKPHCTalIeH
PEHTTCHOCTPYKTYpeH aHaiu3. CheIMHEHHEeTO KPUCTaIM3HMpa B MOHOKIMHHA KPUCTAIHA CHCTEMa M HPOCTPAHCTBEHA
rpyna P2i/c, ¢ mapameTpu Ha eneMeHTapHara kietka , a=5.7045 (5), b=18.120 (3), ¢=16.1678 (11), o= y= 90°, B=
96.192 (6) °©, Z = 4,V = 1661.5 (3) A%. KpucrannaTa CTpyKTypa € J0oKa3aHa ¢ AUPEKTHH METOIM U TOUHO OMpeeeHa
C IIOMOIITA HA METO/la Ha Haii-MankuTe KBaapatu 3a F2 1o croitnoct R1 = 0.0699.
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The possibilities and limitations of high resolution radial viewing 40.68 MHz inductively coupled plasma optical
emission spectrometry (ICP - OES) were shown in the determination of As, Zn, Pt, B, Hg, Cd, Tl and U in
environmental materials. Improvement of the detection limits was achieved by optimization of the operating conditions.
The lowest detection limits were obtained under robust conditions (excitation temperature ~ 7200 K in pure solvent and
in presence of Al, Ca, Fe, Mg and Ti as a complex environmental matrix). The detection limits in the determination of
As, Zn, B, Hg, Cd, Tl and U satisfy the requirements for maximum permissible concentrations in soils and drinking
waters. In the determination of Pt in road dust an improvement of the detection limit was achieved by the development

of a new column method with 2-mercaptobenzimidazole immobilized on activated carbon for separation of the matrix

elements Al, Ca, Fe, Mg and Ti and pre-concentration of platinum.

Keywords: ICP - OES, Environmental materials, Spectral interferences, Line selection, Detection limits

INTRODUCTION

Matrix effects in ICP - OES include non-spectral
and spectral interferences [1, 2]. A large number of
research groups have investigated the non-spectral
matrix effects by optimization of excitation in order
to suppress or eliminate this type of interferences [3
— 6]. Summarizing the investigation of non-spectral
matrix effects in the presence of different matrices,
the conclusion can be drawn that the robust plasma
conditions are more appropriate when compared to
the non-robust plasma conditions, but elimination
of non-spectral matrix effects cannot be achieved
[7, 8]. Our investigations show that non — spectral
matrix effects can be totally removed by precise
matching of the acid and matrix contents in both
reference and sample solutions [9 — 11]. In the
present paper the non-spectral matrix effects were
totally removed by precise matching of the acid and
matrix contents in both reference and sample
solutions and are not subject of the present
investigation.

Spectral  interferences  may  drastically
deteriorate the analytical characteristics of ICP—
OES [1, 2]. Analysis of a variety of complex
environmental matrices ensures that all possible

* To whom all correspondence should be sent:
E-mail: das15482@svr.igic.bas.bg

types will encounter soon or later. The most
difficult samples from this point of view are the
soils and the sediments. Such materials normally
contain high concentrations of Al, Ca and Mg,
which cause significant background enhancement
in many regions of the spectrum; they also contain
high concentrations of Fe and to a lesser extent Ti,
which can give rise to serious line overlap
interferences in the determination of trace elements
[12].

In our previous papers the possibilities of ICP —
OES and Q-concept as a basic methodology for
improvement of the true detection limits by using
different excitation conditions in ICP were shown:

(i) in the determination of traces of rare earth
elements in line-rich rare earth matrices at Tex =
6000 K [13];

(if) in the determination of a large number of
dopants with different characteristics (charge and
ionic radius) (Na, Rb, Al, Fe, Cr, Ga, Nb, Ni, Mn,
Yb, Tm, Er, Ho, Th, Nd, Ge, Zr and Ce) in single
crystals of potassium titanylphosphate (KTiOPO,).
The lowest detection limits were obtained at
different excitation temperatures for analytes with
different spectral characteristics:

Texe = 6200 K for Na, Rb, Al, Ga, Tm, Er, Ho, Tb,
Nd and Ce;
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Texc = 7200 K for Fe, Cr, Nb, Ni, Ge and Zr [14].

The general purpose of the present paper was to
investigate the possibilities of a radial 40.68 MHz
ICP and spectrometer with high resolution (spectral
bandwidth = 5 pm) in the determination of As, Zn,
Pt, B, Hg, Cd, Tl and U in the presence of a
complex matrix containing Al, Ca, Fe, Mg and Ti
in environmental materials. The optimization
procedure of the experimental conditions in the
determination of traces of elements in complex
matrices will be presented. Quantification of
spectral interferences is made by Q-values for line
interference Qi (As) and Q-values for wing
background interference Qwi(AAs), for each of the
interferents [15].

2. EXPERIMENTAL

2.1. Instrumentation

The experiments were performed with a radial
viewing ICP - OES system Horiba Jobin Yvon
ULTIMA 2 (Longjumeau, France) equipment,
whose characteristics are specified in Table 1. The
operating conditions were modified by varying the
incident power and the sheathing gas flow rate,
whereas the carrier gas flow rate was kept constant
(0.4 1 min™t) (Table 2). This is the optimal value of
the carrier gas flow rate in accordance with the
recommendations for the Meinhard nebulizer in the
user manual to the JY ULTIMA 2 equipment. The
prominent lines with wavelengths below 200 nm
were measured by a nitrogen-purged spectrometer
in accordance with the recommendation of the
manufacturer. The quantitative information about
the type of the spectral interferences was derived
from wavelength scans around the candidate

(prominent) analysis lines in the presence of Al, Ca,
Mg, Fe and Ti as interferents. The quantitative data
for the spectral interferences were obtained in the
presence of 2 mg ml* Al, Ca, Mg, Fe, and Ti as
interferents,  separately. Q-values for line
interferences Qi (Aa) and Q-values for wing
background interference Qw(AXa) were obtained
around the selected prominent lines of As, Zn, Pt,
B, Hg, Cd, Tl and U. The total background signal in
the presence of a complex environmental matrix is
[15]:

XeL = Xg + Xwi(Ara) + Xiy(ra) where:

— Xg is the solvent blank (due to source and
solvent);

— Xwi(A)a) - the wing background level with
respect to the solvent blank for the interferents (J =
Al, Ca, Mg, Fe or Ti);

— Xui(ha) - the net interfering signals with respect
to the wing background level Xwi(AX,) of the
interferents (J = Al, Ca, Mg, Fe or Ti).

The following signals were measured: Xa, Xag,
Xwi(AXs) and Xj(As). The measured signals were
then reduced to sensitivities:

- the sensitivity of the analysis line Sa (defined
as the net line signal Xa per unit analyte
concentration Ca;

- the interferent sensitivities Sw;(Aks) and
Si(Aa), defined as interferent signals Xwi(AAs) and
Xu(ha),  respectively, per unit interferent
concentration Cy,.

Finally, the sensitivities were used for the
calculation of the Q-values for wing background
interference Qwi(Aia) = Swi(Als) / Sa and the Q-
values for line interference Qiy(Aa) = Su(A)a) / Sa.

Table 1. Specification of HORIBA Jobin - Yvon ULTIMA 2 (France) ICP system

Monochromator HORIBA Jobin - Yvon ULTIMA 2
Mounting Czerny - Turner, focal length 1 m
Grating Holographic, 2400 grooves mm*

Wavelength range
Entrance slit

First and second order

0.015/0.02 mm

Exit slit 0.02/0.08 mm
Practical spectral 5 pm in the 2™ order from 160 nm to 320 nm
bandwidth and 10 pm in the 1t order from 320 to 800 nm
Detectors High Dynamic Detectors based on PMT’s
Rf generator Solid state RF 40.68 MHz
Frequency 40.68 MHz
Power output 0.5-1.55kw
Nebulizer Meinhard, concentric glass
Spray chamber JY Glass cyclonic spray chamber
Plasma torch Fully demountable
Pump Peristaltic, two channels, twelve-roller
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Table 2. Operating conditions with the 40.68 MHz ICP HORIBA JY ULTIMA 2 (France)

Texc= 6200 K, Texc= 7200 K,
Mg Il 280.270 nm / Mg | 285.213 Mg 11 280.270 nm / Mg | 285.213
nm line intensity ratio = 4.0 nm line intensity ratio = 11.4

Variable parameters

Incident power, (kW) 1.00 1.00

Outer argon flow rate, (I min't) 13 13
Nebulizer, Meinhard, type TR 50 C1,

3.2 3.2
pressure, bar
Carrier gas flow rate, (I min?) 0.4 0.4
Sheath gas flow rate, (I min 1) 1.0 0.2
Sum = Carrier gas +$h?lath gas flow 14 06
rate, (I min %)
Liquid uptake rate, (ml min™) 1.0 1.0
Observation height, (mm) 10 10

The true detection limits (Cy, ) were calculated
by Eq. 1 [13]:

CLie=2/5%; QIJ (ka) x Ciy+ CL, conv (1)
where:

CL conv = 2V2 x 0.01 x RSDBL x
[BEC + X5 Qu(ra) x Cu + Z3Qwia(Aka) x Cu]l  (2)

Therefore, the (CL, we) is obtained by Eq. 3:

CLtre= 2/5%; Qu (Xa)XCL]"' 2\/2 x 0.01 x RSDBx
[BEC + Z; Qus(Aa) X Cis+ ZiQwia(Ara) x Cuu]  (3)

The detection limit of the analytes in pure
solvent (or dilute acid) is defined by Eq. 4 [13]:

CL=2V2x0.01xRSDBxBEC  (4)

This equation (4) is written in terms of the
background equivalent concentration in pure
solvent (BEC) and relative standard deviation of the
background (RSDB=1%) [15].

2.2. Reagents and test solutions

Reagents of highest purity grade were used: 30
% HCI, 65 % HNO3, 47 % HBr (Suprapur, Merck),
bi-distilled water from a quartz apparatus, activated
carbon GAS 1240 (Norit N.V. Netherlands) with
specific surface area of 1240 m?g? and buffer
solutions (Merck): pH =1 (0.1 M HCI). Plastic or
PTFE ware was used throughout.

Stock solutions of the analytes (1 mg ml™) were
prepared from Merck single element standard
solutions. Stock solutions of the matrix components
Al, Ca, Mg, Fe and Ti (10 mg ml) were prepared
by dissolving the corresponding chlorides with a
purity of 99.9999% in hydrochloric acid. The
possible presence of impurities causes an

uncertainty when matrix concentration of 2 mg ml*
is used. Q-values were measured by using the
following test solutions: 10 pg ml* for each analyte
and 2 mg ml for each interferent, separately.

2.3. Certified reference materials

1. International Atomic Energy Agency IAEA /
Soil 7;

2. Certified reference material BCR-723 - road
dust;

3. National Water Research Institute certified
standard, TMDA-51.2, certified standard for trace
elements in diluted Lake Ontario water.

3. RESULTS AND DISCUSSION

3.1. Optimization of the operating conditions

3.1.1. Pure solvent. The results presented in Table 3
lists the sensitivities of the analysis line S, — values
for the atomic and the ionic prominent lines with
different excitation potentials (Eq) for elements with
various ionization potentials (Vi) at Texc = 6200 K
where the Mg Il 280.270 nm / Mg | 285.213 nm
line intensity ratio is equal to 4 and at Tex.~ 7200 K
(Mg Il / Mg I = 11.4), as well as the detection
limits in pure solvent derived by the above
mentioned operating conditions (Table 2). The
ionization and excitation potentials were taken from
[16]. The detection limits in pure solvent were
calculated by using Eg.4. The change in Tex was
achieved by varying the sheath gas flow rate (Table
2) and was measured by the Boltzmann plot method
with titanium lines [17]. The main outcome from
the investigations was:
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Table 3. Values of Sa for the atomic and ionic prominent lines for Texc = 6200 K (1) and Texc = 7200 K (2)

Atomic prominent lonization Texe 6200 K (1) Texc= 7200 K (2) ?SA(Z)/ CLw, C Lo,
lines, A, nm potential, V [16] Sa 1) x108 Sa (2 X108 ra;‘i‘g ng mlt ng ml
As | 193.695 9.81 330 1000 3.0 8.4 3.0
Zn1213.856 9.39 342 990 2.9 13.0 4.5
Pt 1 265.945 9.00 326 880 2.7 37.8 14.0
B 1249.773 8.30 480 960 2.0 10.2 5.1
lonic prominent Sum = lonization Texe 6200 K (1) Texe=7200K (2) Sa@)/ C L, C L),
lines, A, [/nm * excitation Sa ) x108 Sa (2) X108 SAw) ng ml*? ng ml*?
o potentials A A Q) ratio 9 g
Hg 11 194.277 16.83 375 1200 3.2 6.5 2
Cd 11214.338 14.77 520 1670 3.2 6.0 1.7
TI 11 190.852 12.60 420 1260 3.0 11.2 7.0
U 11 385.958 9.44 450 1260 2.8 4.0 14

Table 4. Identification of matrix lines which influence the platinum prominent lines

Interferents,

Wavel? :gtlr)]/;e; am wavelerllgth of interfering A;”r';“ ' Qwi(AN,) Qu(Aa)
ine, A, nm
Al 11 203.993 [19] +0.347 7.2 x10% 0
Pt I1 203.646 Ca - 0 0
BEC = 0.23 pg ml? Fe 203.643 [20] -0.003 9.6 x 10° 8.5 x 107
CL=7.0ng ml! Mg - 0 0
Ti 203. 681 +0.035 2.4 x 10 6.6 x 10°
Al | 214.539 [19] +0.116 1.9 x10* 2.3 x10*
Pt 11214.423 Ca - 0 0
BEC = 0.26 pg ml? Fe 214.445 [19, 20] +0.022 1.9 x 10 3.7 x10°
CL=8.0ngml? Mg - 0 0
Ti 214.361 [19, 20] -0.062 1.9 x 10° 0
Al | 217.403 [19, 20] -0.064 7.1 x 10 2.0 x 10°3
Pt1217.467 Ca 0 0
BEC = 0.43 pg mlt Fe 1 217.486 [19, 20] +0.019 5.1 x 10 5.7 x 10
CL=12.0 ng ml* Mg - 0 0
Ti - 0 0
Al 193.564 + 0.106 2.4 x 1073 6.0 x 10°°
Pt1193.670 Ca - 0 0
BEC=0.44 pg ml*! Fe 193.657 [19, 20] -0.015 3.1x 10° 2.1x10°%
CL=13.0ng ml? Mg - 0 0
Ti 193.657 -0.013 2.7 x 10°% 3.0 x10°®
Al | 266.039 [19, 20] +0.094 1.7 x 10 0
Pt 1 265.945 Ca - 0 0
BEC=0.48 ug ml*! Fe 265.924 [19, 20] -0.021 7.1x10° 7.0 x 10
CL=14.0ng ml*! Mg - 0 0
Ti - 0 0

* AX «a IS the wavelength distances between the analyte and interfering lines

(i) The sensitivities of all atomic and ionic

prominent lines are higher at Texe = 7200 K in
comparison with the corresponding values at Tey =
6200 K (column 3 wversus column 4). The
enhancement factors decrease with decreasing
ionization potentials of the analytes for atomic
prominent lines or with decreasing of the sum =
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ionization potential + excitation potentials of
elements for ionic prominent lines (column 5). The
atomic lines of elements with low to medium
ionization potentials (Vi < 8 eV) were denoted as
“soft” lines. All other atomic and ionic lines were
denoted as “hard” lines [1, 18].
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Table 5. Values of Sire (Aa) and Swre (Aka) for the prominent lines of Zn, Pt, B, Hg, Cd, Tl and U for Teyx = 6200 K (1)

and Texc = 7200 K (2). Interferent: 2 mg ml Fe

Texe = 6200 K (1)

Texe = 7200 K (2)

Prominent SS'Fe @ %i‘))/ SSW Fe (2) ((AA);?)/
lines, ,nm  Sire ()  Swre(Aha)  Sire@(a)  Swre @ (Aka) e I
x 10 x 10 x 10 x 10

Zn 1 213.856 0.003 - 0.0099 - 33 -

Pt | 265.945 0.003 0.003 0.006 0.006 2.0 2.0

B 1249.773 0.025 0.003 0.048 0.0058 1.9 1.9

Hg 11 194.277 0.004 0.005 0.012 0.0168 3.0 3.4

Cd 11 214.338 0.011 0.004 0.0334 0.0104 3.2 2.8

TI 11 190.852 0.290 0.280 0.870 0.850 3.0 3.0

U Il 385.958 0.270 0.220 0.780 0.650 29 3.0

Table 6. Values of Qire (Aa) and Qwerel (AAs) for the prominent lines of Zn, Pt, B, Hg, Cd, Tl and U for Texc = 6200 K (1)
and Texc = 7200 K (2). Interferent: 2 mg ml* Fe

Texe = 6200 K (1) Texc = 7200 K (2)

Prominent Qre@ )/  Qwre 2 (AXy) /
lines, A, nm Qire @ (ha) Qure @) (Aa)
» Qire (1) (Aa) Qwre (1) (A)a) Qire 2) (Aa) Qwre (2) (A)a) ratio ratio
Zn | 213.856 9.0 x 108 0 1.0 x 10° 0 1.10 -
Pt 1 265.945 9.2 x 10® 9.2 x 10® 6.8 x 106 6.8 x 106 0.74 0.74
B 1249.773 5.2 x 107 6.25 x 10® 5.0 x 107 6.0 x 106 0.96 0.96
Hg 11194.277 1.1 x10° 1.3x10° 1.0 x 10°® 1.4 x10° 0.91 1.10
Cd 11 214.338 2.1 x10°% 7.7 x 106 2.0 x 10° 6.2 x 106 0.95 0.81
TI 11 190.852 6.9 x 10 6.7 x 104 6.9 x 10 6.8 x 10 1.00 1.00
U Il 385.958 6.0 x 10 4.9 x 10 6.2 x 10 5.2 x 10 1.00 1.10

Table 7. Values of S 1a1 (ha) and S wai (ALa) for the prominent lines of As, Pt and Tl for Tex =~ 6200 K (1) and Texc =
7200 K (2). Interferent: 2 mg ml-* Al

Texe = 6200 K (1) Texc = 7200 K (2)

Sial @ (M) /  Swai 2) (Aka) /

Prominent lines,

A, nm Sial ) A X Swal @) (Aka) X Siai@(Ra) X Swai @) (Aka) X SIArIa(gé}ba) SWAIr;)i(()A}La)
108 108 108 108
As | 193.695 1.5 0.9 3.7 1.8 2.5 2.0
Pt 1193.670 4.2 1.2 5.8 2.3 1.4 1.9
TI 11 190.852 0.3 0.24 1.0 0.71 3.3 3.0

Table 8. Values of Q a1 (Aa) and Q wai (A),) for the prominent lines of As, Pt and Tl for Texc = 6200 K (1) and Texc =
7200 K (2). Interferent: 2 mg ml-* Al

TEXC ~ 6200 K (1) Texc =~ 7200 K (2)

Prominent lines Qe () I Quai @) (Aka)
Coam Qiarr) (Ra) I Qwai 1)
’ Qam®a)  Qwarm(Ak)  Quaie(e)  Qwa ) (Akl) ratio (Ak,) ratio
As | 193.695 4.6 x103 2.7 103 3.7 x10°3 1.8 1073 0.80 0.70
Pt1193.670 1.1 x102 3.1 x10°8 5.8 x 103 2.3 x1078 0.53 0.74
TI11190.852 7.1x 10* 5.6 x 10* 7.9 x10* 5.6 x 10 1.10 1.00
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It follows therefore that all prominent lines
shown in Table 3 are “hard” lines and by adjusting
the operating conditions it is possible to obtain the
optimum temperatures for the emission of distinct
lines of analytes.

(ii) The detection limits in pure solvent decrease
at Texc =~ 7200 K in comparison with the detection
limits at Texc = 6200 K (column 6 versus column 7).

3.1.2 Complex environmental matrix. The
optimization of experimental conditions in the
determination of traces of elements in complex
matrices requires a procedure consisting of the
following three steps:

3.1.2.1. Identification of all matrix lines which
influence the prominent lines of the analytes. The
identification requires a detailed study of the
spectrum of the interferents. The interfering lines
were identified by measuring their position with
respect to that of the relevant analysis lines in a
separate scan of the analyte in the presence of 2 mg
ml* Al, Ca, Fe, Mg and Ti as interferents
separately. Table 4 shows, as an example, the
identification of the spectrum of Al, Ca, Fe, Mg and
Ti as interferents around five prominent lines of
platinum by wusing 40.68 MHz ICP and
spectrometer with high resolution (practical spectral
bandwidth = 5 pm). The following special features
should be noted:

(i) Known from the existing spectral tables [19 —
21] is the line of Al 11 203.993. This matrix line is
far away from the most prominent line of platinum
Pt 11 203.646 (Al = + 0.347 nm), but even though
it influences the line and wing background
interference level;

(ii) The wide lines Al I 214.539 nm [53] and Al
| 217.403 nm [19, 20] determine Qai (Aa) > 0
around the prominent lines of Pt Il 214.423 nm and
Pt 1 217.467 nm, respectively;

(iii) The Al 193. 564 nm is not listed in the
existing spectral tables [19 — 21]. At a practical
spectral bandwidth = 5 pm this line was registered
as a wide complex line (Al 193.588 nm, Al 193.573
nm, Al 193. 570 nm, Al 193. 564 nm, Al 193.554
nm and Al 193.547 nm), which influenced the
background intensity in the investigated spectral
window up to 193.757 nm;

(iv) The following four matrix lines: Ti 203. 681
nm (in the spectral window of Pt Il 203.646 nm)
and Al 193.564 nm, Fe 193.655 nm, Ti 193.657 nm
(in the spectral window of Pt | 193.670 nm) were
register. These lines are not noted in the existing
spectral tables [19 — 21], but they determine the line
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interference and wing background interference
levels around Pt 11 203.646 and Pt 1 193.670 nm.

In addition, Pt | 265.945nm (the fifth prominent
line, in accordance with the detection limits in pure
solvent) was chosen as analysis line. This
prominent line is relatively free of line interference
(only Qire = 7.0 x 107%). However, this involves a
trade-off between spectral interferences and
sensitivity, if the most intense lines suffer from
interference.

It may be than concluded that the type and the
magnitude of the spectral interferences are specific
for a given matrix and cannot be predicted in
general terms. The data presented in Table 4 shows
that there are unknown matrix lines, very wide
known matrix lines, in some cases out of the
spectral window of the corresponding prominent
lines, but just these matrix lines determine the line
and wing background level. Therefore, only
detailed experimental study can reveal the situation
for each matrix type.

3.1.2.2. Quantification of type of spectral
interferences  under  different  experimental
conditions. The spectral interferences in the

presence of 2 mg mlt Al, Ca, Fe, Mg or Ti
separately around the selected prominent lines of
elements with different ionization potentials at Texc
~ 6200 K and 7200 K were studied by 40.68 MHz
ICP and spectrometer with high resolution. The
change in Te was affected by varying the sheath
gas flow rate (Table 2) and was measured by the
Boltzmann plot method with titanium lines [17].
The investigations show that the line interference
level using a spectrometer with high resolution is
determined by aluminium, iron and titanium.

The magnitudes of the sensitivities of interfering
signals are presented in Tables 5 and 6. Si; (As) and
Swy (Ala) values (Table 5) and the magnitudes of
Qu (M) and Qw; (AX,) values (Table 6) in the
presence of 2 mg ml™? iron as interferent for the
prominent lines of Zn, Pt, B, Hg, Cd, Tl and U.
Tables 7 and 8 list the magnitudes of sensitivities of
interfering signals (Table 7) and the magnitudes of
Q-values (Table 8) in the presence of 2 mg ml
aluminium as interferents for the prominent lines of
As, Pt and TIl. The prominent lines, which are
influenced by line interferences in the presence of
iron (Tables 5, 6) or aluminium (Tables 7, 8) are
included in Tables 5 — 8. Here we would like to
illustrate the cases of variation of Q-values as a
function of Tec The following comes to a
conclusion:
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Table 9. Line selection in the determination of As, Zn, Pt, B, Hg, Cd, Tl and U in environmental materials. Interferents:
Al, Ca, Fe, Mg and Ti

Analytes, wavelengths,

o om Interferents Qwi (Aka) Qu(ha)
Al 1.8x10°% 3.7x107%
As 1 193.695 Ca 0 0
BEC = 0.1 ug ml? Fe 5.9 % 10 0
CL=3.0ng ml* Mg 0 0
Ti 2.6 x 10 0
Al 4.4 x10* 0
As 1 189.042 Ca 0 0
BEC =0.15 pg ml*! Fe 0 0
CL=4.3ng ml?t Mg 0 0
Ti 0 0
Al 8.0 x 106 0
Zn1213.856 Ca 2.0x 108 0
BEC = 0.05ug ml*! Fe 0 1.0 x 10
CL=14ngml?t Mg 0 0
Ti 2.0x10°6 4.0x 108
Al 2.0 x 10 0
Zn 11 202.548 Ca 1.0 x 106 0
BEC = 0.06 pg ml. Fe 1.0 x 10 0
CL=17ng mlt Mg 4.0 x 10 0
Ti 2.0 x 10 0
Al 7.2 x 10* 0
Pt 11 203.646 Ca 0 0
BEC =0.23 pug ml* Fe 9.6 x 10 8.5 x 10°3
CL=7.0ng ml! Mg 0 0
Ti 2.4 x 10° 6.6 x 10°
Al 1.9 x10* 2.3 x10*
Pt 11214.423 Ca 0 0
BEC = 0.26 pg ml*! Fe 1.9x 10 3.7 x 10°
CL=8.0ng ml*! Mg 0 0
Ti 1.9 x 10 0
Al 7.1 x10* 2.0 x 108
Pt1217.467 Ca 0 0
BEC = 0.43 pg ml* Fe 5.1 x 10° 5.7 x 10°
CL=12.0ng ml? Mg 0 0
Ti 0 0
Al 2.4 x10°% 6.0 x 10°®
Pt1193.670 Ca 0 0
BEC = 0.46 pg ml™! Fe 3.1x10°% 2.1 % 10°
CL=13.0ng ml? Mg 0 0
Ti 2.7 x 10 3.0 x 10®
Al 1.7 x 10 0
Pt 1 265.945 Ca 0 0
BEC = 0.50 pg ml*! Fe 7.1 x 106 7.0 x 106
CL=14.0ng ml? Mg 0 0
Ti 0 0
Al 0 0
B 1249.773 Ca 0 0
BEC =0.18 pg ml? Fe 6.0 x 10 5.0x10°
CL=5.1ng ml! Mg 1.0 x 10° 0
Ti 1.2 x 10 0
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Analytes,

wavelengths, A, nm Interferents Qwu (Aka) Qui(ha)
Al 0 0
B 1249.678 Ca 0 0
BEC = 0.20 pg ml* Fe 6.0 x 10 5.0x 10°
CL=5.6 ng ml? Mg 4.0 x 10 0
Ti 1.2 x 10 0
Al 6.0x 10 0
B 1208. 959 Ca 0 0
BEC = 0.23 pg ml’! Fe 0 0
CL=6.5ng ml*! Mg 0 0
Ti 0 0
Al 4.7 x10* 0
Hg 11 194.277 Ca 0 10 % 10
BEC = 0.07 pg ml* Fe 1.4 x 105 -
CL=2.0ngml?! M 3.4x10° .
’ T 1.0 x 10° 1910
Al 0 0
Hg I 253.652 Ca 7.7 x 10° 0
BEC = 0.07 pg ml Fe 2.0 x 10 0
CL=2.0ng ml?t Mg 5.1 x10° 0
Ti 8.7 x 10 0
Al 0 0
Cd Il 226. 502 Ca 1.3 x 10 0
BEC = 0.05 pg ml™! Fe 2.0 x 10 8.0 x 105
CL=14ngml? Mg 0 0
Ti 8.0 x 10°® 0
Al 0 0
Cd 11214.438 Ca 1.3x 106 0
BEC = 0.06 pg ml Fe 6.2 x 10° 2.0 x 105
CL=17ng mlt Mg 0 0
Ti 8.0x 10° 0
Al 3.6 x 10* 4.3 x10*
TI 11 190.852 Ca 0 0
BEC =0.14 pg ml! Fe 2.0x10° 5.3 x10*
CL=4.0ng ml? Mg 0 0
Ti 2.6 x 10* 8.8 x 10*
Al 5.6 x 10* 8.4 x 10*
TI11190.876 Ca 0 0
BEC =0.24 pg ml? Fe 4.0x10* 6.9 x 10
CL=7.0ng ml? Mg 0 0
Ti 4.0 x 10* 1.5 x 10
Al 1.0 x 10 0
TI1276.787 Ca 1.0 x 10 0
BEC = 0.54 pg ml*! Fe 1.4 x10* 0
CL =15.0 ng ml* Mg 2.5 x 10 0
Ti 4.5 x 10° 0
Al 0 0
U 11 385.958 Ca 5.0x10° 0
BEC = 0.05 pg ml?! Fe 5.2 x 10* 6.2 x 10
CL=14ngml? Mg 7.0 x 10 0
Ti 5.5 x 10° 0
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Table 9 (continued)

waveﬁr:lztyhtse,si, nm Interferents Qw (Aka) Qu(a)
Al 0 0
U 11 367.007 Ca 5.0 x 10°® 0
BEC = 0.05 pg ml* Fe 5.0 x 10 6.0 x 10
CL=1.4ng ml? Mg 7.0 x 10° 0
Ti 5.5 x 10 0
Al 5.0 x 10° 0
U Il 263.553 Ca 0 0
BEC =0.09 pg ml?! Fe 1.0 x 10* 5.0 x 10
CL=2.6ng mlt Mg 0 0
Ti 1.0 x 10* 5.0 x 1073
Al 1.0x 10* 0
U 11 409.014 Ca 0 0
BEC = 0.2 pg ml Fe 0 0
CL=6.1ng ml?t Mg 0 0
Ti 0 0

(i) The Sy (Aa) and Swy (AAa) values increase
with increasing Tex in the presence of iron or
aluminium as interferents (Tables 5 and 7);

(i) The magnitude of Qi (As) and Qw; (Aka)
values (Tables 6 and 8) depends on the
enhancement factor of Sa (Table 3) and S ; (Aa) or

Sy, (ALa), respectively (Tables 5 and 7):

-ifSa@ (k) /Sa@ (M) >Su@(ha) / Su (A) and
Sae (ha) / Saw (Aa) > Swi) (A Xa) I Swiq) (M),

then Qu ) (M) / Qu (Ra) <1 and Qw
(A X)) / Qwi (A X)) < 1in the case of Tables 6 for
Pt 1265.945 nm, B 1 249.773 nm and Cd Il 214.338
nm and Table 8 for As | 193.695 nm and Pt |
193.670 nm.

-ifSa@ (M) /Sa@ (Ra) =Su@ (ha) / S (Aa) and
Sae (ha)/Saw (Ma) = Swie) (A X)) / Swi (Aa),

then Qu @) (Aa) / Qu (Aa) = 1 and Q w )
(A ) I Qwi (A X)) = 1 in the case of Table 6 for
TI 11 190.852 nm and U Il 385.958 nm and Table 8
for TI 11 190.852 nm.

-ifSa@ (k) /Sa@ (M) <Su@(Ra) / Sue (A) and
Sae) (M) I Saw (M) < Swie) (ARa) I Swi) (Ra),

then Qu@ (k) / Quw (ko) > 1 and Qwi
(A ) I Qwi @ (A As) > 1 presented in Table 6 for
Hg 1194.277 nm and Zn | 213.856 nm.

It should be noted that the increase of Q-values
at Texe =~ 7200 K is insignificant. This factor is
equal to 1.1 in Table 6 for Zn 1 213.856 nm and U
11 385.958 nm and Table 8 for TI 11 190.852 nm.

The main result from the investigations is that
Texe = 7200 K is an appropriate excitation

temperature for determination of traces of elements
in environmental samples. The results show that the
lowest detection limits in the determination of
traces of elements in environmental materials can
be obtained under robust operating conditions (Mg
I/ Mg | = 11.4, which corresponds to Tex =~ 7200
K).

3.1.2.3. Line selection at Texc =~ 7200 K. The
prominent lines of analytes, which are investigated
in the present paper, are listed Table 9 (column 1).
The data presented under the wavelength of the
analysis lines refer to detection limits in pure
solvent calculated in accordance with Eq. (4).
Column 2 gives matrix elements, columns 3 and 4
show Qws (AA ,) values for wing background
interference and Quy(Aa) values for line interference,
respectively. It should be noted that Qwi(A))
values do not enter into the selectivity term in Eq.
(3) and affect the true detection limits only via the
conventional detection limits (Eqg. 2). This implies
that the influence of Qw; (AX,) values is minor or
negligible, as long as Ci, we is dictated by line
interference, i.e. by the magnitude of Qu(As) values
in the presence of a complex matrix. Hence, the
optimum line selection for trace analysis in a
variety of  multi-component  environmental
materials without information regarding the
concentration of the matrix constituents (Al, Ca, Fe,
Mg and Ti) requires the choice of prominent lines
free or negligibly influenced by line interference.
The selected prominent lines in the presence of
complex matrix are printed in bold.
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Discussing the results shown in Table 9 it can be
seen that in the case of a multi-component matrix
containing Al, Ca, Fe, Mg and Ti in the
determination of As, Zn, Pt, B, Hg Cd, Tl and U it
is not possible to choose the most prominent lines
in accordance with the detection limits in pure
solvent as analysis lines because these lines are
influenced by line interferences, i.e. ZQuy(ka) > 0. In
this case the second prominent lines of mercury,
arsenic and zinc were free of line interferences, i.e.
2Qu(Xa) = 0 for Hg | 253.652 nm, As | 189.042 nm
and Zn 11 202.548 nm and were selected as analysis
lines. The fourth prominent line of uranium U II
409.014 nm and the third thallium TI I 276.787 nm
were free of line interferences. These lines were
selected as analysis lines. For cadmium and
platinum no prominent lines free of line
interference could be selected. For these elements
the following prominent lines were selected as
analysis lines: the second prominent line of
cadmium (Cd Il 214.438) for which Z[Qiai (Aa) +
Qica(ha) + Qimg (o) Qiti A)] = 0, but Qire (Aa) > 0 -
and the fifth prominent line of platinum Pt |
265.945 nm for which Z[Qiai (Aa) + Qica (Aa) + Qimg
(xa) QITi (}Ma)] =0 and QIFe (}ba) > 0.

With respect to “zero” values of Qui(ha) values,
we will note the following in accordance with [13]:
if in Table 3 Quy(Aa) are listed as “zero”, this implies
that Qu(Xa) x Cy is equal to or smaller than the
numerical values of the detection limits (in ng ml?)
shown in Table 3 under the corresponding
prominent line.

By using Qi (Aa) values and detection limits in
pure solvent (Table 9) the maximal interferent
concentration Cy; for which Qi (As) = 0 in the
presence of matrix constituents can be calculated by
equation (5) [13]:

Cu=C_ / QIJ (ka) (5)

Table 10 lists the maximal interferent
concentrations C,; for which Qi (Aa)=0 in the
presence of aluminium, iron or titanium as
interferents (Eq. 5). These matrix constituents
determine line interference levels around the most
prominent lines of the analytes in accordance with
Table 9. The “best” prominent lines are printed in
bold. If the concentration of interferents in the
sample solution is lower in comparison with the
corresponding values shown in Table 10, the most
prominent lines can be used as analysis lines.
Therefore, Table 10 can be used for additional line
selection.
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Table 10. Maximum interferent concentration Cy; (ug
ml1) for which Qu(Aa) =0

Maximum interferent concentration Cy;

hfe:a'g Sr'lsm (g ml"Y) for which Qu(Aa)=0
2 Al Fe Ti

As 1193.695 0.80 - -
As 1 189.042 - - -
As 1197.198 0.34 24.0
As 1200.334 - - -
Zn1213.856 - 140 350
Zn 11202548 - - -

Pt | 203.646 - 0.82 106
Pt 11 214.423 35 216 -

Pt | 217.467 6 210 -

Pt 1 193.670 2 620 4330
Pt | 265.945 - 2000 -

B 1249.773 - 100 -

B 1 249.678 - 112 -

B 1 208.959 - - -
Hg 11194277 - 200 105
Hg | 253.652 - - -
Cd 11226502 - 18 -
Cd 11214438 - 85
TI 11 190.852 5.0 6.0 5.0
TI 11 190.876 8.0 10.0 5.0
T11276.787 - - -

U 11 385.958 - 2.0 -

U 11 367.007 - 2.0 -

U 11 263.553 - 5.0 1.2
U 11 409.014 - - -

In conclusion it should be noted that the “best”
analysis lines can be used in the determination of
the above mentioned trace elements in
environmental materials. The optimal operating
conditions are shown (Table 2). By using the “best”
analysis lines the lowest possible detection limits
can be achieved in the presence of the above
mentioned matrix constituents. If the concentration
of interferents in the sample solution is lower in
comparison with the corresponding values shown in
Table 10, the most prominent lines in pure solvent
can be used as analysis lines in the determination of
As, Zn, Pt, B, Hg, Cd, Tl and U in environmental
materials with various matrix constituents.
Quantification of all significant interferences for
the prominent lines ensures the accuracy of
measurements by ICP - OES.

3.2. Application of ICP-OES in the determination of
As, Zn, Pt, B, Hg, Cd, Tl and U in environmental
materials

3.2.1. Determination of As, Zn, Hg, Cd and U in the
certified reference material IAEA/ Soil 7. a)
Digestion procedure. Extraction of trace elements
soluble in aqua regia was used as a decomposition
method in accordance with 1ISO 11466 [22]. 1 g
sample was dissolved and the final solution was
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collected in 50 ml volume. After the undissolved
material has settled, the supernatant solution was
subjected to analysis by ICP - OES. The blank
sample contains the acids used for digestion.

b) Determination of matrix elements. The
concentrations of Al, Ca, Fe, Mg and Ti are as
follows: Al — 660 + 6 (in ug ml), Ca — 3160 + 25
(in pg mlt), Fe — 500 + 6 (in pg ml™), Mg — 210 +
5 (in pg ml™) and Ti — 9.6 + 0.5 (in ug mlt). Mean
values for statistical confidence P = 95 % and six
replicates (n =6) are obtained.

c) Determination of As, Zn, Hg, Cd and U.
Table 11 shows the contents of As, Zn, Hg, Cd and
U obtained by ULTIMA 2 ICP - OES in the
analysis of the certified reference material 1AEA /

Soil 7, as well as the relative standard deviation
(RSD %) and the corresponding certified values.
Using Student’s criterion [25], no statistical
differences between the experimental values and
certified values were registered. In this way the
accuracy of the analytical results can be ensured.
The “best” analysis lines of As, Zn, Hg and U
are free of line interferences and true detection
limits are equal to conventional detection limits (Cy,
me = CL conv) (column 3). The conventional
detection limits were calculated in the presence of
the matrix constituents Al, Ca, Fe, Mg and Ti in the
final sample solution by Eg. 2. In case of Cd, the
“best” line was influenced by line interference
Qu(Xa) > 0 and Cyi, «e Was calculated by Eq.3.

Table 11. Contents of As, Zn, Cd, Hg and U (ug g™*) obtained in the analysis of certified reference material IAEA / Soil
7: mean values [X] for (n = 4 replicates) and the confidence interval of the mean value [AX] for statistical confidence P
= 95% and f = n - 1= 3 (columns 2); detection limits in the presence of above mentioned matrix constituents (ug g 1)
(column 3); relative standard deviation (RSD %) (columns 4); certified values (column 5); maximum permissible

concentrations for soils (column 6)

Maximum permissible

Selected prominent Concentritlon True detection RSD, Certified concentrations for
lines, A, nm HE £ limits, ug g * % values, soils in
” X+ AX ’ nggt g gt
As 1189.042 I —
BEC =0.15 pg ml™ 13.2+0.4 c L true 158 4.2 13.4 15 + 22 [23]
CL=4.3ng mlt L conv. = =
Zn 11 202.548 I —
BEC = 0.06 pg ml* 103+ 1.4 c L "ﬂea 23 1.8 104 150 + 300 [23]
CL=1.7 ng ml?! L conv = -
Hg | 253.652 .
. The element is CL true=
— 1 ) - -
BEgL :%?]gﬁr?l not detected. CL, cov=0.58 0.04 1+15[23]
Cd 11 214.438
BEC =0.06 pg ml* 1.27 £0.06 CL, trie= 0.62 4.7 1.3 1+3][23]
CL=1.7ngml?
U 11 409.014 C _
BEC =0.2 pg ml™ 2.62+0.1 cL L “390‘75 3.8 2.6 0.3+11.7 [24]
CL=6.1ngml?! comT

3.2.2. Determination of platinum in certified
reference material BCR-723 (road dust).

a) Digestion procedure: Extraction of traces of Pt
by acid mixture (HBr /HNOs3) in an apparatus,
described in [ISO 11466:1995 (E)] was used for
digestion of the certified reference material BCR-
723 (road dust). 1 g sample was dissolved and the
final solution was collected in 1200 ml volume.

b) Determination of matrix elements. The
concentrations of Al, Ca, Fe, Mg and Ti are as
follows: Al — 220 + 6 (in pg ml?), Ca — 550 + 10
(in pg mlt, Fe — 350 + 8 (in ug ml?), Mg — 250 + 6
(in pg ml'Y) and Ti — 9.0 £ 0.5 (in pg ml?). Mean

values for statistical confidence P = 95 % and six
replicates (n =6) are shown.

c¢) Determination of platinum. The true detection
limit for Pt was 19 times higher in comparison with
the certified value in the certified reference material
BCR-723 - road dust (Table 12). Hence this
concentration cannot be detected by direct ICP-
OES (without separation or pre-concentration
procedure).

The improvement of the detection limits in the
determination of Pt in environmental materials by
ICP - OES was achieved by developing a new
column method with 2-mercaptobenzimidazole
immobilized on activated carbon for separation of
the matrix elements Al, Ca, Fe, Mg and Ti and pre-
concentration of platinum. The interest in activated
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carbons is determined by their unique properties
such as large specific surface area, strongly

developed micro porosity and the possibility to
modify their surface and texture [26 — 32].

Table 12. Contents of Pt (ug g*) obtained in the analysis certified reference material BCR-723 mean values [X] for (n
= 4 replicates) (column 2); detection limits in the presence of above mentioned matrix constituents (ug g %) (column 3);
and certified values (column 5)

Concentration

Selected prominent True detection limits, Certified values,

-1 0,
lines, %, nm )?%tgAX ng gt RSD. % nggt
Pt1265.945 The element is
BEC = 0.50 ug ml* CLiue=1.54 — 0.0813
C. = 14.0 ng ml* not detected

Table 13. Detection limits with respect to the dissolved solid sample, in ug g* in the determination of Pt in certified
reference material BCR-723, concentration of Pt in ug g%, RSD of the analytical results and certified values in ug g*

Analysis line, ,  Detection limits,
nm ng gt

Pt 11 203.646 0.0033

Concentration, in ug g* RSD, % Certified values, pug g

0.0809 + 0.005 3.0 0.0813

2-mercaptobenzimidazole modified activated
carbon was prepared by the following steps: first
step: the activated carbon was heated in a furnace
at 600°C for 3 h in inert atmosphere. Then the
sample was cooled down to room temperature in
argon; second step: 3 g of activated carbon were
heated for 1 h at 200°C in vacuum, whereupon 10
m of a 2 wt % solution of 2-
mercaptobenzimidazole in ethanol were added
and the mixture was allowed to stand at 20°C for 2
h to facilitate better penetration of the modifier
into the pores of the activated carbon. Then the
solvent was evaporated at 90 — 100° C. This
procedure was repeated three times. The modified
carbon was washed with distilled water and 1M
HCI until attaining a constant pH value of the
washing water, and then dried at 100°C for 6 h.

The optimal parameters of the new column
method were: column with bore = 3 mm, length =
9 mm, amount of activated carbon = 0. 4 g, flow
rate of the solution = 4 ml min?, pH =1,
concentrations of matrix elements were 10 times
lower in comparison with the corresponding
values shown in Table 4. The column was washed
with 0.1 HCI. The experiments were carried out at
room temperature. Under these experimental
conditions, 100 % of platinum was sorbed on the
activated carbon immobilized with 2-mercapto-
benzimidazole. The column with activated carbon
was dried in a drying-oven at 90°C. The activated
carbon was transferred to a quartz crucible and the
sample was heated at 450 °C (1 h) and 850 °C (1
h) in a furnace; the quartz crucible was allowed to
cool slowly at room temperature and after that the
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crucible was put into the reaction flask of an
apparatus, described in ISO 11466:1995 (E); an
acid mixture HNOs/HBr (3 ml HNOs + 3 ml HBr)
was used for dissolution of the so prepared
residue; the sample was heated under reflux until
boiling for 1 h and allowed to cool slowly at room
temperature. The final sample solution was 10 ml.

The column method with 2-mercapto-
benzimidazole immobilized on activated carbon
was applied for pre-concentration/ separation in
the determination of Pt in the certified reference
material BCR - 723 (road dust.) The final sample
solution was introduced into the ICP using an
ultrasonic  nebulizer  (Courtesy of Cetac
Technologies, Omaha, Nebraska, USA). Table 13
shows the detection limits in the determination of
Pt with respect to the dissolved solid sample, in
ug gt (column 2) by using the above pre-
concentration/separation procedure, the content of
Pt in the certified reference material BCR-723,
obtained by ICP - OES (mean values X, forn =4
replicates and the confidence interval of the mean
value AX for statistical confidence P = 95% and f
=n —1 =3 (column 3), as well as the RSD of the
analytical results (column 4). Column 5 lists the
certified values for comparison. By using the
above mentioned pre-concentration/separation
procedure the spectral interferences were totally
eliminated and the most prominent line Pt 1l
203.646 nm in pure solvent was used as analysis
line. The results obtained by the present pre-
concentration / separation method and following
ICP-OES determination agree well with the
certified values of the reference material BCR-723
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and can be successfully used in the determination
of platinum in environmental materials.

3.2.3. Determination of As, Zn, Cd, Tl and U in
National Water Research Institute (NWRI)
certified standard, lake water TMDA-51.2.

Table 14. Determination of As, Zn, Cd, Tl and U in National Water Research Institute (NWRI) certified standard, lake

water TMDA-51.2

Maximum permissible

. Concentration  Detection limits in Certified ;
Selected prominent 1 RSD, concentrations for
lines, A nm ng mi pure solvent, % values, drinking waters (ng ml?)
’ X £ AX ng ml*: ng ml? [33]
As 1193.695 154+04 3.0 2.6 15.3 10
Zn | 213.856 107 +3 1.4 2.8 106 5000
Cd 11 226. 502 248+05 1.4 2.0 25.1 5
TI 11 190.852 19.8+0.6 4.0 3.0 20.0 No data
U 11 385.958 30+1.0 1.4 3.3 29.3 60
Al - - - 96.0 -
Fe - - - 111.0

The concentrations of As, Zn, Cd, Tl and U in
NWRI certified standard, lake water - TMDA-51
are collected in Table 14: the results are obtained
by ICP - OES, JY ULTIMA 2 equipment (column
2) (n = 6 replicates); detection limits for the
analytes in pure solvent (column 3); relative
standard deviation (RSD, %) (column 4) and
corresponding certified reference values (column
5). It should be noted that the line interference
level for the most prominent lines of As, Zn, Cd,
Tl and U is determined by aluminium and iron as
interferents (Table 9). The concentrations of the
interferents in the NWRI certified standard are
Cial (certificate) = 0.096 pg mlt and Cire
(certificate) = 0.111 ug ml?, respectively. These
concentrations are lower than the corresponding
values for which Qi ai (Aa) =0 and Qi re (Aa) = 0
(Table 9). Therefore, the most prominent lines of
As, Zn, Cd, Tl and U with Qy;(As) = 0 can be used
for determination of these elements and the
detection limits are equal to the values obtained in
pure solvent (column 3). The background can be
corrected by a simple off-peak background
measurement.

The results obtained by the present ICP-OES
method agree well with the corresponding
certified values. The detection limits obtained by
JY ULTIMA 2 satisfy the requirements from the
point of view of maximum permissible
concentrations for drinking waters [33].

CONCLUSIONS

This work shows that in the analysis of
complex environmental materials, quantitative
information on the spectral interferences is

essential. The Q-concept, as proposed by
Boumans and Vrakking [15], was used for
guantification of the spectral interferences in the
presence of Al, Ca, Fe, Mg and Ti as interferents.
By using a spectrometer with a practical spectral
bandwidth of 5 pm it is possible to select the
“‘best’’ analysis lines for As, Zn, B, Hg, Tl and U,
which are free of line interferences in the presence
of a complex environmental matrix. The “best”
prominent lines for Pt and Cd were influenced by
line interference (Table 9). The results of Table 11
illustrate the correct background subtraction in the
determination of As, Zn, Cd, Hg and U in the
analysis of the certified reference material IAEA /
Soil 7. Extraction of trace elements in aqua regia
was used as a dissolution method.

Comparison of the detection limits (Table 11,
column 3) by using 40.68 MHz ICP JY ULTIMA
2 with the corresponding maximum permissible
concentrations for soils in ug g * shows that the
detection limits are significantly lower in
comparison with the given threshold levels.
Therefore, this method can be successfully used
for real contaminations in soil samples.

The determination of platinum in road dust
requires the application of a separation / pre-
concentration procedure for improvement of the
detection limit. In the present paper a new column
method with 2-mercaptobenzimidazole
immobilized on activated carbon was developed
for separation of matrix elements Al, Ca, Fe, Mg,
Ti and pre-concentration of platinum. The results
obtained by the present pre-concentration/
separation method and following ICP - OES
determination show that this method can be
successfully used in the determination of platinum
in environmental materials (Table 13).
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The detection limits obtained by JY ULTIMA

2 satisfy the requirements from point of view of
maximum permissible concentrations for drinking
waters [33] (Table 14).
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OIIPEJEJISIHE HA As, Zn, Pt, B, Hg, Cd, TI 1 U B ITPOBU1 OT OKOJIHATA CPEJIA YPE3
OIITUYHA EMUCHUOHHA CIIEKTPOMETPUA C UHAYKTUBHU CBBbP3AHA TTJIASMA C
PAJJUAIIHO HABJIIOJEHUE 1 BUCOKO PA3JEJISIHE

*
H. Bemukosa 1, O. Benesa X, C. Benuuxkos 2, I1. Mapkos 2, H. Jlackanosa 2

! I'eonozuuecku uncmumym, Bvnzapcka akademus na naykume, Axao. I'. Bonyes, 61. 24, 1113 Cogpus
2 Hucmumym no obwa u neopeanuuna xumus, Bvreapcka axademus na nayxume, Axao. I. Bonues, 61. 11, 1113 Cogus

Toctenmna Ha 24 centemBpu 2012 r.; mpuera Ha 10 despyapu 2013 1.
(Pesrome)

[TokazaHu ca Bb3MOXKHOCTHTE U OTPAaHMYCHUSITA HA ONTHYHATA EMUCHOHHA CIIEKTpoMeTpusi ¢ paauanHa 40.68
MHz nanykTBHO CBBp3aHa I1a3Ma U CIIEKTPOMETHP C BUCOKO pa3jelisiHe npu onpenensHe Ha As, Zn, Pt, B, Hg, Cd, TI
n U B npobu ot okonHaTa cpena. [lomoOpsiBaHe Ha TPaHUIIMTE HA OTKPUBAHE € MOCTUTHATO Ype3 ONTUMH3UPAHETO Ha
paboTtHuTe ycnoBusi. Haii-HUCKH rpaHUIY HA OTKPUBHE OsIXa MONTyYeHU IPH TBBPAU pabOTHH yCIIOBHS (TeMIeparypa 3a
BB30y:kAaHe 0kos10 7200 K) KakTo B MPUCHCTBUE HA YKCT pa3TBOPUTEN, Taka U B npucheTBrue Ha Al, Ca, Fe, Mg wu Ti
KaTo KOMIUIEKCHA MaTpHIla 3a MpoOHTe OT OKoJHATa cpena. I panunute Ha oTkpuBaHe 3a AS, Zn, B, Hg, Cd, Tl u U
3aJI0BOJIIBAT U3UCKBAHHUSITA 32 MAKCUMAITHO JOMYCTUMHU KOHIICHTPAIIMH 32 MOYBH U MUTCHHU Boau. [logoOpsBaHeTo Ha
IPaHUIIMTE HA OTKPHBAaHE MPH ONpECsHEe Ha IUIATHHA B IBTCH Mpax Oellie MOCTHUTHATO 4Ype3 pa3paboTBaHE HA HOB
KOJIOHGH METOJ] C AaKTHBCH BBIVICH, MMOOWIM3MpPAH C 2-MEpKanTOOCH3MMHIA30J] 3a OTHCNAHC Ha MAaTPUYHHTE
KOMIIOHCHTH ¥ KOHIICHTPUpPAHE Ha TUIATHHATA.
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The quality control of honey requires a number of physical and chemical parameters to be determined in order to
provide evidence of the origin and environmental purity of the product. 14 types of Bulgarian bee honeys were analyzed
and the following parameters were determined: refraction index, thermophysical characteristics, color characteristics,
lightness L™ and chroma C*a. The contents of water, S-carotene, glucose, fructose, saccharose, oligosaccharides,
essential and toxic trace elements were also found. The correlation between the refractive index and the water content of
honey was determined as a criterion for the quality of honey. The fructose-glucose ratio was determined as a parameter
related to the crystallization of honey. The criteria used were applied for the first time to Bulgarian honeys.

Relatively high content of potassium was found in the analyzed Bulgarian bee honeys, which makes them an
important source of this essential element. No traces of the toxic elements As, Cd, Ni and Pb were found.

Key words honey, mineral content, sugar content, thermophysical and optical parameters

INTRODUCTION

Honey is a natural sweet substance that bees
produce by transforming natural nectar of plants. It
is well known for its valuable nutritional and
medicinal qualities. Honey composition depends on
its type and origin. Honey  contains
monosaccharides, macro- and micronutrients,
antioxidants, free amino acids, organic acids,
vitamins, enzymes and minerals [1].

The contents of water, glucose, fructose,
saccharose, essential and toxic metal ions, as well
the refractive index are major parameters in
assessing the quality of honey. On the other hand,
parameters with stronger impact for the consumers
are the color, the crystallization state and the
fermentation grade [2]. Trace element levels in
honey are of particular importance as an indicator
of environmental pollution [3], owing to the fact
that bees are in contact with air, waters and plants.
The determination of trace elements such as Ca,
Mg, Zn, Mn is widely used in food authenticity

studies [4].
The purpose of the present work was to
determine  several physical and chemical

characteristics of samples of bee honey harvested
from different regions in Bulgaria. Classical
physico-chemical methods available in most

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

laboratories dealing with food control were used.
Parameters were looked for permitting an
unequivocal differentiation between natural honeys
and those adulterated by addition of sweeteners.
The criteria used were applied for the first time to
Bulgarian honeys.

MATERIALS AND METHODS

Samples

14 honey samples, harvested in 2008 and 2009,
were purchased from supermarkets or directly from
beekeepers and stored at room temperature in dark.
The geographical and botanical origin of samples is
indicated in Table 1.

The contents of glucose, fructose, saccharose,
water, oligosaccharides, f-carotene, trace elements,
the refractive index and the color parameters were
determined according to methods proposed by the
International Honey Commission [5].

Methods

The content of carbohydrates in honey was
determined by  high  performance liquid
chromatography (HPLC) using a Refractive Index
detector, Waters. Peaks were identified on the basis
of their retention times using an Aminex HPX-87H
column. The temperatures of both column and
detector (differential refractometer R401, Waters)
were 30°C; the sample volume was 10 pl.
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Table 1. Geographical and botanical origin of honey samples.

Sample Geographical origin Predominant botanical Year
N (town in Bulgaria) origin of harvesting
1 Triavna Honeydew 2009
2 Elena Honeydew 2009
3 Asenovgrad Lime (Tilia) 2009
4 Asenovgrad Acacia (Robinia pseudoacacia) 2008
5 Asenovgrad Thistle (Cardus nutans) 2008
6 Karlovo Honeydew 2009
7 Galabovo Multifloral 2009
8 Asenovgrad Multifloral 2009
9 Sliven Multifloral 2008
10 Montana Sunflower (Helianthus annuus) 2009
11 Montana Sunflower (Helianthus annuus) 2009
12 Montana Sunflower (Helianthus annuus) 2008
13 Samokov Multifloral 2009
14 Troian Multifloral 2009

The refractive indexes of the samples were
measured at 20°C at A=589 nm on an Abbé
refractometer, Carl Zeiss Jena, Germany, calibrated
with distilled water. Constant temperature in the
refractometer was maintained using a thermostat.
The water content was determined from the
refractive indexes using the Wedmore table [6].

The honey samples were heated at a temperature
of 30+35°C to dissolve the sugar crystals and then
were poured into a 10-mm thick dish. The p-
carotene content was determined on a Lovibond
PFX 880 instrument (Tintometer Ltd.,, UK). A
standard light source was used and wavelengths
from 420 to 710 nm were selected by means of 16
narrow-band interference filters of 20 nm
bandwidth. =~ The  measuring  system  was
programmed to interpolate peak wavelengths at 5
nm intervals.

The color parameters (index of lightness L* and
color coordinates x, y, a", b” corresponding to the
uniform color space CIELab [7], were determined
on the Lovibond PFX 880 instrument as well. The
parameter chroma (C”) was calculated according to
the formula C™= [(a")?+(b")?]*2.

The differential scanning calorimeter
SETARAM 141, (France) was used for thermal
scanning of the honey samples cooled to —60°C.
Nitrogen was used as a purge gas at a flow rate of
50 ml mint. Samples were accurately weighed into
hermetically sealed polymer-coated aluminium
pans. An empty aluminium pan was used as a
reference. The test was made in the following way:
(i) Cooling the sample to —60°C with a cooling rate
of 5°C/min; (ii) Holding for 5 min at —60°C; (iii)
Heating to 150 °C with a heating rate of 5°C/min;
(iv) Holding for 5 min at 150 °C.

The content of Li, Na, K, Ca, Mg, Cu, Fe, and
Mn in the honey samples was determined by flame

atomic absorption spectrometry using the Thermo
M5 instrument (UK) in an air-acetylene flame
under standard conditions. 3 g of honey were
dissolved in 100 ml of distilled water and the
obtained solutions were subjected to analysis. For
calibration, aqueous standard solutions of the
analytes at the mg I level, prepared from titrisols
(Merck, Germany), were used.

RESULTS AND DISCUSSION

The examined honey samples may be divided in
three groups: multifloral honeys, blossom honeys of
predominant botanical origin and honeydew
honeys.

The color of bee honey is affected by the
harvesting method and the storage duration. It
depends on the content of pigments such as
chlorophylls, carotenoids, flavonoids. The color
parameters (L°, a’, b"), established in CIELAB
system, x, y parameters and chroma (C'x) are
presented in Table 2.

Table 2. Color parameters of the examined bee honey
samples

X y L* a" b Ca

Max value 0.61 0.5 87.29 29.67 84.26 85.54
Minvalue 035 0.38 3.47 -447 139 141
Average

value 0.44 0.44 65.33 2.83 5451 55.49

As can be seen, ten of the examined honey
samples have negative values of the color
parameter a”. This indicates the presence of a large
proportion of green color. Only four of the samples
— 1, 6 (honeydew) and 7, 14 (multifloral) have
positive values of the parameter a’, indicating the
presence of red color. Similar results have been
obtained for orange honey from Greece [8].

245



K. Nikolova et al.: Survey of the mineral content and some physico-chemical parameters...

Table 3. Values of fructose/glucose ratio (F/G), refractive index (n) and content of carbohydrates, water and S-carotene

for the investigated honey samples

Carbohydrates Parameter
Fructose  Glucose Saccharose sacct)::wlgrc:;ies . o \(/)v carg t;:ne,
g/100 g g/100 g 0/100 g g/100 g o ppm
Max value 52.26 45.27 11.59 8.81 149 1497 19 65.23
Min value 44.64 31.14 7.56 1.74 099 1.489 158 8.21
Average 48.68 37.88 9.56 3.54 1.29 1.4937 17.09 35.07

All honeys examined in the present work
showed positive values of the parameter b’
characteristic of the yellow colors. The value was
highest for honeydew samples and lowest for
sunflower and lime honey.

Linear dependences between chroma ¢ and the

color parameter b*, as well as between the content
of p-carotene and the color parameter x were found
as follows:
C'a»=0.99b" + 1.54 R*=0.99
p=351.3x-120.7 R?=0.97

Upon increasing the value of the color parameter
X, the content of S-carotene also increases.

The results for the content of water,
carbohydrates (glucose, fructose, saccharose and
oligosaccharides), the refractive index (n) and the
crystallization index (fructose/glucose ratio F/G) of
the examined honey samples are presented in Table
3.

The content of oligosaccharides in the examined
honey samples is between 2.1 and 8.81 ¢/100 ¢
honey. Some authors have reported that honeydew
honeys have about 35-40 g fructose per 100 g dry
matter, while flower honeys show about 40-50 g
fructose per 100 g dry matter [9]. In contrast, the
flower honeys and honeydew honeys in our
investigation have 40-53 g fructose per 100 g dry
matter. All investigated samples satisfy the
condition of EC Directive 110/2001 — the sum of
glucose and fructose contents to be above 60 g/100
g of honey [9].

The fructose/glucose ratio (F/G) was calculated
for all samples. From this parameter information
about the crystallization state of honey may be
derived: the crystallization ability of honey is low if
the content of fructose exceeds that of glucose.
Only one of the examined samples had a
crystallization index equal to 1 and it was partially
crystallized. The other samples had F/G>1 and they
were fluid. The F/G ratio depends on the nectar
source. Monofloral blossom honeys contain more
glucose than honeydew honeys while multifloral
and honeydew honeys have close glucose contents.
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The moisture content of honey samples depends
on the botanical origin of the sample, on the degree
of ripeness, on the processing techniques and on the
storage conditions. The water content is an
important characteristic of honey quality: the high
water content promotes the separation of a
crystallized phase at the bottom and a liquid phase
on top of the honey sample [10]. Moreover, the
high water content leads to higher risk for spoilage
of honey via fermentation [11]. According to EC
Directive 110/2001, the water content of pure
honey should be below 20 % [9].

All examined samples had water content
between 15.8 % and 17.6 %, except for samples 2
and 6, having water contents of 18.25 and 19 %,
respectively. The low water content of most of the
samples points to an extremely low rate of the
fermentation process. The higher water content of
the latter samples may be attributed to (1) honey
extraction in humid weather; (2) immaturity of the
extracted honey or (3) adulteration of the honey
sample with glucose. The glucose/water (G/W)
ratio could be a better indicator for predicting
honey crystallization. G/W values lower than 1.7
are typical for slowly crystallizing honeys. The
G/W values of honeydew honeys are about 1.7
while those of multifloral and monofloral honeys
are about 2.2 and 2.3, respectively.

In Table 4 the color parameters, the contents of
water, glucose, fructose, saccharose and
oligosaccharides of three commercial brands of bee
honey containing sweeteners (isosweet or glucose-
fructose syrup) are presented. By color parameters
and p-carotene content these samples do not differ
from the other examined honey samples.

The addition of isosweet to honey does not
essentially increase the water content and
consequently, does not affect the fermentation
ability of the honey sample. This sweetener is
enzyme-hydrolyzed saccharose - laevorotating
mixture of glucose and saccharose. Its addition to
honey leads to a considerable increase in the
glucose content, so that the F/G index of honey



Table 4. Physico-chemical parameters of natural honey and honeys containing different sweeteners

Oligo-  Saccha-
Honey n W, p-carotene, X Yy o L* saccharides.  rose Fructose, Glucose, /G
sample % ppm g100g  g/100g 9/100 g ¢/100 g
Natural
honey 1.4970 15.8 21.44 0.41 0.43 -2.21 50.87 72.25 2.10 10.22  48.24 39.44 1.07
(sample 9)
Commercial
(Pepino)
L 1.4920 17.8 3449 0.45 0.46 -0.17 49.51 48.18 3.75 13.77 35.23 47.26 0.75
containing
isosweet
Commercial
(Orfeo)
containing
glucose- 1.4907 18.2 17.47 0.40 0.42 -4.29 40.47 74.23 27.32 1091 3203 29.74 1.08
fructose
syrup
purchased
Table 5. Mineral composition of some Bulgarian honey samples (mean =+ standard deviation, n=3)
Sample Element
N K,mgg*Na ugg™*Cangg? Mg, pngg? Fe,ngg™ Cu,ugg* Mn,ugg™ Li,ugg™
1 1.23+£0.05 34.6+1.5 76.8+£1.0 36.1+£1.0 3.05+0.05 0.97+0.02  1.34+0.05 0.10+0.02
2 1.21+£0.05 22.3+1.2 84.2+1.0 35.6+1.0 3.24+0.05 0.96+0.02  1.79+0.05 <0.05
3 0.29+0.02  13.6+1.2 46.4+1.0 11.5+£0.5 3.47+0.05 0.42+0.02 <0.15 <0.05
4 0.25+0.02 62.1£2.0 46.9+1.0 13.1+£0.5 0.31+0.05  0.34+0.02 <0.15 <0.05
5 0.36+0.02 11.8+1.2 94.6+1.0 17.4+0.5 1.89+0.05 <0.05 <0.15 <0.05
6  1.64+0.05 223415 127.741.5 109.1£1.5 5.01£0.05 0.99+0.02  15.6£1.0  0.574+0.05
7 1.82+0.05 25.4+1.5 99.3+1.0 32.6+1.0 <0.15 0.19+0.01  0.36%0.05 <0.05
8 0.40+0.02  15.0+1.2 82.1+£1.0 21.4£1.0 0.93+0.05 <0.05 <0.15 <0.05
9 0.38+0.02 15.8+1.2 64.7+£1.0 11.9+0.5 3.28+0.05 1.29+0.02 0.27+0.05 <0.05.
10  0.21+0.02 9.8+1.0 42.2+1.0 6.9+0.2 2.22+0.05 0.90+0.02 <0.15 <0.05
11 0.28+0.02 9.5+1.0 50.9+1.0 9.6+0.3 0.31+0.05 0.76+0.02 <0.15 <0.05
12 0.26+0.02 10.2+1.0 56.8+1.0 11.0+£.0.5 3.33+0.05 1.06+0.02 <0.15 <0.05
13 0.30+0.02  20.6+1.5 33.1+1.0 7.5+0.2 1.05+0.05 2.26+0.03 <0.15 <0.05
14  0.26+£0.02 15.3+1.2 22.8+1.0 5.24+0.2 0.56+0.05 1.74+0.02 <0.15 <0.05
this sample was checked by comparing its

becomes less than unity (Table 4), which favors the
crystallization ability of the sample.

The addition of glucose-fructose syrup does not
influence the crystallization ability of honey, but
elevates its water content and reduces the refraction
index. Such honey samples are characterized with a
higher content of oligosaccharides (up to 27.6 g per
100 g of honey).

Differential scanning colorimetry was used for
the first time for the identification of the
composition of Bulgarian honeys. As a criterion the
glass transition temperature (Tg) was used. The
thermograms of pure bee honey and honey
adulterated with glucose-fructose syrup or isosweet
are presented in Figures la, b, c. Sample 9 was
chosen as a representative of pure bee honey. Fig. 1
shows that Ty of natural honeys is about —37°C,
while for those adulterated by glucose/frucrose
syrup it is —48°C. The lack of glucose adulterant in

parameters with those of pure lime honey obtained
by private producers (own production, guaranteed
free from added glucose syrup).

The addition of glucose-fructose syrup to honey
results in a decrease in the glass transition
temperature T4. Ty of a sample containing glucose-
fructose syrup is by about 10°C beneath that of pure
honey. Ty of the isosweet containing sample,
however, is close to that of pure honey, which is in
the range between —33 and — 42°C [12]. Isosweet
addition leads, however, to a considerable change
in AC, (ACp=-43.60) while samples of pure bee
honey and those containing glucose-fructose syrup
have AC, values of -12.83 and 12.13, respectively.

The content of Li, K, Na, Ca, Mg, Fe, Cu and
Mn in the examined honey samples is presented in
Table 5. As can be seen, the content of potassium is
at the mg g* level in most of the analyzed samples
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Fig. 1. Thermophysical parameters of pure and
adulterated bee honey; a) pure bee honey (sample 9); b)
bee honey containing isosweet; ¢) bee honey containing
glucose-fructose syrup

and exceeds that of the other elements by approx.
one order of magnitude. Its content is between 0.2
and 0.4 mg g for the blossom honeys. Similar
potassium content was registered by Madejczyk for
rape honey [13]. The honeydew samples displayed
a higher content of potassium — between 1.2 and 1.6
mg g*. Similar results were reported for honeydew
honeys from Poland [14]. Hence, bee honey and
particularly honeydew honey may be considered is
an important source of the essential element K. Na,
Mn, Ca, Cu and Fe are present at the pug g level.
The Mg content (between 7 and 110 pg g7%l) is
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similar to that of Macedonian bee honeys (12-117
ug g1) [15]. The Ca content is close to that in
honey from other European regions, e.g., Poland
and Czech Republic [16-17], while the Cu and Mn
contents are similar to those of Turkish honeys
[18]. Li was detected in two of the honeydew
samples only (1 and 6). The concentrations of the
toxic trace elements As, Cd, Ni and Pb in the honey
were below the corresponding limits of detection.

CONCLUSIONS

All  examined Bulgarian honey samples
correspond to the EC regulations. The honey
samples collected from different regions of
Bulgaria display similar characteristics; moreover,
there are no significant differences between
commercial honeys and honeys from private
producers. The examined honey samples have a
low water content, hence a low tendency for
fermentation. The addition of glucose-fructose
syrup to honey can be established by an increase in
the water content and a decrease in the refractive
index. The content of oligosaccharides in these
samples is about 4 times higher than that in pure
bee honey. The presence of isosweet in bee honey
accelerates the crystallization of the honey samples
and lowers the crystallization index.

The glass transition temperature of honey
containing over 25% of glucose-fructose syrup is
below —40°C, which hampers its crystallization.
Bulgarian bee honeys have a relatively high content
of the essential element potassium and do not
practically contain toxic trace elements. It follows
from the obtained results that Bulgarian bee honeys
are a high-quality environmentally pure product
with excellent characteristics.
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ITPEI'JIEX HA MUHEPAJIHOTO CBHABPXXAHUE 1 ®PU3UKO-XUMUYHUTE ITAPAMETPU
HA BBJI'APCKMU ITYEJIEH ME/I

K. Hukonosa, I'. I'enuesa?, E. Banosa'

Yuusepcumem no xpanumennu mexnonoeuu, Ilnogous,
Uncmumym no obwa u neopeanuyna xumus, BAH, Cogus

ITocrpnuna Ha 1 mait, 2012 r.; kopurupasa Ha 15 centemspu 2012 .

(Pesrome)

KavecTBeHHST KOHTPOJ Ha MYETHUS MeJ M3MCKBA ONMpPEIC/SIHETO Ha peauna GU3UYHM U XUMHYHH MapaMeTpu C el
OIIEHKA HA HATYPAIHOCTTA M €KOJIOTMYHATA YMCTOTA HA MPOAYKTa. AHAIU3Upanu ca 14 Tuna ObIrapcKu mueneH MeJ1 OT
pasnuuHu 00yacTH Ha Bbiarapusi ¥ ca ONpeeieHd TEXHUTE MapaMeTpU KaTo MoKa3aresl Ha MpedyyIBaHe, IBETOBU
napameTpH, ceemiocT L”. B uscienpanuTe 06pasiy € ONpe/Ie/ieHO ChIIO TaKa ChIbPKAHUETO Ha S-KapOTeH, IIH0K03a,
¢bpykTo3a, 3axapo3a, OJUro3axapuH, BOJAHOTO ChHIbPKAHUE, KAKTO M ChABPKAHUETO HA OCHOBHM U TOKCHYHH
enemeHTH. Kato kputepuii 3a KauecTBOTO Ha MUEIHUSI MEJI € OTpe/elieHa KOPeTalusITa MeX/y BOJHOTO ChIbPIKAHUE U
nokasartenst Ha npedynBaHe. DOPYKTO30-TIIIOKO3HOTO OTHOLICHHWE € ONPEJCNICHO Karo IapamMeThp, CBBP3aH C
KpHCTalnu3alusITa Ha npobure. B u3ciensanure ObIrapcku MeIOBE € YyCTAHOBEHO CPABHUTEIHO BHUCOKO ChABPIKAHUE
Ha KaHI/II‘/'I, KOE€TO TU NpaBU BAXCH MU3TOYHUK HaA TO3U €CCHUHUAJICH CJICMCHT. Me}IOBeTe MPAKTUYCCKNU HE ChbAbpiKaT
TOKCHUYHU EJIEMEHT.
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characterization of the solid charge transfer complexes
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The purpose of this study is to propose sensitive, accurate and reproducible methods for the determination of
sildenafil citrate in pure pharmaceutical preparations. Sildenafil citrate is determined spectrophotometrically via charge-
transfer complex formation. This includes the use of some m-acceptors as 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ) and 3,6-dichloro-2,5-dihydroxy-p-benzoquinone (p-CLA). The proposed methods can be used for routine
analysis of the suggested drugs in pharmaceutical preparations. The solid ions of the CT complexes from the reaction of
DDQ and p-CLA as m-acceptors with sildenafil citrate as donor are isolated and the formed CT complexes are
characterized via elemental analyses, IR, *H NMR and mass spectrometric studies.

Keywords: Sildenafil citrate, DDQ, p-CLA, Spectrophotometry, Charge transfer complexes.

1. INTRODUCTION

Sildenafil (S) (1-[4-ethoxy-3-(6,7-dihydro-1-
methyl-7-o0xo0-3-propyl-1H-pyrazolo-[4,3-d]
pyrimidin-5-yl) phenylsulphonyl]-4-
methylpiperazine) (Formula 1) has been widely
prescribed for treating erectile disfunction [1-4]
and its bioavailabilty, metabolism, elimination
route and pharmacokinetics have been reported in
details [3,5]. The maximum sildenafil plasma
concentrations measured after a single oral dose of
100 mg to healthy male volunteers is 450 ng/mL.
The lower therapeutic concentrations in human
plasma after a 25 mg single oral dose are
approximately 7 ng/mL [5]. Many analytical
methods, using high  performance liquid
chromatography (HPLC), have been published for
guantification of the parent drug sildenafil in
plasma, but not for its active metabolite, using
ultraviolet visible (UV-vis) detector [6,7], or a
liquid chromatography system combined with a
triple quadrupole mass spectrometric detector [8],
as well as in oral fluids using a liquid
chromatography single mass spectrometry system
[9]. Lewis and Johnson [10] reported the detection
of both sildenafil and N-desmethylsildenafil in
post-mortem fluids and tissues, while a liquid
chromatography tandem mass spectrometry (LC-
MS/MS) system was reported for their detection in

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

urine and tissue samples [11] or in post-mortem
human blood [12]. Al-Ghazawi et al. [13]
developed a method for the determination of both
analytes in plasma using electrochemical detection;
Cooper et al. [14] used a UV-vis detector for their
determination in plasma; and Saisho et al. [15]
determined them in human hair by GC-MS. On the
other hand, the detection of these compounds
without a derivatisation step leads to a higher
sensitivity limit. These findings seem to be
confirmed not only by the absence of GC-MS
methodology for the simultaneous detection of
these compounds in the literature, but also by the
contradictory results on the parent drug [16, 17].

)

O\ D HN” “I' \.N COOH
NS[]‘“N HOOC{OH
AN A - NN —

Formula 1. Structure of sildenafil citrate.

In the present study DDQ and p-CLA reagents
are  utilized as  m-acceptors  for  the
spectrophotometric  determination of sildenafil
citrate (SILC) drug in raw materials and in some
commercial pharmaceutical preparations. Different
experimental conditions are checked in order to
select the optimum conditions suitable for CT
complexes formation and hence quantitative
determination of sildenafil citrate (SILC).
Statistical treatment of the data obtained, like SD,
RSD, Sandell sensitivity, €, relative error, t- and F-
tests are also made.
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2. EXPERIMENTAL

2.1. Materials

All chemicals and reagents were of analytical
reagent grade and were used without further
purification. Sildenafil citrate (SILC) was provided
by EVA Pharma Company for Pharmaceutical
Industry. 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) was supplied from Arcos-
USA. 2,5-Dichloro-3,6-dihydroxy-1,4-
benzoquinone (p—CLA) was supplied from BDH
chemicals, UK. Absolute ethanol and sodium
hydroxide  were supplied from ADWIC.
Acetonitrile  (AR) was supplied from Fisher
chemicals and methanol was supplied from Sigma.
Chloroform, acetone, 1,4-dioxane, methylene
chloride, 1,2-dichloroethane and  dimethyl
formamide were supplied from EI-Nasr Company.

The SILC pharmaceutical preparations were
purchased from Silden capsules, 25 mg/cap.
(EIPICO) and Virecta, 100 mg/cap. (EVA pharma).

2.2. Solutions

2.1 x 10 M SILC solutions were prepared by
dissolving accurately weighed amounts of the drugs
in warm methanol. 0.1 % (w/v) of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and 0.1 % (w/v)
of  2,3-dichloro-5,6-dihydroxy-1,4-benzoquinone
(p-CLA) reagents were prepared by dissolving 100
mg of each reagent in 100 ml acetonitrile. All
solutions had to be protected from light by keeping
them in dark colored quickfit bottles during the
whole work. 0.1 M NaOH solution was prepared by
dissolving 400 mg of NaOH in 100 ml methanol.
Redistilled water from an all-glass equipment was
used. Redistillation was carried out from alkaline
permanganate solution.

Ten tablets of SILC were accurately weighed
and the average weight of one tablet was calculated.
The tablets were crushed to a fine powder. A
portion of the powder equivalent to 100 mg SILC
was dissolved in 75 ml methanol, and then filtered
on a dry filter paper in a 100 ml volumetric flask.
The volume was brought up to the mark with
methanol.

2.3. EQUIPMENTS

All absorption spectral measurements were
made using the Perkin Elmer automated
spectrophotometer ranged from 200-900 nm with
scanning speed 400 nm/min and band width 2.0
nm, equipped with 1 cm matched quartz cells.

Elemental analyses (C, H, N) were made at the
Microanalytical center of Cairo University using
CHNS-932 (LECO) Vario Elemental analyzers.
Infra Red measurements (KBr discs) of the isolated
CT complexes were carried out on a Perkin Elmer
1430 ratio recording infrared spectrometer (400-
4000 cm™). 'H NMR spectra in ds-DMSO (200
MHz)  were recorded on a Varian
spectrophotometer Gemini 200 using solvent
signals as a reference. *H NMR data are expressed
in parts per million (ppm). The mass spectra of the
CT complexes were recorded at 70 eV by using EI-
MS 30 mass spectrometer.

2.4. General procedure for spectrophotometric
determination of SOLC

1 ml of 0.1% (w/v) DDQ or p-CLA was added
to solutions containing different amounts of
2.1x1073 M SILC. The mixtures were brought up to
10 ml with acetonitrile. The absorbance of the
colored CT complexes was measured at the specific
wavelengths against reagents blank prepared
similarly without drugs.

2.5. Day — by — day measurements:

In order to prove the validity and the
applicability of the proposed method and the
reproducibility of the results obtained, four
replicate experiments at different concentrations of
SILC were carried out. Using the above mentioned
procedures, the absorbance of the four samples was
measured daily for four days and the results were
recorded to make statistical calculations.

2.6. General procedure for spectrophotometric
determination of SILC in some pharmaceutical
preparations:

Different concentrations of SILC drug (10-70
ug mit) were added to 1 ml of 0.1 % (w/v) DDQ or
p-CLA. The volumes were made up to the mark
with acetonitrile in 10 ml calibrated measuring
flasks. The absorbance was measured at Amax = 460
and 510 nm for SILC using DDQ and p-CLA
reagents, respectively, against reagents blank.

2.7. Synthesis of the charge transfer complexes

The solid CT complexes of SILC with DDQ and
p-CLA were prepared by mixing a saturated
solution of the drug in chloroform (10 ml) and a
saturated solution of DDQ or p-CLA in methanol
(10 ml) with continuous stirring for about 1 h at
room temperature. The colored complexes were
developed and the solution was allowed to
evaporate slowly at room temperature. The colored
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solid complexes formed were filtered, washed
several times with little amounts of methanol, and
dried under vacuum over anhydrous calcium
chloride.

3. RESULTS AND DISCUSSION

Charge transfer complex is the name that is
given to a stable molecular system formed in
solution between an electron donating molecule,
having sufficiently low ionization potential, and an
electron accepting molecule having high electron
affinity. The main feature of this type of complex
formation is the appearance of new intense
absorption bands in the ultra-violet or visible region
of the spectrum. Absorption bands of this type are
known as charge transfer bands, since they involve
electronic transitions from an orbital on the donor
to a vacant orbital on the acceptor. Many
explanations were given to the phenomenon based
on the quantum mechanical theory of Miilliken.
The formation of molecular complexes from two
aromatic molecules could arise from the transfer of
an electron from a =—molecular orbital of the donor
(Lewis base) to a vacant r—molecular orbital of the
acceptor (Lewis acid), i.e. m-rn* electronic
interaction [18,19].

3.1. Absorption spectra

The absorption spectra of the SILC-DDQ CT
complex in acetonitrile solvent (Figure 1) show
three maxima at A = 460 nm (g! = 2.50x10° L.mol"
cm?), 510 nm (g2 = 1.86x10° L.mol* cm™) and 550
nm (& = 2.13x10° L.mol! cm?) while the
absorption spectrum of DDQ shows no absorption
peaks in the scanned spectral region. The peak at A
= 460 nm was selected because it gives the highest
absorption intensity, as indicated by the & values.
Polar solvents such as acetonitrile and methanol
were reported to promote the complete transfer of
electron from a donor (D) to the m-acceptor (A),
DDQ resulting in complete formation of DDQ
radical anion (A ) as a predominant chromogen.

Figure 1 shows the absorption spectra of the
SILC-p-CA CT complex in methanol. A solution of
drug and p-CLA in acetonitrile and methanol
solvents has an intense pink color with
characteristic ~ wavelength  absorption  bands,
frequently with one maximum at A = 510 nm (e =
0.83x10° L.mol* cm?), while the p-CLA solution
showed a peak at A = 440 nm (e = 0.23x10° L.mol"*
cm?).
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Fig. 1. Absorption spectra of DDQ and p-CLA in
acetonitrile and their charge transfer complexes with
SILC drug.

3.2. Effect of solvents

In order to select the suitable solvent for CT
complex formation, the reaction of DDQ and p-
CLA with SILC drug was performed in different
solvents. These solvents include acetonitrile,
chloroform, ethanol, methanol, acetone, 1,4-
dioxane, dichloromethane, 1,2-dichloroethane and
dimethyl formamide. The results obtained are
shown in Figures (2,3) and Table (1). The DDQ
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Fig. 2. Effect of organic solvents on the absorption
spectra of SILC-DDQ CT complex.
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Fig. 3. Effect of organic solvents on the absorption
spectra of SILC—p-CLA CT complex.

reagent, acetone and dichloromethane display
higher molar absorptivity than acetonitrile. The p-
CLA reagent, dimethyl formamide, acetone and
ethanol display higher molar absorptivity than
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Table 1. The molar absorptivity values of SILC-DDQ and SILC-p-CLA CT complexes in different solvents.

Absorbance g (L.molt. cm™) * 102
Solvent A= 460nm A= 510nm
DDQ p-CLA DDQ p-CLA

Acetonitrile 0.573 0.209 2.73 1.00
Methanol 0.410 0.201 1.95 0.96
Ethanol 0.451 0.223 2.15 1.06
Acetone 0.643 0.292 3.06 1.39
Dichloromethane 0.254 0.151 121 0.72
1,2-dichloroethane 0.330 0.269 1.57 1.28
DMF 0.615 0.369 2.93 1.76
Chloroform 0.190 0.153 0.91 0.73
1,4-dioxane 0.090 0.152 0.43 0.72

Table 2. Spectral characteristics of sildenafil citrate CT coloured reaction products and the analytical characteristics

(accuracy and precision) of these reactions.

Parameters Results
DDQ method p-CLA method
Amax, NM 460 510
Molar absorptivity, L. mol™?. cm? 2.50x10° 0.83x10°
Sandell Sensitivity, ug cm 0.035 0.043
Beer’s law limit, , pg mL* 10.00 - 100.0 5.00 - 250.0
Percentage recovery, % 98.90 — 100.7 97.80 —100.1
Range of error, % 0.09-1.10 0.01-2.20
Standard Deviation (SD) 0.14-0.42 0.13-0.68
Relative Standard Deviation, (RSD) % 0.20-0.84 0.12-0.78
Regression equation *, slope (b) 0.0063 0.0016
Intercept (a) -0.0115 0.0050
Correlation coefficient (r?) 0.9882 0.9974
LOD, pg mL* 11.74 12.19
LOD, ug mL? 9.13 10.63

*A = a + bC; where C is the concentration in ug mL™.

acetonitrile. But in all cases the best stability and
reproducibility of the CT reaction is registered in
acetonitrile as a solvent. From these results it
follows that acetonitrile can be considered as the
ideal solvent for the color reaction, as it offers
solvent capacity for DDQ and gives the highest
yield of radical anions, as indicated by the high ¢
values. This is because it possesses the highest
dielectric constant among all solvents examined; a
property which is known to promote the
dissociation of the original CT complex to radical
ions, i.e., the dissociation of the donor—acceptor
complex is promoted by the high ionizing power of
the solvent.

3.3. Effect of reagents concentration

It is found that upon adding various
concentrations of DDQ or p-CLA solutions to a
constant concentration of ALB, APN and SILC
drugs, 1000 pg mL?* of a DDQ or p-CLA solution
are sufficient for the quantitative determination of
the drug under study, as mentioned above.
Maximum and reproducible color intensities are
obtained and higher concentration of reagents does
not affect the color intensity.

3.4. Effect of time and temperature

The optimum reaction time is determined
spectrophotometrically at different time intervals at
Amax = 460 and 515 nm for SILC-DDQ and SILC-P-
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Table 3. Between — day precision of the determination of SILC drug using DDQ and p-CLA reagents under optimum

conditions
Drug [Drug] [Drug]* Percentage SD RSD
Taken, Found, Recovery (%)
pg mL* pgmL* (%)
DDQ 20.00 19.59 98.00 0.42 2.16
30.00 30.58 102.0 0.22 0.72
50.00 50.54 101.1 0.31 0.61
90.00 89.86 99.80 0.39 0.44
p-CLA 20.00 19.66 98.31 0.60 2.06
50.00 50.20 100.4 0.60 1.21
90.00 90.00 100.0 0.67 0.74
150.0 149.8 99.87 0.47 0.32
035 12
03 | L
025 |
2 g 08 |
g 02 g
£ £ 06 I
éa 015 ——SILC-DDQ 3 ——SILCDDQ
o1 | —#-SILCp-CLA 04 | s SILCpCLA
0.05 02t
0 0 , , , , ,

0 01 020304050607 0809 1

mole fraction

Fig. 4. Job's method for sildenafil citrate CT complexes
with DDQ and p-CLA in acetonitrile.

CLA CT complexes, respectively. It is found that
complete color development is attained after 30
minutes and the color remains stable for one day at
least using these reagents.

The effect of temperature in the range from 5 to
60 °C on DDQ or p-CLA reactions with SILC drug
is studied using 100 ug mL™ SILC. It is shown that
the maximum color is attained at a temperature of
10+1 or 30£2 °C for SILC-DDQ and SILC-p-CLA
CT complexes, respectively. The color of the CT
complexes remained constant for at least 24 h.

3.6. Stoichiometry of the CT complexes

Molar ratio and Job’s continuous variation
methods [20,21] are applied in order to determine
the suitable ratio between SILC drug and DDQ or
p-CLA reagents. Figures 4, 5 show that the
interaction between these drugs and the reagents
occurs on equimolar basis, i.e. the two straight lines
are intersected at an 1:1 [Drug]:[Reagent] ratio.
This means that 1:1 complexes were formed
between the drug and the DDQ or p-CLA reagent.
CT complex formation between DDQ or p-CLA
and SILC drug takes place through the transfer of
electron from a donor (drug) to the m-acceptor
reagent (DDQ or p-CLA) [20].

254

[SILC)/[Reagent]

Fig. 5. Molar ratio of sildenafil citrate CT complexes with
DDQ and p-CLA in acetonitrile.

3.7. Validity of Beer’s law

Table 2 shows the results of studying the
guantitativeness of the reaction between SILC drug
and DDQ and p-CLA reagents under the selected
optimum conditions. It is found that Beer’s law is
valid over the concentration ranges from 10 — 100
and 5 - 250 ug mLof SILC using DDQ and p-CLA
reagents, respectively.

Table 2 shows the slope, intercept, correlation
coefficient, Sandell sensitivities, molar absorptivity
(), range of error, standard deviation, relative
standard deviation, limits of detection (LOD) and
quantification (LOQ). The low values of Sandell
sensitivity indicate the high sensitivity of the
proposed method in the determination of the drugs
under investigation.

Four to six replicate measurements are
performed at different concentrations of ALB, APN
and SILC drugs using DDQ and p-CLA reagents.
The relative standard deviation and the range of
error are calculated. The low values obtained
indicate the high accuracy and high precision of the
proposed spectrophotometric method. The low
values of the limits of detection (LOD) and
guantification (LOQ) indicate the possibility of



M. Refat et al.. Spectrophotometric determination of sildenafil citrate drug in tablets. Spectroscopic...

applying DDQ and p-CLA reagents in routine
analysis of the drugs under investigation.

3.8. Between-day precision

In order to prove the validity and applicability of
the proposed method and the reproducibility of the
results obtained, four replicate experiments at four
concentrations of SILC are carried out. Table 3
shows the values of the between-day relative
standard deviations for different concentrations of
the drugs, obtained from experiments carried out
over a period of four days. It is found that within-
day relative standard deviations are less than 1%,
which indicates that the proposed method is highly
reproducible and DDQ and p-CLA reagents are
successfully applied to determine SILC via the
charge transfer reaction.

3.9. Spectrophotometric microdetermination of
SILC drug in different pharmaceutical preparations

The spectrophotometric microdetermination of
SILC drug in preparations from EPICO and EVA
Pharma Companies are carried out. The results
obtained are given in Table 4. These data show that
the determined concentration of SILC drug by the
proposed methods is close to that obtained by the
applied standard method [22, 23]. On screening
pharmacopoeia (e.g. USP, BP or EP) it is found that
there is no official method related to the
determination of SILC in tablet dosage forms or
bulk drugs, so we used the standard addition
method for testing the proposed method.

Table 4. Spectrophotometric determination of SILC drug in different pharmaceutical preparations with DDQ and p-

CLA using the standard addition method.

Amount of

sample [Drug] taken, standard added, ~ [Drug] found, oy RSD

png mL pg mL ng mL
. _ 25.00 - 25.42 0.42 0.89
g%cgm 50.00 - 49.43 031 0.62
75.00 - 76.43 0.39 0.44
25.00 25.00 50.50 0.71 1.40
D1 50.00 25.00 75.17 0.43 057
75.00 25.00 100.29 0.50 0.50
0 25.00 25.00 50.57 0.46 0.91
50.00 25.00 75.44 0.67 0.89
75.00 25.00 100.3 0.96 0.95
. _ 25.00 - 25.00 0.51 0.31
gf&‘: -CLA: 50.00 - 50.33 0.60 0.12
75.00 - 74.67 0.48 0.32
25.00 25.00 50.42 0.88 1.47
D1 50.00 25.00 75.17 0.51 057
75.00 25.00 99.58 1.00 0.99
25.00 25.00 50.50 1.00 1.75
D2 50.00 25.00 74.83 0.33 0.89
75.00 25.00 100.1 0.67 1.00

No. of replicates (n) = 4.

D1 Silden tablets (25 mg/ cap.), EPICO, Cairo, Egypt.
D2 Virecta tablets (100 mg/cap.), EVA Pharma Co., Cairo, Egypt.

Table 4 shows the results obtained by
determining the different concentrations of SILC
drug using DDQ and p-CLA reagents. It is obvious
from these results that the percent recoveries are
98.86 — 101.9 and 99.56 — 100.7 % with DDQ and
p-CLA, respectively. These values indicate the
accuracy and precision using DDQ and p-CLA
reagents.

3.10. Characterization of charge-transfer (CT)
complexes

CT complexes formed between SILC drug as
donor and DDQ or p-CLA as acceptor were
isolated in solid form. The synthesis and
characterization of SILC CT-complexes of DDQ
and p-CLA were described. These complexes are
readily prepared from the reaction of SILC with

255



M. Refat et al.: Spectrophotometric determination of sildenafil citrate drug in tablets. Spectroscopic...

DDQ and p-CLA with chloroform and/or methanol
solvents. IR, *H NMR, mass spectra and elemental
analyses (C, H, N) were performed to characterize
the charge-transfer complexes.

3.10.1. Composition and solubility of the CT-
complexes

Results of elemental analysis for the SILC CT
complexes are listed in Table (5). From the table it
can be seen that the values found are in a good
agreement with the calculated ones, and the
composition of the CT-complexes matches the
stoichiometry (1:1; drug: reagent) of the charge
transfer complexes, which is determined by
applying continuous variation and molar ratio
obtained from a series of solutions of DDQ or p-
CLA to SILC. All CT-complexes are insoluble in
cold and hot water, but easily soluble in dimethyl
formamide and dimethyl sulfoxide.

3.10.2. IR spectral studies

The IR spectra of 1:1 CT-complexes formed
from the interaction of the donor and the
corresponding acceptor with the general formula
SILC-acceptor, together with the corresponding
free acceptor (DDQ and p-CLA) and SILC donor,
are shown in Figure (6 a-e). Full assignments
concerning all infrared bands located in the spectra
are listed in Table 6.

A comparison of the relevant IR spectral bands
of the free donor; SILC, and acceptors; DDQ and p-
CLA, with those of their corresponding isolated
solid CT-complexes clearly indicates that the
characteristic bands of SILC show some shift in the
frequencies (Table 6), as well as some change in
bands intensities. This could be attributed to the
expected symmetry and electronic configuration
changes upon the formation of the CT-complex.
The explanation will follow separately for each CT-
complex to give an idea about the position of
complexation.

SILC-DDQ CT-complex

The bands distinguished for the SILC donor in
SILC-DDQ CT-complex display small changes in
band intensities and frequency values (Figure (6)
and Table (6)) . For example, the v(O-H) vibration
occurring at 3473 cm for the free donor is shifted
to 3439 cm with broadening in the IR spectrum of
the CT complex. The vibration frequency of the
C=N group for DDQ observed at 2250 cm? is
shifted to 2210 cm™ in the charge transfer complex.
The other observation is the blue shift in the 5(NH)
deformation from 1581 cm™ in the free donor to
1563 cmt. From the three mentioned items we can
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conclude that the charge transfer complexation
occurs through interaction between the —NH group
of the donor and one of the cyano groups of the
DDQ acceptor (Scheme 1).

cl cl
O (o)
« 7  \
HN
o !
o/’ 1
OoH N ‘ N 0
o \ NS

0=S=0
)
N
\
Scheme 1. Structure of the SILC-DDQ CT-complex.

SILC-p-CLA CT-complex

The infrared spectra of SILC along with its
charge-transfer ~ complex  SILC-p-CLA  are
presented in Figure (6), and their band assignments
are given in Table (6). The presence of the essential
infrared bands of the donor and acceptor in the
spectra of the resulting CT-complex, strongly
support the formation of a CT complex. Small
shifts in both wavenumber values and band
intensities between free donor and the CT-complex
are registered. This fact is due to the structure
configurations upon complexation. For example:

(i) The v(N-H) vibration of the donor is observed
as a medium strong band at 3473 cm? in the
spectrum of the free donor. This band disappears in
the spectrum of the complex and so the band due to
deer(N-H) at 1581 cm™ in case of free donor is
shifted to 1549 cm™. This assumption gives an
image about the speculative CT complex structure
and implies that an —NH group from the donor
participated in the complexation.

(i) The IR spectrum of the SILC-p-CLA CT
complex is characterized by two bands (2702 and
2635 cm™) which are not present in the spectra of
the free donor. These bands are assigned to the
intermolecular hydrogen bonding [22] between the
-NH group (lone pair of electron on nitrogen atom)
of the donor SILC with a phenolic OH group in
case of p-CLA. Electron-withdrawing groups
(chloro groups) attached to the benzene ring
increase the acidic property of the phenolic groups
present in the p-CLA reagent, accordingly, the
phenolic group plays an effective role in the
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Table 5. Elemental analysis (C, H, N) and physical parameters of the CT-complexes formed from the reaction of the
SILC drug with DDQ and p-CLA reagents.

Complexes(FW) M wt g/mol C% H% N% Physical data
P Found Calculated Found Calculated Found Calculated Found Calculated Color Mp (°C)
SILC-DDQ
(CasH3eNsO13SCl) 929.0 893.7 48.27 48.34 4.23 4.25 12.44 12.53 Yellow 235
SILC-pCLA 9650 8747 4652 4665  4.90 4.92 9.44 960  Red 225

(C34H43N6015SCl2)

Table 6. Infrared frequencies® (cm™) and tentative assignments for DDQ, p-CLA, SILC-DDQ and SILC-p-CLA CT-
complexes.

Assignments®

DDQ p-CLA SILC
SILC-DDQ SILC-p-CLA
3325w 3237s,br 36155 3439 m, br 3497 vw V(O-H)
3218 br 3473 ms 3305s 3312w V(N-H)
3298 vs 3075 vw 3235 ms NH,*
3028 vw 3019 vw
-- -- 2962 w 2970 w 2971 ms Vs(C-H) tVas(C-H), -CHsz + CH>
2869 w
2732 w
2562 w
-- -- -- 2825 sh 2702 w Hydrogen bonding
2731 m, br 2635 w, br
2250 vw - -- 2210s -- v(c=N)
2231 ms
1673 vs 1664 vs 1702 vs 1696 vs 1700 ms V(c=0)
1637 mw
-- -- 1581 s 1563 vs 1659 w Sder(N-H)
1631 ms Ring breathing bands
1552 vs 1630 vs 1489 w 1460 ms 1549 ms v(c=c) + V(c=ny+ -COO-
1451s 1461 ms 1458 ms C-H deformation+NH,*
Ring breathing bands
1358 w 1366 s 1361 ms 1394 m 1370 ms V(c-C) + V(C-N) +V(C-O) +V(C-S)
1267 s 1267 s,br 1278 vw 1345 m 1268 s, br
1172 vs 1245 mw 1273 mw 1188 s, br
1072 w 1172 ms 1243 w 1162 s, br
1100 w 1193 w 1077 sh
1086 w 1160 ms
1102 w
1072 vw
1010 vw 980 vs 1026 s 1024 w 1025 sh Srock; NH
893s 847 vs 937 vs 938s 979 vs CH, in-plane bend
810 vs 884 m 941 ms CH-deformation
816 S 879 vwW V(C-Cl)
837s
800 vs 753s 735 vs 730 ms 750's skeletal vibration
720s 688 s 689 ms 688 w 690 s CH bend
615 ms 566 s 658 s 647 w 646 m CH out-of- plane bend
527 vw 615s 611w 615 m Skeletal vibration
457 ms 587s 580 ms 566 vs )
432 mw 560 s 498 vw 494 mw CNC def.
485 s 449 vw 408 vw NH; rock
436 ms

(a): s = strong, w = weak, m = medium, sh = shoulder, v = very, br = broad.
(b): v, stretching; 8, bending
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behavior of the acceptors. The proposed mechanism
of the interaction between acid and base means that
the acidic proton of the acceptor has a tendency to
be transferred to the donor (base). This fact can be
applied herein in our study of the reaction of p-
CLA with SILC as a donor. Such assumption is
strongly supported by the existence of new bands of
weak intensity (hydrogen bonding) in the spectra of
each complex prepared.

(iif) The main stretching vibrations of v(C=0) and
v(C=C) of the donor are not affected upon
complexation, this clearly demonstrating that the
lone pair on the nitrogen atom of the —NH group in
the pyrimidine ring participates in the complexation
process between donor and acceptor. Based on the
molar ratio between donor and acceptor which
yields 1:1, only one —OH group from the acceptor
(p-CLA) is involved in the complexation, as given
in Scheme 2.

cl OH
o o
©
o} cl
o} i
'
HO \ le) H J
OH N @//H
OH / o
S \
HO
o NN
o
o:s‘:o
N

Scheme 2. Structure of the SILC-p-CLA CT-complex.
3.10.3. *H NMR spectral studies

'H NMR spectra of ALB, APN, SILC drugs and
their six CT- complexes in DMSO are measured
and given in Figure (7). The assignments of the
spectral data are listed in Table (7). The chemical
shifts (ppm) of proton NMR for the defined peaks
are determined and listed in Table (7). Evidently,
the results obtained from elemental analysis,
infrared spectra, and molar ratio titrations met in
the same point with 'H NMR spectra to interpret
the mode of interaction between donor and
acceptor. It is found that the 1H; NH of pyrimidine
ring, was up field shifted from 4.11 ppm incase of
free donor to 3.83 ppm for SILC-DDQ and 3.99
ppm for SILC-p-CLA, respectively. These
suggestions prove the participation of the —NH
group of the pyrimidine ring in the CT interaction
with one CN group for DDQ and one OH group for
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p-CLA acceptors via intermolecular hydrogen
bond.
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Fig. 6. Infrared spectra of (a) SILC, (b) DDQ, (c) p-
CLA,(d) SILC-DDQ, and (e) SILC-p-CLA complexes.
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Table 7. 'H NMR spectral data of SILC, DDQ, p-CLA, SILC-DDQ and SILC-p-CLA complexes.

Compound Chemical shift & (ppm) Assignments
SILC 0.873 (m) 3H; CHs (Pyrazole-(CH2)-CHs)
1.305 (m) 3H; CHs (O-CHz-CHs)
1.664 (m) 2H; Pyrazole-CH2-CH:
2.441-2.616 (m) 2H; Pyrazole-CH2-CH2 + CH2 of Piprazine ring
2.668 (m) CH2 and CHs of Piprazine ring + CH: of citric acid
2.832(s) CH: of Piprazine ring + CH: of citric acid
3.065 (s) CHq> of Piprazine ring + CH: of citric acid
3.978 (s) 3H; N-CHjs (pyrazole ring) + 2H; CHs (O-CH2-CHg)
4.105 (s) 1H; NH of pyrimidine ring
7.337 -7.899 (m) 3H; aromatic ring
DDQ - -
p-CLA 8.90 (br) 2H; 2(OH)
SILC-DDQ 0.870 (m) 3H; CHs (Pyrazole-(CH2)-CHa)
1.341 (m) 3H; CHs (O-CH2-CHz)
1.734 (m) 2H; Pyrazole-CH2-CH:
2.495-2.664 (m) 2H; Pyrazole-CH,-CH2 + CH: of Piprazine ring
2.678 (m) CH:z and CHjs of Piprazine ring + CH> of citric acid
2.869 (s) CH: of Piprazine ring + CHz of citric acid
3.145 (s) CHz2 of Piprazine ring + CH: of citric acid
4.123 (s) 3H; N-CHs (pyrazole ring) + 2H; CHs (O-CH2-CHa)
3.833(s) 1H; NH of pyrimidine ring
7.375-7.927 (m) 3H; aromatic ring
SILC-p-CLA 0.924 (m) 3H; CHs (Pyrazole-(CH2)-CHz)
1.341 (m) 3H; CH3 (O-CH.-CHs)
1.690 (m) 2H; Pyrazole-CH2-CH:
2.493-2.614 (m) 2H; Pyrazole-CH2-CH2 + CH2 of Piprazine ring
2.666 (m) CH2 and CHs of Piprazine ring + CH: of citric acid
2.782 (s) CH: of Piprazine ring + CH: of citric acid
3.065 (s) CH: of Piprazine ring + CHz of citric acid
4.126 (s) 3H; N-CHs (pyrazole ring) + 2H; CHs (O-CH2-CHa)
3.987 (s) 1H; NH of pyrimidine ring

7.339-7.924 (m)

3H; aromatic ring

Table 8. Mass fragmentation of SILC, SILC-DDQ and SILC-p-CLA complexes.

Compound M/z (%)?
SILC 691(12%), 404(30%), 291(14%), 218(14%), 99(100%), 56(79)
DDQ 227(53%), 200(64%), 165(15%), 137(37%), 110(45%), 87(100%), 52(55%)
p-CLA 209(49%), 188(49%), 145(23%), 123(12%), 105(43%), 87(56%), 69(100%), 52(43%)

SILC-DDQ 865(5%), 827(7%), 765(3%), 730(7%), 663(6%), 625(7%), 506(7%), 409(7%), 376(7%), 341(6%),
304(7%), 271(7%), 227(7%), 193(9%), 157(9%), 120(10%), 58(100%)
SILC-p-CLA  929(12%), 569(15%), 185(20%), 129(12%), 87(100%)

& Intensities expressed as % of base peak.
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3.10.4. Mass spectral studies

Mass spectrometry was applied to study the purity
and the main fragmentation routes of SILC charge-
transfer complexes. The differentiation in
fragmentation was caused by the nature of the
attached acceptors through the intermolecular
hydrogen bond between donor/acceptor, while the
molecular ion peaks assigned to DDQ m/z = (M+1)

(@)

(b)

(©)

228 (53%), p-CLA m/z = 208(49%), and SILC m/z
= 666(12%) are detected in the fragmentation of
their CT-complexes. The corresponding mass
spectra are given in Table (8). The different
competitive fragmentation pathways of the donors
give the peaks at different mass numbers listed in
Table 8. The intensities of these peaks reflect the
stability and abundance of the ions [23].

Fig. 7. 'H NMR spectra of (a) SILC, (b) SILC-DDQ and (c) SILC-p-CLA CT complexes.
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4. CONCLUSION

A simple, rapid and reliable spectrophotometric
method was adopted for the microdetermination of
ABZ drug via CT complex formation with DDQ or
p-CLA reagents. The effect of different parameters
was studied. The results obtained by the suggested
procedure were compared with those obtained by
the standard method. The data obtained by both
procedures were found to be very close to each
other and very close to those given by the
pharmaceutical companies. The calculated F- and t-
tests at the 95% confidence level do not exceed the
theoretical values. Also, the formed CT complexes
were studied using elemental analyses, IR, *H NMR
and mass spectrometry in order to elucidate the
structure of these CT complexes. The results
obtained confirmed the results of previous
stoichiometric studies and suggested that 1:1
reaction between donors and acceptors takes place;
in addition it helped in elucidating the site of
interaction between donors and acceptor.
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LenTa Ha TOBa M3CJIEABaHE € J]a C€ MPEIOKAT YYBCTBUTEIHH, TOYHU M BH3MPOU3BOJIUMU METOIHU 32 ONPEIEIITHETO
Ha cwiAeHaQWI IUTpaT B YdACTH (papmaneBTHuHH mnpernapatd. CuwimeHagua IUTPaThT C€  OMPEACsI
CHEKTPOPOTOMETPUIHO Upe3 00pa3yBaHETO Ha KOMILICKCH C MIPEHOC Ha 3apsaa. ToBa BKIIFOYBA U3IIOJI3BAHETO HA HAKOU
TM-aKLEeNnTOpUKaTo  2,3-Auxiaopo-5,6-auipano-p-napadbenzoxunon (DDQ) and  3,6-auxnopo-2,5-auxuapokcu-p-
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Nanocrystalline porous ZnO films are deposited by spray pyrolysis of polyvinyl alkohol (PVA) modified zinc
acetate solutions. The effect of polyvinyl alcohol on the structural, morphological and photocatalytical properties of
ZnO sprayed films was studied. The X-ray diffraction patterns revealed the formation of wurtzite phase. Compact
granular morphology was observed for the ZnO samples grown from zinc acetate solutions. Addition of PVA to zinc
acetate leads to the formation of ganglia-like morphology. The crystallite sizes are about 10-11 nm (XRD), regardless of
the type of the solvent. It was observed that PVA plays an important role in modifying the surface morphology and the
photocatalytic properties of the ZnO films. The films obtained from PVA containing zinc acetate solutions showed
better degradation of malachite green dye than the films deposited from solutions without polymer modifier.

Keywords: ZnO, films, photocatalysis, PVA, dye degradation

1. INTRODUCTION

Zinc oxide has been applied in solar cells [1],
optoelectronic systems [2], transparent conductive
oxides [3], gas sensors [4], and so forth, owing to
its versatile properties. ZnO has an increasingly
important status in the field of environmental
protection. Zinc oxide powders and thin films are
low cost and non-toxic photocatalysts for
degradation of toxic organic compounds and
industrial effluents under UV and visible light [5—
7]. It is important to find ways for the preparation
of films with porous, developed structure taking
into account that the efficiency of the photocatalytic
processes is attributed to the presense of more
active sites.

The introduction of polymers into a zinc
precursor solution can affect the films morphology
and develop their surface due to a strong interfacial
reaction between the inorganic metal ions and the
organic polymer. This approach is mainly used in
sol-gel deposition of ZnO films. Various non-ionic
and polymer-type surfactants, such as polyethylene
glycol (PEG) [8] and poly(vinylpyridine) (PVP) [9]
were applied for preparation of nanosized ZnO
films.

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

The spray pyrolysis offers an elegant approach
to produce ZnO films with desired morphology via
spraying a polymer-modified precursor solution.
The polymer complex starts to decompose on the
heated substrate and subsequent thermal treatment
leads to the oxidation of the decomposition
products, which ensures the formation of ZnO films
with porous structure.

Recently we have successfully prepared porous
sprayed ZnO films with enhanced photocatalytic
activity to malachite green dye using ethylcellulose
as a polymer modifier in the precursor solution
[10]. It seems to be promising to proceed with the
investigation in order to study the effect of other
types of polymers on the structural and
photocatalytic properties of ZnO films.

In this work we have chosen polyvinyl alcohol
as a functional, water soluble and linear polymer,
whose hydroxyl (-OH) groups at the side chains
could form complexes with inorganic ions. In the
process, the zinc salt was mixed with a PVA
solution to issue the complex reaction between the
Zn? ions and the —OH group of the PVA precursor.
The cross-linking between the linear chains forms
small cages which prevent the particle growth. A
few investigators have used polyvinyl alcohol as a
surfactant in the chemical preparation of bulk ZnO
[11]. Two type of polymers (PVA and PVP) and

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 263
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zinc nitrate were used to obtain ZnO nanoparticles
[12]. To our knowledge, ZnO thin films have not
been prepared by spray pyrolysis using PVA
additive in the precursor solution.

The aim of the present paper was to obtain
photocatalytic active ZnO films with developed
surface morphology using PVA-modified solution
via simple and low cost spray pyrolysis method.
The effect of the solvent on the morphological and
photocatalytic characteristics was investigated.

2. EXPERIMENTAL

Zinc acetate  (Zn(CHs;CO0)..2H,0)  was
dissolved in water or ethanol-water mixture to
obtain 0.4 M/L solutions of Zn which were called
sol AcW and sol AcE, respectively. To prevent the
high velocity hydrolysis a few drops of HNO3z were
added to each sol. The solution of polyvinyl alcohol
(PVA, Mw=40,000) in ethanol-water mixture was
prepared by 5 h stirring and heating at a constant
temperature of 40°C until the final solution was
clear, homogeneous, and free from precipitate (sol
C). A defined quantity of sol C was added to the
zinc acetate sols in order to obtain a final spray
solution with 30 wt% PVA relative to the zinc
concentration. The mixtures were vigorously stirred
for 1 h and then used for the spray procedure. The
alumina foil plates (80 x 25 mm) were cleaned
successively in hot ethanol and acetone. The
aerosol of the precursor solution was generated by a
pneumatic glass nebulizer and was transported to
the substrate heated at 300-400°C. Afterwards, the
films were treated at 350°C for 45 min for
pyrolization of the organics and oxide formation.

The crystalline phase composition of the
samples was studied by X-ray diffraction (XRD)
using a X-ray diffractometer Philips PW 1050 with
CuK,-radiation. The crystallite size was estimated
from the XRD spectra. X-ray diffracton line
broadening (XRD-LB) measurements were carried
out in order to estimate the crystallite size.
Calculation was performed using Scherrer’s
equation:

D=k /B.cos®

where D is the crystallite size (nm), A is the
wavelength of CuK, radiation (nm), 0 is the Bragg
angle (°), K is a constant (0.89) and B is the
calibrated width of a diffraction peak at half-
maximum intensity (rad).

The average crystallite size of the thin films is
determined from the half width of full maximum
(HWEM) intensity of the (100) peak. A scanning
electron microscope (SEM) JSM-5510 of JEOL,
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operated at 10 kV of acceleration voltage was used
for morphology observations of the films. The
investigated samples were coated with gold by JFC-
1200 fine coater (JEOL) before observation.
Fourier transform infrared (FTIR) spectra were
taken with a Nicolet Avatar 360 spectrometer
(Nicolet, Madison, USA) spectrometer at a spectral
resolution of 2 cm™ and accumulation of 64 scans
by the KBr tablet technique. The spectra were
scanned in the 4000 — 400 cm™ range. The
treatment and the analysis of the spectra were made
using the OMNIC advanced software.

The photocatalytic experiments were conducted
using an ultraviolet source (UV lamp) with light
intensity of 5.10° W/cm? located in the centre of a
vessel. The latter contained 5 ppm aqueous solution
of the dye, which was constantly agitated with a
magnetic stirrer (400 rpm). The photocatalytic
degradation of 5 ppm malachite green (MG) oxalate
(Chroma Gesellschaft) was evaluated by taking
aliquots of the solution and measuring the residual
concentration on a spectrophotometer type Jenway
6400 at regular time intervals. The actual dye
concentration was determined by comparison of the
measured absorbance at the wavelength of the
spectral maximum with the absorbance of solutions
of known dye concentration.

3.RESULTS AND DISCUSSIONS

Figure 1 shows the XRD spectra of ZnO layers
obtained from zinc acetate. The results show that
the ZnO films obtained possess a wurtzite structure
(space group P63mc) and the diffraction peaks
(100), (002) and (101) can be indexed to hexagonal
ZnO (JCPDS no. 36-1451). The mean size of the
crystallites (calculated by Scherrer’s equation) is in
the range 10-20 nm.

The films obtained from Zn(CH3COQ),.2H,0
dissolved in ethanol-water mixture (sol AcE) are
crack-free with homogeneous, very fine grained
surface (Fig 2-a). When water was used as a solvent
for the zinc acetate precursor (AcW sol), the films
morphology became rougher and porous, with
sections of undistinguishable grain boundaries and
the specimen had a net-like morphology. The
crystallite sizes are slightly larger (21 nm) than
those in the case of films made from AcE sol (15
nm) (Fig. 2-b). We observed significant evolution
of the morphology of the samples obtained from
polyvinyl alcohol-modified acetate solutions. As
can be seen from Fig. 2, the addition of PVA leads
to the formation of ganglia-like structure. The
crystallite sizes are about 10-11 nm (XRD)
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Fig 1. XRD of the films obtained from zinc acetate
solution (a), PVA modified zinc acetate solution (b).

regardless of the type of the solvent. The small
dimensions of the crystallite sizes could be
explained taking into account the mechanism
proposed in [13]. Polyvinyl alcohol adsorbs
nonspecifically on the oxide surface because its
molecule has no charge. It remains with a
conformation similar to that of a free molecule,
acting as a bridge between the particles. The cross-
linking between the linear chains of PVA in
aqueous medium provides small tails and loops,
wherein the reactant sol is trapped and converted to
small particles of ZnO during thermolysis.

It is interesting to point out that the films
obtained from PVA-modified zinc acetate possess
quite different morphology compared to those from
the ethylcellulose-acetate solutions presented in our
previous study [10]. Probably, when zinc acetate is
used as a precursor for ZnO sprayed films, the
nature of the added polymer modifier defines the
films morphology.

The FTIR spectrum of the precursor xerogel is
shown on Fig. 3. The absorption bands at 3400 and
3094 cm (wide maximum) can be ascribed to the
OH vibration stretching [14], the bands at 2929 and
2856 cmare attributed to CH and CH vibration

O
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Fig 2. SEM of ZnO films deposited from ethanol-water
solution (a), from aqueous solution (b), from PVA
modified ethanol-water solution (c), PVA modified
aqueous solution (d).
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Fig 3. Fourrier transform infrared (FTIR) spectra of
ZnO precursor solution with PVA modifier, dried at
80°C.

stretching and are typical of PVA [15,16]. The band
at 1714 cm is characteristic of C=0 and C-O
stretching [17]; the intensive bands at 1547 and
1426 cm™ are also related with C=0 and C-O
stretching, where the peak at 1547 cm™ can be
assigned to C=O bridging type metal acetate
bonding. Both bands are characteristic of zinc
acetate [18,19]. The bands in the range 950-1110
cmtare identified as CHz bending modes [14]. The
stretching at 842 cm™ can be referred to CH, and is
characteristic of PVA [35]. The latter two bands at
677 and 613 cm™ belong to zinc acetate [14].

The photocatalytic activity of the obtained films
was evaluated under illumination with UV light.
The change of the relative concentration C/C,
(where C, is the initial concentration of MG) of the
dye on ZnO  films  deposited  from
Zn(CH3C00)2.2H,0 (sols AcW, AcE) with and
without PVA addition with the time of UV
radiation is shown in Fig. 4. As can be seen on the
figure, the addition of PVA in the spray solution of
zinc acetate strongly enhances the degradation rate
of the malachite green dye (curves 2,4 vs curves
1,3). Curves 2 and 4 show a similar course of
photocatalytic degradation for both modified
sprayed ZnO films. Malachite green dye undergoes
50 % decomposition within 1 hour of UV
irradiation. One can conclude that the enhancement
in the photocatalytic activities can be attributed to
the well developed structure of the films obtained
by PVA modified AcE and AcW solutions, which
ensures a larger amount of active sites for the
photocatalytic process.

The films obtained from unmodified solutions
possess lower activities probably due to both the
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Fig.4. Photocatalytic degradation of Malachite Green on
Zn0 films deposited from:-AcW solution - curvel; PVA
modified AcW solution-curve 2; AcE solution —curve 3
and PVA modified AcE solution of Zn(CH;COO),.2H,0
- curve 4.

more compact structure and the slightly larger
crystallites (Fig. 4, curves 1,3). The best
photocatalytic activity is achieved for the films
obtained from PVA-modified ethanol-water
solutions of zinc acetate.

4. CONCLUSIONS

Nanosized thin ZnO films were prepared by
spray pyrolysis from polyvinyl alcohol modified
solutions. The films obtained form zinc acetate
solutions have relatively compact structure with
crystallite size of 15-20 nm. The addition of PVA
leads to a smaller crystallite size (about 10-11 nm),
regardless of the type of the solvent and ganglia-
like structure. The well developed surface structure
with fine grains determines the better photocatalytic
properties of the films from polymer-modified
solutions.
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OOTOKATAJIMTUYHO PA3I'PAXKIAHE HA MAJIAXUTOBO 3EJIEHO YPE3

CIIPEMBAHM CJIOEBE OT ZnO
B.H. Basckos'”, U.Jl. Cram6onosal, C.B. Bacunes?, 11.J]. Jymxun®

Y Unemumym no obwa u neopeanuuna. xumus, BAH, yn. "Axad. I'. bonueg", 6a.11, 1113 Copus
2) Uncmumym no enexmpoxumus u enepuiinu cucmemu, BAH, yn. "Axao. I'. Bonues", 6a. 10, 1113 Cogpus
8) Jlabopamopus 3a Ha naHouacmuyy Hayka u mexnonozuu Ha Paxyrmema no xumus, Coguiicku ynusepcumen, Oyi.
"Iloicetime Bayuep" 1, 1164 Cogus

Tocrprimna wa 25 ssayapu, 2011 r.; kopurupana Ha 19 dpespyapu, 2012 1.
(Pestome)

Hanoxpucranuu nopectn ¢uimu 0T ZnO 0sxa OTIOKEHH 4Ype3 copeil nuposinsa Ha MoauduIMpaH c
MOJUBHHIIOB ankoxoil (PVA) pa3TBop Ha NUHKOB arneTat. M3cienBan ¢ eeKThT Ha MOJHBHHUIOBUS aTKOXOJ BBPXY
CTpYKTYpHUTE, MOPGOJOrMYHM W (OTOKATANMTHYHM CBOicTBa Ha crpeiiBaHu ¢uimu ot ZnO. PeHTreHoBara
Judpakuus pa3kpu o0pa3zyBaHeTo Ha YKcTa BIOpUMTHA (a3a. HabmonaBaHa e KOMIIaKTHa rpaHysiupana Mmopdosorus 3a
cioesete oT ZnO, nomydeHn OT HUHKOB arerar. Jlo6aBsHeTO Ha MOJMBUHMIOB AJIKOXOJ KbM IIMHKOB alleTaT BOAM JI0
¢dopmupane Ha ranrinuu. Pazmepure Ha kpuctaiurure ca okosio 10-11 nanomerpa (XRD), HesaBucumo oT BHIa Ha
pasrBopurens. beme ycranoBeHo, we PVA wurpae BaxHa posisi B TIpoMsHara Ha Mopdosorusta HU Ha
(doTokaTanuTHUHKUTE cBO¥cTBa HA Guiamute oT ZnO. Cnoesere, MoIy4eHN OT MOIU(UIIMPAHH C OIUBUHHUIIOB aIKOXOJ
pa3TBOpH HAa IIMHKOB aleTaT, IPOBABAT MO-BUCOKAa aKTUBHOCT 3a pasrpakiaHe Ha OarpmioTo MalaxHWTOBO 3€JIEHO,
OTKOJIKOTO (PMIIMHTE, OTJIOKEHHU OT Pa3TBOP O€3 MOJIMMEpeH MOAU(DHUKATOP.
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