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Abstract

We report on a method of synthesis of single-walled carbon nanotubes percolated net-
works on silicon dioxide substrates using monodisperse Co and Ni catalyst. The catalytic
nanoparticles were obtained by modified method of reverse micelles of bis-(2-ethylhexyl)
sulfosuccinate sodium in isooctane solution that provides the nanoparticle size control in
range of 1 to 5 nm. The metallic nanoparticles of Ni and Co were characterized using trans-
mission electron microscopy (TEM) and atomic-force microscopy (AFM). Carbon nanotubes
were synthesized by chemical vapor deposition of CH,/H, composition at 1000 °C on cat-
alysts pre-deposited on silicon dioxide substrate. Before the temperature treatment during
the carbon nanotube synthesis, the most of the catalyst material agglomerates, due to the
magnetic forces, while during the nanotube growth disintegrates into the separate nano-
particles with narrow diameter distribution. The formed nanotube networks were charac-
terized using AFM, scanning electron microscopy (SEM) and Raman spectroscopy. We find
that the nanotubes are mainly single-walled carbon nanotubes with high structural per-
fection up to 200 um long with diameters from 1.3 to 1.7 nm consistent with catalyst
nanoparticles diameter distribution and independent of its material.
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The carbon nanotubes (CNTs) are considered to be
a promising material to be used for different applicat-
ions due to their many unique properties. Individual
CNTs, as well as arrays of semiconducting CNTs, can be
used as basic elements for transistors and logic ele-
ments that can be integrated into the systems of inf-
ormation transfer and processing [1,2]. Individual CNTs,
as well as CNT films, have bright future for sensor appli-
cation [3]. CNT films can be used as transparent elec-
trode, e.g., in optoelectronic and photovoltaic devices
[4,5]. However, despite the remarkable progress
achieved in the laboratories over the past 15 years, the
industrial application of nanotubes is restricted by the
lack of developed technologies that would allow the
control of their properties and methods of proper
positioning compatible with large scale production.

There are two techniques most frequently used for
deposition of CNTs on a substrate. One employs chem-
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ical vapor deposition (CVD) method with the shape and
morphology of the synthesized conducting structures
being defined by the area where the catalyst was
patterned before the synthesis process [6]. Alternative
technique involves liquid suspension of preliminary
synthesized purified and functionalized nanotubes. This
suspension can be ink-printed on a wafer using con-
ventional methods [7]. Importantly the physical and
chemical properties of nanotubes can be significantly
modified during the last process via incorporation of
defects using strong oxidizers [8]. Properties of CVD
grown CNTs can be controlled through the catalyst
composition [9] and/or synthesis parameters [10].

One of the key parameters is the catalyst particle
size that can be controlled by either indirect methods
when the catalyst fills in some porous media (ciliates,
silicon oxide) [11], or directly when the colloid particles
are formed in a solution and stabilized using surf-
actants [12,13]. Use of the reverse micelles method to
grow colloid catalyst particles has several advantages in
latter case allowing for an easy control of the particle
size in a scalable process compatible with standard
lithographic techniques for catalyst patterning [14,15].
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In this paper we report on CVD formation of net-
works of single-walled carbon nanotubes (SWNTs) with
a length of about 200 um using colloid catalyst particles
produced with the modified reverse micelles method.
Different catalyst types based on cobalt and nickel are
studied.

MATERIALS AND METHODS

Synthesis of magnetic nanoparticles in reverse
micellar systems

Metal nanoparticles were obtained by the modified
reduction method of metal ions to the atomic state
with subsequent crystallization [16]. The synthesis was
carried out using a reverse micellar systems as the
environment and stabilizing shell of obtained nanopar-
ticles. Reverse micellar system was dissolved in a non-
-polar organic solvent in a sinter of anionic surfactant
molecules. Molecules of the reducing agent were loc-
ated in the core of micelles. Bis-(2-ethylhexyl) sulfo-
succinate sodium (Aerosol-OT, AOT, Acros Organics,
Belgium) was used as a surfactant, quercetin (CAS No.
849061-97-8) was used as a reduction agent and iso-
octane reference (GOST 12433-83, Russia) as a solvent.
The Ni** or Co** were reduced by quercetin from their 1
M sulphate solutions. The mole ratio of metal ions and
molecules of quercetin was 1:1. Before the synthesis,
AOT was dissolved in isooctane with a concentration
higher than the critical micelle concentration (CMC). As
the result, agglomerates of the AOT molecules were
formed.

An AOT molecule consists of two parts: the polar
head and non-polar hydrocarbon tail [17]. The pre-
sence of these two parts accounts for the binary pro-
perties of the molecules: the molecule could be dis-
solved both in polar and non-polar media. Polar head
can be dissolved in polar solvents and non-polar tail,
respectively, in the non-polar ones. Thus the AOT mole-
cules can be dissolved both in polar and non-polar
liquids. If their concentration reaches the CMC values
the AOT molecules form agglomerates, i.e., micelles. If
AOT is solved in a non-polar liquid, non-polar tails are
pointing towards to the solvent, and the polar heads
form a cavity which is the core of micelles. The size of
this core ranges from 1 to 2 nm. Thus, the reverse mic-
elle can be used as nanoreactor for the reaction of syn-
thesis of a nanocrystal. Micelle limits the size of metal
nanoparticles, but is a flexible structure that can be
stretched. Therefore, the size of the synthesized nano-
particles can exceed the size of the “empty micelles”.
Chemical reagents required for the synthesis of nano-
particles are introduced into the micelle during the
solubilization process, i.e., when polar substances pen-
etrate into the core of micelles.

In general, the proposed method allows production
of highly concentrated solutions of stable metal par-
ticles in an organic solvent avoiding both heating to
high temperatures and necessity of using oxygen-free
atmosphere.

Catalyst deposition and CNT synthesis

The fabricated suspensions of nickel (Ni
concentration: 3 mmol/L, AOT: 75 mmol/L) or cobalt
(the concentration of Co: 3.6 mmol/L, AOT: 135
mmol/L) nanoparticles in isooctane were further dil-
uted with solvent in a ratio of 1:40. The diluted sus-
pension was then sonicated for 16 h. A droplet of sus-
pension (20 puL) was then dripped onto the chip of
oxidized silicon (300 nm of thermally grown SiO, on
p-doped silicon) or quartz with a size of 7x7 mm’. The
catalyst suspension was dried for 40-60 s in the
ambient atmosphere, whereupon the catalyst residues
were removed under a nitrogen stream.

Carbon nanotubes were synthesized by chemical
vapor deposition method. The chips coated with the
catalyst were placed in a quartz purge type reactor
placed inside a tube furnace and heated up to 1000 °C
in an atmosphere of argon during an hour and a half.
Then the reactor was blown with H, for 10 min at the
same temperature, in order to reduce the catalyst.
Next, a methane—hydrogen mixture (volume ratio of
methane/hydrogen was 3.6:1) at a temperature of
1000 °C was blown through the reactor which gave rise
to nanotube growth. Synthesis time was 30 min. The
reactor was then cooled down to room temperature
under argon.

Characterization methods

Concentration of nanoparticles was measured by
spectrophotometer Heliso-a (Thermo electron corpor-
ation, UK), size distribution of nanoparticles was char-
acterized using transmission electron microscope
(TEM) LEO912 AB OMEGA (Carl Zeiss, Germany) and
dynamic light scattering nano-particle size analyzer LB-
-550 (Horiba, Japan).

Carbon nanotubes grown by CVD method were
investigated by scanning electron microscopy (SEM,
Helios Nanolab, FEl), and atomic-force microscopy
(AFM, Solver-Pro, NT-MDT) using standard silicon can-
tilevers of NSG30 series in semi-contact mode with
fres = 210 kHz. Amount of the structural defects and
diameter distribution of carbon nanotubes were char-
acterized using Raman spectroscopy (Centaur HR,
Nanoscan Technology).
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RESULTS AND DISCUSSION

Nanocatalyst preparation

The process of formation of nanoparticles involved
the use of natural reducing agents from the group of
flavonoids with chelating effect allowing for robust
immobilization of the ion. At the same time flavonoid
has high reducing capacity, so the growth of nanopar-
ticles is fast and nanoparticles are additionally sta-
bilized by oxidation products of flavonoids. In the pro-
posed method, the result of a chemical reaction is the
growth of catalyst nanoparticles inside of the reverse
micelles. The method allows obtaining organic colloidal
solution of metal nanoparticles with narrow size dis-
tribution with about 85% of nanoparticles having a
diameter from 3 to 5 nm. When depositing nickel nano-
particles onto the TEM grid, natural drying of isooctane
leads to particles agglomeration (Figure 1a). The cluster
size was determined using TEM-images (Figure 1b). Due
to magnetic properties of nickel and cobalt nanopar-
ticles micrograph and the corresponding estimate have
a margin of error that is significant for nanoscale
objects. That in turn leads to an exaggerated spread of
particle diameter values.

Share of particles, %

Particle size, nm

(b)

Figure 1. TEM image of nickel nanoparticles deposited from
isooctane solution (a) and histogram of cobalt nanoparticles
sizes distribution according to TEM (b). Scale bar: 20 nm.

Atomic-force microscopy of the particles was per-
formed after deposition and drying of catalyst on the
silicon oxide plate surface. We found that the sample
surface was covered with islands of a uniform thin film
into which the fine-grained nanoparticles were
embedded (Figure 2a). There were no nanoparticles
observed in the areas free from this thin film (Figure
2b). The height of the film (presumably surfactant) is
1.6 to 2 nm, which corresponds to the mono- or bi-
-layer of the surfactant molecules, sitting vertically on
more hydrophobic surface silicone oxide. We also
found presence of sparse but large conglomeration
with height up to 200-300 nm and lateral size 1-2 um.
We concluded that in general, particles with sized from
6 to 12 nm, were present in agglomerations of 3-5 or
more particles. Overall conclusion is that the used
method of catalyst deposition allows obtained fine-
grained layer of catalyst nanoparticles on the surface
(conglomerations do not exceed 3-5 nanoparticles)
with narrow distribution of diameters (heights). Mini-
mum height of a single Ni particles is 1-1,5 nm.

nm|
40

30

20

10

nm|
10

Figure 2. AFM image of nickel nanoparticles deposited from
isooctane solution: a - scan size 5x5 microns, b - scan size 2x2
microns.

SWNT synthesis is affected significantly by nano-
particles agglomeration and environment [18]. Due to a
surplus of the surfactant in the solution, it stays on the
chip surface after drying in the form of a surfact-
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ant/isooctane matrix promoting catalyst particles
agglomeration. We note that the agglomeration pro-
bability in water solution is higher which may be a
reason of lower SWNT yield when catalyst was diluted
in water (see below). The influence of surfactant used
for nanoparticles formation in reverse micelles is imp-
ortant as well. Micelles determine the nanoparticles
shape as well as their surface chemical activity [19].

Investigation of carbon nanotubes grown on the
monodisperse catalyst

Topography measurement was carried out by two
high-resolution methods: SEM and AFM, which allowed
get full picture of surface topography after CVD of
carbon nanotubes. In general, nanotubes are relatively
uniformly distributed on the surface and have lengths
up to 200 um (Figure 3). In case of cobalt catalyst
concentration of shorter nanotubes evaluated visually
is higher. Nanotubes with length more than 2 um have
many bends, branching and ring-shaped structures.
This can be caused by defect accumulation both in
nanotubes and substrate.

AFM image allows us to get more complete inform-
ation about structure of surface due to visualization of
oxidized catalyst particles, which cannot be achieved by
standard SEM [20]. Both types of catalyst produce
nanotubes of small diameter (height approximately 1.8
nm by AFM data, Figure 4). Dispersion of carbon nano-
tubes on substrate surface is non-uniform. Nano-sized
particles with average diameter (height) of approx-
imately 2 nm might be oxidized catalyst that has not
reacted. On average the area of 5 umx5 pum contains
spherical particles with size dispersion from 2.8 to 5.1
nm; the smallest observed size was 1.2 nm, the largest
— 6 nm (it might be an agglomeration of several par-
ticles). Analysis of AFM images gives the following esti-
mation of catalyst particles sizes and nanotubes dia-
meters, grown on that catalyst:

— particles size: 3.5£0.6 nm (of Ni catalyst) and
3.940.8 nm (of Co catalyst) and

— nanotubes diameters 1.8+0.2 nm (for Ni catalyst)
and 1.9+0.3 nm (for Co catalyst).

(b)

(d)
Figure 3. SEM image of the SWNTSs formed on the silicon dioxide substrate: a, b — Co catalyst, ¢, d — Ni catalyst. Scale bar: 20 (a, c)
and 5 um (b, d).
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(b)

Figure 4. AFM image of wafer surface with grown nanotubes
(thread-like structures) and remains of catalyst (dots),
obtained by chemical vapor deposition on Ni nanoparticles: a-
phase contrast mode, b — zoomed imaged in height mode.

Note that not all nanotubes can be imaged by AFM
under normal conditions: small diameter nanotubes
can move during scanning or not influence the canti-
lever oscillations because of adsorbate present on the
surface. Moreover, adsorbate presence can signific-
antly distort observed height of nanotubes. None-
theless, concentration of catalyst nanoparticles can be
determined from AFM images, and average concen-
tration of carbon nanotubes can be derived from SEM
images with high precision. Effectiveness of growth,
determined as ratio of the amount of synthesized
SWCNTs to the quantity of the catalyst nanoparticles
on the surface, is a value of the order of 1:250, which
matches effectiveness of growth on mono-disperse
catalyst with methane source [21], but is an order of
magnitude less than effectiveness of growth with CO
precursor as carbon source [8].

Structural perfection and diameter of SWNTs

Focused laser excitation (focus spot diameter 0,5
pum, wavelength 532 nm, power 35 mW) was used for
micro-Raman study of SWNTs synthesized on catalyst
with increased density: Ni and Co catalyst deposited on
quartz substrate, Figure 5. In main, quite narrow
G-band is obtained in areas containing SWNTs. The G-
band is associated with C-C stretching in-plain vibra-
tions. We observed G-band shift which we relate to the

Intensity

Intensity

1200 1400 1600
Raman shift, 1/cm
(a)
1200 1400 1600

Raman shift, 1/cm

(b)

Figure 5. Raman spectra of SWNTs grown with Ni (a) and Co (b) catalyst on quartz substrate (RBM spectra range is given in the insets).
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variation of the SWNT-substrate interaction force.
Nevertheless, no radial breathing mode band (RBM)
shift is observed [22]. D-band is not observed even for
100 s of exposition and more, which indicates high
crystal perfection of the SWNTs and very small density
of dangling bonds [13] (Figure 5). Based on the G-band
shape we argue that there are from 1 to 5 SWNTs
under laser exposition every single spectra acquisition:
G-band peaks are rather narrow, splitting of the G* and
G peaks is observed indicating that the nanotubes are
single walled. Additionally, based on G'-band and G~
band intensity ratio and general G-peak line shape we
deduce that most of the SWNTs are semiconducting
ones. The RBM band frequency range is estimated to
be from 140 to190 cm " in case of Co catalyst, while for
the Ni catalyst it falls into the 140-170 cm ™" range.

Using the simple formula akgw = C/d; (C = 248 cm
for an isolated SWNT on Si substrate [23]) we find that
the average SWNT diameter equals 1,3-1,7 nm for Co
catalyst, and 1,4-1,7 nm for Ni catalyst.

It should be noted that no Raman bands were
observed at the surface regions not occupied with
SWNTs. This serves as an additional proof that the surf-
actant together with solvent evaporated during the
synthesis, rather than decomposed to carbon phase.
Based on the data described above we may conclude
that the catalyst material influence on the SWNT
quality is insignificant. As was established before SWNT
diameter is influenced substantially by the catalyst par-
ticle size [24]. Since the particle size was the same in
case of Ni- and Co-based catalyst average diameters of
SWNTSs synthesized in our work did not differ in case of
these two catalyst material within the measurement
error.

Low synthesis efficiency is related mainly to the use
of hydrocarbon precursor, while the catalyst particles
size plays the minor role, but still determining the
synthesis efficiency via the determination of critical
catalyst size of the synthesis termination [21]. Con-
cluding, the method is proposed of rather uniform
SWNT lateral arrays synthesis.

CONCLUSION

Ni and Co catalyst monodisperse nanoparticles
obtained in the reactor of the reverse micelles were
used as a catalyst for CVD growth of lateral arrays of
carbon nanotubes from a methane—hydrogen mixture
at 1000 °C. As a result predominantly single-walled car-
bon nanotubes with diameteres 1.3-1.7 nm were
obtained. SWNTSs length reaches 200 um, which is great
advance in compare to 0,5 um length SWNTSs reported
in [21]. The nanotubes have a low number of defects.
Growth efficiency is 1:250, which indicates that par-
ticipation in the process of growth of less than 1% of
the catalyst. Increased efficiency may be accomplished

by appropriate processing and modification of tech-
nology.
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SINTEZA MREZA JEDNOSLOJNIH UGLJENICNIH NANOCEVI KORISCENJEM MONODISPERZNIH METALNIH
NANOKATALIZATORA OBUHVACENIH U REVERZNIM MICELAMA

Igor A. Gayduchenko®, Georgy E. Fedorov’, Ramil A. Ibragimovz, Tatiana S. Stepanova’, Arsen S. Gazaliev’,
Nikolay A. Vysochanskiy, Yuri A. Bobrov®, Anton M. Malovichko?, llya M. Sosnin®?, Ivan I. Bobrinetskiy2

INational Research Centre “Kurchatov Institute”, 123182, Akademika Kurchatova pl., 1, Moscow, Russia

’Center for probe microscopy and nanotechnology, National Research University of Electronic Technology (MIET),
124498, pass 4806, bld. 5, Moscow, Zelenograd, Russia
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(Naucni rad)

U radu je prikazana metoda sinteze mreZa jednoslojnih ugljeni¢nih nanocevi Klju¢ne reci: Ugljeni¢ne nanocevi ® Nano-
na silicijum-dioksid podlogama koris¢enjem monodisperznih Co i Ni katalizatora. Cestice e Reversna micela ® Hemijsko
Kataliticke nanocestice su dobijene modifikovanom metodom reversne micele taloZenje isparenja

natrijum bis-(2-etilheksil)-sulfosukcinat u izooktan rastvoru, koja obezbeduje kon-
trolu veli¢ine nanocestica u rasponu od 1 do 5 nm. Metalne nanocestice Ni i Co su
okarakterisane pomodu prenosnog elektronskog mikroskopa (TEM) i mikroskopije
atomskih sila (AFM). Ugljeni¢ne nanocevi su sintentisane metodom hemijskog
taloZenja pare CH,/H, na temperaturi od 1000 °C na katalizatorima prethodno
deponovanim na silicijum-dioksid podlogama. Pre temperaturnog tretmana
tokom sinteze ugljeni¢nih nanocevi najveci deo materijala katalizatora aglomerise
se usled magnetnih sila, a tokom rasta nanocevi raspada se u odvojene nano-
Cestice uskog precnika. Formirane mreZe nanocevi su okarakterisane pomocu
AFM, skenirajuée elektronske mikroskopije (SEM) i Raman spektroskopije. Dobi-
jene su uglavnom jednoslojne ugljeni¢ne nanocevi visokog stepena strukturnog
savrsenstva, duzine do 200 um, precnika od 1,3 do 1,7 nm zavisno od raspodele
precnika nanocestica katalizatora i nezavisno od materijala.
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Abstract

Synthesis of an unconventional resin based on 4-vinylpyridine (4-VP) and its Cu(ll) sorption
behavior were studied. Three samples of macroporous crosslinked poly(4-vinylpyridine-co-
-ethylene glycol dimethacrylate) (P4VPE) with different porosity parameters were pre-
pared by suspension copolymerization by varying the n-heptane amount in the inert com-
ponent. The samples were characterized by mercury porosimetry, elemental analysis and
X-ray photoelectron spectroscopy (XPS). The sorption of PAVPE for Cu(ll) ions, determined
under non-competitive conditions, was relatively rapid, i.e., the maximum capacity was
reached within 30 min. The maximum experimental sorption capacity for the sample with
the highest values of pore diameter and specific pore volume (sample 3, Q,q = 89 mg g_l)
was 17.5 times higher than for the sample with the lowest values of pore diameter and
specific pore volume (sample 1, Qeq = 5.1 mg g_l). Since the values for pyridine content in
all PAVPE samples were almost the same, it was concluded that the porosity parameters
have predominant influence on Cu(ll) sorption rates on P4VPE. The sorption behavior and
the rate-controlling mechanisms were analyzed using six kinetic models (pseudo-first
order, pseudo-second order, Elovich, intraparticle diffusion, Bangham and Boyd models).
XPS study clarified the nature of the formed P4VPE-Cu(ll) species.
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The presence of the weakly basic nitrogen in the
ring, combined with good acid and oxidation resistance,
as well as their thermostability, render vinylpyridine
polymers convenient for flocculation and metal sorp-
tion [1]. High internal volume accessible to the con-
stituents of the treated solution that are being
removed is a prerequisite for any sorbent material. Sur-
face area, pore size distribution and nature of the pores
have a critical influence on the type of sorption pro-
cess. The existence of active functional groups on the
sorbent surface facilitates chemical interactions that
typically result in effects that are different from and
less reversible than physisorption [2]. Poly(vinylpyri-
dine) copolymers are primarily used in sorption appli-
cations after treatment with appropriate reagents to
introduce a desired functional moiety in order to target
specific sorbate species. For example, quaternized
poly(4-vinylpyridine-co-divinylbenzene), P4VPD, (Reil-
lex™ HPQ) was used for the recovery of metallic species
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(including radioactive metals) like for Hg(ll) sorption
[3], Cr(VIl) removal from aqueous solutions [4], per-
rhenate sorption from acid solutions [5], uranium sorp-
tion from acidic sulfate solutions [6], pertechnetate
sorption from nitric acid solutions [7] and separation of
plutonium using nitrate anion exchanger [8]. However,
additional functionalization of macroporous copoly-
mers is not always recommended. The problems that
potentially arise are undesired side reactions leading to
ineffective byproducts, unintentional alterations of
pore structure as the consequence of chemical modi-
fication, low degree of conversion, etc. Structural rigid-
ity and hydrophobicity of P4VPD are undesirable with
respect to complexation of metal ions from aqueous
solutions [9,10]. These drawbacks could be overcome
by using copolymers synthesized with hydrophilic
crosslinker, such as ethylene glycol dimethacrylate
(EGDMA) or others, like trimethylolpropane trimethac-
rylate (TRIM) and N,N-methylenebisacrylamide (MBA).
The study of the sorption abilities of 2-vinylpyridine
(2-VP), 4-vinylpyridine (4-VP), or 4-methyl-4’-vinyl-2,2’-
-bipyridine copolymers synthesized with different
dimethacrylate crosslinkers was performed with res-
pect to Cd(l1), Co(ll), Cu(ll), Hg(ll) and Ni(ll) [10], as well
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as on poly(4-vinylpyridine) copolymers crosslinked with
oligo(ethylene glycol dimethacrylates) (ethylene glycol
dimethacrylate (1EG), triethylene glycol dimethacrylate
(3EG) and tetraethylene glycol dimethacrylate (4EG))
used for Co(ll), Ni(ll), Cu(ll) and Hg(ll) sorption [9].

To the best of our knowledge, only few papers deal
with the application of porous 4VP-based copolymers
not further modified to introduce functionalities other
than pyridine nitrogen. Porous copolymers of 2-VP and
4-VP crosslinked with divinyl benzene (DVB) were used
for Cu(ll), Ni(ll) and Co(ll) sorption [11]. Castro el al.
used P4VPD as supported Cu(ll) polymer catalysts for
the catalytic oxidation of phenol at 303 K and atmo-
spheric pressure using air and H,0, as oxidants [12].

In this study, three samples of macroporous cross-
linked copolymers of 4-vinylpyridine and ethylene gly-
col dimethacrylate, PAVPE, with different porosity para-
meters were tested for Cu(ll) sorption from aqueous
solutions. Six kinetic models, chemical reaction- and
diffusion-based (pseudo-first order (PFO), pseudo-sec-
ond order (PSO), Elovich, intraparticle diffusion (IPD),
Bangham and Boyd model) were used to analyze Cu(ll)
uptake kinetics in order to define the rate-controlling
mechanisms. The nature of interactions between Cu(ll)
ions and pyridine groups of porous P4VPE was further
elucidated by XPS.

EXPERIMENTAL

P4VPE synthesis

4-VP, EGDMA, azo-a,a’-bisisobutyronitrile (AIBN),
n-heptane, 2-hydroxyethyl cellulose, gelatin and NaCl
were purchased from Sigma-Aldrich. All reagents and
solvents were used as supplied, except AIBN which was
recrystallized from methanol before use.

Three samples of macroporous crosslinked P4VPE
were prepared by a radical suspension copolymer-
ization in a 0.5 dm® three-necked round bottom flask
[13]. The monomer phase (80.9 g) containing monomer
mixture (24.2 g of 4-VP and 10.3 g of EGDMA), AIBN as
initiator (0.8 g) and inert component (8.1, 24.3 and 40.5
g of n-heptane for samples 1-3, respectively) was sus-
pended in the aqueous phase consisting of 237.6 g of
water, 0.46 g of gelatin, 0.46 g of 2-hydroxyethyl cel-
lulose and 4.6 g of NaCl. The copolymerization was
carried out at 343 K for 8 h with a stirring rate of 200
rom. After completion of the reaction, the copolymer
particles were washed with water and ethanol, kept in
ethanol for 12 h and dried in vacuum at 313 K. Syn-
thesized samples were purified by extraction in a
Soxhlet apparatus with ethanol. The copolymer par-
ticles were dried in vacuum at 343 K and sieved. For
further investigations, the fraction with particle size of
150-500 um was used.

10

Sample analysis

The pore size distributions of the samples were
determined by mercury intrusion porosimetry (high
pressure Carlo Erba porosimeter 2000), operating in
the interval of 0.1-200 MPa. Sample preparation was
performed at room temperature and pressure of 0.5 kPa.
Samples were outgassed at 323 Kand 1 mPa for 6 h.

The copolymer samples were analyzed for their car-
bon, hydrogen and nitrogen content using the Vario EL
Ill device (GmbH Hanau Instruments, Germany). Ele-
mental composition was calculated from multiple det-
erminations of elemental analysis within £0.2% agree-
ment.

The Cu(ll) concentrations were determined by flame
atomic absorption spectrometry (FAAS, SpektrAA Var-
ian Instruments). Standard statistical methods were
used to determine the mean values and standard dev-
iations for each set of data.

X-ray photoelectron spectroscopy (XPS) was per-
formed with a Surface Science Instruments SSX-100
photoelectron spectrometer with a monochromatic Al
Ka X-ray source (hv = 1486.6 eV; 1 eV = 1.6022x10 J).
Measurements were carried out at the photoelectron
take-off angle of 35° with respect to the sample sur-
face. The resolution of the survey scans was set to 4,
and the acquisition of C 1s signal was done at the con-
stant pass energy of 50 eV. All spectra were the aver-
aged results of four measurements. Data analysis was
performed with the software package Winspec 2.09. To
compensate for the surface charging effect, all the
binding energies were referred to the neutral C 1s peak
of 284.6 eV. The elemental compositions were cal-
culated with the following relative sensitivity factors: O
1s:2.49; N 1s: 1.68; C 1s: 1; Si 2s: 1.03; Si 2p: 0.90.

Batch metal-uptake experiments

The sorption of Cu(ll) ions from CuCl, aqueous sol-
utions (initial concentration of 0.05 M) was inves-
tigated in batch experiments under non-competitive
conditions, at 298 K. PAVPE (2.0 g) was soaked in 5 cm®
of buffer solution (NaOAc/HOAc, pH 5.5) for 1h. After
that, the copolymer was contacted with 72.5 cm?® of
CuCl, solution (0.05 M) and 72.5 cm® of buffer solution.
At the appropriate time intervals, the samples were
filtered, washed subsequently with water and ethanol,
and dried. The remaining solutions were kept for Cu(ll)
analysis. The reproducibility of the sorption exper-
iments results was verified in triplicate. Standard sta-
tistical methods were used to determine the mean
values and standard deviations for each set of data and
relative standard deviations did not exceed 5.0%. The
amount of Cu(ll) ions sorbed onto unit mass of mac-
roporous copolymer beads was calculated by using the
following expression:
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RESULTS AND DISCUSSION

Samples characterization

Porosity, such an essential characteristic of macro-
porous copolymers, can be controlled by the type and
the amount of the inert component (porogen) and the
type and the amount of crosslinking monomer in the
reaction mixture [14]. The generally accepted opinion
among the leading experts in the field of polymer sci-
ence is that the difference in the solubility parameters
of polymer and inert component, i.e., |8, — 8|, can be
used as an indication of the inert component impact on
the porous structure of copolymers [15]. The solubility
parameter, &y, for P4VPE (calculated according to the
Van Krevelen equation) is 23.6 (J cm"”)l/2 [16]. The
literature value of solubility parameter, és, for n-hep-
tane is 15.1 (J cm’3)1/2 [17]. Thus, based on the differ-
ence in the solubility parameters, n-heptane is fre-
qguently used as the inert component, i.e., porogen for
the synthesis of vinylpyridine macroporous copolymers
(as non-solvent) [18-20]. Additionally, the literature
data confirm that the pore volume of P4VPD can be
increased by adding a non-solvent component in the
inert component and/or by increasing the inert com-
ponent content [21].

The values of porosity parameters (V; and d,,) of
PAVPE were calculated from the cumulative pore vol-
ume distribution curves while specific surface was cal-
culated on the basis of the cylindrical pore model as
described in literature [22,23]. The relevant P4VPE por-
osity parameters were previously published and col-
lected in Table 1 [13].

Table 1. Porosity parameters of the synthesized P4VPE
samples [13]

Sample Ve/cmg? Shg/ m’g™ dy;/ nm
1 0.20 4.2 830
2 0.74 7.3 1800
3 1.15 8.8 2400

The pyridine content of PAVPE samples calculated
from the elemental analysis of nitrogen for samples 1—
-3 was 5.36, 5.24 and 5.19 mmol g, respectively. The
theoretical pyridine content of P4VPE samples calcul-
ated on the basis of the feed composition, i.e., 4-VP
content in the monomer mixture, was 5.45 mmol g .
The pyridine content calculated from the elemental
analysis data is somewhat lower than the theoretical.
Although the elemental analysis data for the samples is
in fair agreement with the theoretical values, the minor

discrepancies can be ascribed to the loss of 4-vinyl-
pyridine due to its solubility in the aqueous phase [24].

Sorption kinetics

From the perspective of potential applications, one
of the key properties of the chelating polymers is the
rate at which metal sorption attains equilibrium. Rapid
sorption of metal ions is advantageous, providing a
short residence time required for the completion of the
actual process. The previously published results [13]
demonstrated the increase of Cu(ll) amount sorbed by
P4VPE with time, reaching almost 90% of the maximum
capacity already after 30 min. The excellent achieved
sorption half-time values were comparable with the
literature data (3, 5 and 6 min for samples 1-3, res-
pectively). Sugii et al. found the t,/, values for Cu(ll) and
Ni(Il) sorption on P4VPD to be 3 and 5 min, respectively
[11]. Also, they found higher Cu(ll) sorption rates for
P4VPE than for P4VPD in the acetate buffer [9]. The t/;
values for Hg(ll) sorption on P4VPD quaternized with
2-chloroacetamide were 4 and 14 min from diluted
mercury acetate and mercury chloride solutions, res-
pectively [3].

The amount of Cu(ll) ions sorbed at equilibrium for
sample 3 (Qeq = 1.40 mmol g’ 89 mg g, ie., the
sample with the highest values of pore diameter and
specific pore volume was 17.5 times higher than for
sample 1 (Qeq = 0.08 mmol g", 5.1 mgg ™) and 2 times
higher than for sample 2 (Q.q = 0.69 mmol g’ 44mgg).
As the pyridine content in all PAVPE samples is roughly
the same, it can be deduced that the porosity para-
meters of the copolymer samples used in the sorption
experiments had the predominant influence on the
Cu(ll) uptake behavior. The pH value of 5.5 was sel-
ected as the optimum, being as close to neutral as pos-
sible, but at the same time taking into consideration
that at pH values higher than 6 significant hydrolysis of
Cu(ll) occurs at high concentrations which are the order
of magnitude higher than the ones used in this study
[25].

Kinetic modeling

The migration rates of metal ions from the bulk sol-
ution to the sorbent surface and the accumulation on
this surface govern the kinetics of sorption process and
thus its efficiency [2]. The analysis of kinetics offers an
insight into the possible mechanisms of sorption and
reaction pathways. Sorption mechanisms are depen-
dent on sorbate—sorbent interactions and system con-
ditions, making it impossible to classify sorption mech-
anisms by solute type [26]. A logical classification based
on kinetic models was introduced and generally
accepted.

Previously published studies indicate that there are
four consecutive phases in the sorption of sorbate by a
porous sorbent: bulk diffusion, film or boundary layer

11
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diffusion, intraparticle diffusion and finally solute sorp-
tion by complexation or physicochemical sorption or
ion exchange [26,27]. The overall sorption rate may be
principally controlled by any of these steps or a com-
bined effect of a few steps is also probable. The most
extensively used kinetic models are those that presume
that the final step constitutes the major contribution to
the process kinetics [28,29]. This step is referred to as
the “surface reaction”, not necessarily meaning that
the actual chemical reaction occurs on the sorbent sur-
face involving the formation of chemical bonds. These
kinetic models are known as surface reaction-based
models and they do not take into consideration the
possible influence of diffusion in sorption processes.
However, if diffusion driven kinetics are presumed, in
diffusion-based modeling the typical assumption is that
bulk diffusion and solute sorption onto the surface of
the sorbent are instantaneous and, therefore, not rate
determining. Consequently, the rate-controlling para-
meter may be distributed between film diffusion and
intraparticle diffusion. With the intention of analyzing
the controlling mechanism of Cu(ll) sorption process by
P4VPE, several equations (PFO, PSO, Elovich, IPD, Bang-
ham and Boyd models) were tested against the experi-
mental data.

Surface reaction-based kinetic modeling

A variety of kinetic models have based their descrip-
tion of the reaction order of sorption systems on sol-
ution concentration. Alternatively, reaction orders
based on the capacity of the sorbent have also been
successfully introduced [30]. In all probability, the ear-
liest known and one of the most extensively used kin-
etic equations so far for the sorption of a solute from a
liquid solution is the Lagergren’s equation or the PFO
equation [31]:

kit
2.303

log(Quq —Q; ) =l0gQ,q — (2)
A plot of Iog(Qeq —Qt) vs. t should give a straight
line to confirm the applicability of this kinetic model. If
the process is strictly first-order, Iongq should be
equal to the intercept of the plot Iog(Qeq —Qt) vs. t.
The PSO rate expression is employed to describe
chemisorption involving valence forces through either
sharing or exchange of electrons between the sorbent
and sorbate as covalent forces, and ion exchange [32].
The PSO equation is applied in the given form [30]:
LR S 3)
Qt kZQSq QEQ

A plot of t/Qt vs. t should give a linear relationship
for the second-order kinetics. Additionally, the initial
sorption rate can be determined using the equation
[30]:

12

h=kQ, (4)

The extensively used PSO equation, sometimes
denoted as Ho's, has the following advantages accord-
ing to its author: It does not have the problem of
assigning the effective sorption capacity, and the PSO
rate constant and the initial sorption rate all can be cal-
culated from the equation without having prior know-
ledge of any of the parameters [30]. An additional adv-
antage of the PSO equation for estimating the Q.
values is its reduced sensitivity to the influence of
random experimental errors [2]. This equation deserves
particular attention as it predicts the behavior over the
whole range of studies and is in agreement with che-
misorption being the rate controlling step [32]. The
relevant parameters calculated from the values of the
intercepts and slopes of the corresponding plots for the
PFO and the PSO equations are given in Table 2. Plots
Iog(Qeq —Qt) vs. t (PFO) and t/Q, vs. t (PSO) for Cu(ll)
sorption by P4VPE are shown in Figure 1.

Table 2. Kinetic parameters for Cu(ll) uptake using P4VPE
samples as sorbent

Sorbent
Parameter
1 2 3
Q.q/ mmol g 0.08 0.69 1.40
Pseudo-first order
ky / min™ 0.049 0.065  0.064
Q™ / mmol g™ 0.04 0.45 0.89
R 0.864 0.946  0.870
Pseudo-second order
k, /g mmol™ min™! 3.97 0.31 0.14
h/mmol g min™ 0.03 0.16 0.31
Qo™ / mmol g™ 0.082 0.73 1.48
R 0.999 0.999  0.999
Elovich
do / mmol g™ min™? 0.31 0.60 0.96
b./ g mmol™ 95.2 8.16 3.82
R 0.962 0.952  0.944
Intraparticle
kiq / mmol g™ min™? 0.003 0.047  0.13
G/ mmol g 0.05 0.39 0.62
R 0.987 0.985  0.995
Bangham

kyx10% /g™ 0.07 0.43 0.79
a 0.219 0.356  0.477
R 0.784 0.804  0.849

The theoretical Q,, values estimated from the first-
-order kinetic model were not in compliance with the
experimental Q. and the observed coefficients of
determination were rather low. Accordingly, the PFO
model is not valid for Cu(ll) sorption on P4VPE. On the
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Figure 1. Pseudo-first (a) and pseudo-second order kinetics (b) of Cu(ll) uptake by P4VPE samples (sample 1 — black circles,

sample 2 — white rhombs, sample 3 — black squares).

other hand, the theoretical Q.4 values calculated from
the PSO model were found to be in close agreement
with the experimental Q.4 values with coefficients of
determination higher than 0.99. Such R* values verify
that the sorption data are well represented by PSO kin-
etics for the whole sorption period and, in conse-
guence, maintain the premises of the model [30].

The initial sorption rate is the highest for the
sample with the highest specific pore volume and pore
diameter (sample 3), reflecting the greatest availability
of sorption centers in this sample and thus the most
pronounced affinity of sample 3 for Cu(ll) ions. The sup-
erior fit of the PSO rate expression to the experimental
data indicates that the sorption process is surface
reaction-controlled through chemisorption by sharing or
exchange of electrons between P4VPE and Cu(ll) as
covalent forces and/or through ion exchange [30]. In
the past decade, the PSO kinetic model has been widely
applied to the pollutants sorption from aqueous sol-
utions [30].

The Elovich equation, also successfully employed to
describe second-order kinetics is based on the sup-
position that the actual sorbent surface is energetically
heterogeneous and that neither desorption nor interac-
tions between the sorbed species could considerably
influence the sorption kinetics at low surface coverage
[33]. This equation does not propose any definite
mechanism for sorbate-sorbent reaction, but it has
been broadly used in sorption kinetics to describe che-
misorption through mechanisms which are chemical
reactions by nature [34]. The complexity of the original
Elovich equation encouraged the habitual use of its
simplified linear form [33]:

Ina_b
_NGbe | 1 (5)

e e

Q

The Elovich coefficients a. and b, can be calculated
from the plots of Q; vs. In t (Figure 2). The relevant kin-
etic parameters for surface reaction-based kinetic
models, as well as coefficients of determination were
listed in Table 2.

Q, mmol g'1

Figure 2. Elovich plots for Cu(ll) sorption on PVPE samples
(sample 1 — black circles, sample 2 — white rhombs,
sample 3 — black squares).

The non-physical behaviour of Eq. (5) for longer
sorption times is easily noticeable, i.e., g(t—o0) = o
[28]. Theoretical interpretations of this equation sug-
gest that the underlying reason for such behavior is
that the rate of simultaneously occurring desorption is
neglected. Consequently, the applicability of the Elo-
vich equation is in practice restricted to the initial times
of sorption process, when the system is relatively far
from equilibrium [28]. Yet, recent studies demonstrate
very similar behavior of the Elovich and the PSO equa-
tions under the assumption that the system is not close
to equilibrium [28]. Rudzinski and Plazinski have quanti-
tatively proved that in spite of their different mathe-

13
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matical form, both the PSO and the Elovich equations
display basically identical behaviour when taking into
account the values of fractional surface coverages
lower than about 0.7 [29].

Diffusion-based kinetic modeling

Generally, metal sorption by porous sorbents is a
multi-step process involving transport of the solute
molecules from the aqueous phase to the surface of
the solid particulates followed by diffusion into the
interior of the pores [26,27]. Thus, diffusional mass
transport models, such as film diffusion and intra-
particle diffusion, warrant further consideration. Their
role is very significant especially in processes where ion
exchange and ionic bonding are not as dominant as in
chemisorption processes [32].

Since the PFO, the PSO and Elovich kinetic models
cannot identify this influence of diffusion on sorption,
the Weber and Morris equation was used for cal-
culation of the rate constants of the IPD model [35].
This model presumes that film or boundary layer dif-
fusion is negligible, and that IPD is the only rate-con-
trolling step. The rate of IPD can be calculated accord-
ing to the equation [36]:

Q, =Gy +kgt*® (6)

where G4 is the intercept which is proportional to the
boundary layer thickness [37]. The values of G4 and k4
are tabulated in Table 2. The kiy value was estimated
from the slope of the linear portion of the plot Q, vs. t*°
displayed in Figure 3. If the Q; vs. t°° plot is linear over
the whole time range and if the line passes through the
origin, IPD is the only rate-controlling step [38]. If not, it
is indicative of involvement of some other mechanisms.
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Figure 3. Plots based on intraparticle diffusion model for Cu(ll)
uptake using PAVPE as sorbent (sample 1 — black circles,
sample 2 — white rhombs, sample 3 — black squares).

The plots Q; vs. t/? presented in Figure 3 for Cu(ll)

sorption on P4VPE did not pass through the origin sug-
gesting that even though the sorption process included
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IPD, it was not the only rate-controlling step [38]. The
positive value of intercept is indicative of some degree
of boundary layer control. Its contribution increases
with the increase of ki, i.e., as the surface area and
pore diameter become larger. The multilinear shape of
Q; vs. £ relationships indicates that more than one
process governs Cu(ll) sorption on P4VPE, too. The first
sharper portion (Figure 3) can be regarded as external
surface sorption or faster sorption stage, succeeded by
gradual sorption where IPD is rate controlling. After
that, in the final equilibrium stage IPD slows down due
to the low sorbate concentration in solution. Kumar et
al. observed the similar behavior for Cr(lll) removal by
using an amine-based polymer, aniline-formaldehyde
condensate (AFC) coated on silica gel [39]. When all
other conditions are the same (size of sorbate mole-
cule, sorbate concentration and its affinity towards the
sorbent, the diffusion coefficient of the sorbate in the
bulk, the degree of mixing), the rate of uptake is limited
by the sorbent pore size distribution [38]. In this case, it
is apparent from Table 2 that the increase in specific
pore volume and pore diameter is crucial for the obs-
erved trend in the k4 values. IPD is facilitated by the
presence of macroporosity.

It is also noticeable that the dependence of the
amount of Cu sorbed on the square-root of time has a
concave character for all three samples (Figure 3). The
model analysis by Plazinski et al. has demonstrated that
such curve shape may be attributable to a combined
effect of the rate of surface reaction and that of the
solute transport from the bulk to the surface [28], in
support of the conclusions arrived at in the case of this
sorbate-sorbent system examined in this paper.

Kinetic data were further analyzed using Bangham’s
equation in order to confirm that pore diffusion is one
of the rate-controlling steps in this sorption system.
This equation is commonly expressed as [40]:

C
loglog| ——— |=log
Ci _Cth

k, and a are calculated from the intercept and the
slope of the straight line plots of log log [G/(C—CsQ,)]
vs. log t. If this expression is an adequate illustration of
experimental data, than the sorption kinetics is limited
by pore diffusion [41].

The Bangham plot for P4VPE samples is shown in
Figure 4. Bangham’s kinetic parameters were calcul-
ated and tabulated in Table 2.

Bangham's plot should be linear if intraparticle dif-
fusion is the only rate controlling step [42]. Non-line-
arity of the Bangham plots as well as the significant
intercept values obtained from the intraparticle dif-
fusion model indicated that both film diffusion as well
as pore diffusion were rate-limiting [43]. The correl-
ation coefficients given by the Bangham’s equation

ksz
+alogt 7
{2.303V} & )
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verified that the model did not entirely fit the expe-
rimental data for Cu(ll) sorption on P4VPE.
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Figure 4. Plot of Bangham’s equation for Cu(ll) sorption using
P4VPE as sorbent (sample 1 — black circles, sample 2 — white
rhombs, sample 3 — black squares).

The contribution of boundary layer or film diffusion
implied by the non-zero values of the intraparticle plot
intercept is often ascertained using the model given by
Boyd [36]:

6 v 1 n’7’Dit

F=1-—)» —exp|— ' (8)
ﬁz;nz ( r’ J
6« 1

F= 1——22—2exp(—n23t) (9)

n=1 n
where F is obtained from the expression:

&

F=2 (10)
q
And
2
g=2" (11)

The approximations for Bt proposed by Reichenberg
[44] are as follows:

1

1 2-\2

> T°F
Fvalues < 0.85, Bt =| 72 —(E—T] (12)
F values > 0.85, Bt =—0.4997 —In(1—F) (13)

Thus, the value of Bt can be computed for each
value of F, and then plotted against time. The linearity
of these so-called Boyd plots (Figure 5) was examined
to distinguish between sorption controlled by film dif-

fusion and particle diffusion [24]. If the plot is in the
form of straight line passing through the origin, this
indicates that sorption processes are governed by par-
ticle-diffusion mechanisms. If not, they are controlled
by film diffusion [45]. From Figure 5, it was observed
that the plots were neither linear nor passed through
the origin indicating the strong influence of film dif-
fusion during the sorption of Cu(ll) on P4VPE, as well.
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Figure 5. Plots based on Boyd’s model for Cu(ll) sorption using
P4VPE as sorbent (sample 1 — black circles, sample 2 — white
rhombs, sample 3 — black squares).

The strong external resistance only during the initial
stages of sorption (0—10 min) as seen in Figures 3 and 5
may be mainly due to the absence of mixing and high
affinity of the sorbate for the sorbent [46]. Thus, the
intraparticle diffusion limits the overall rate of sorption
since the investigated systems have high concentration
of sorbate and relatively large sorbent particle size of
as well as high porosity.

XPS analysis

Positively charged Cu(ll) cations form coordination
complexes with the nitrogen atom of the pyridine
group due to the strong affinity of pyridyl group to
metals and its ability to undergo hydrogen bonding, as
was established in some previously published studies of
P4VPD [12].

XPS measurements were carried out for two P4VPE
samples loaded with Cu(ll) (Figure 6). Because of the
low Qeq value, the results for Sample 1 were omitted
from XPS analysis.

Spectral deconvolution of the N 1s XPS spectra of
sample 2 (Figure 6a) revealed three distinguishable
peaks. The first one at the lowest binding energy of
398.8 eV could be ascribed to the pyridine nitrogen,
N(1), [47,48], while the second component at 400.1 eV,
N(2), and the third component at 401.6 eV, N(3), were
assigned to the pyridine nitrogen interacting with the
copper cations and protonated N atoms of P4VPE, res-
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Figure 6. N 1s XPS spectra of PAVPE sample 2 (a) and sample 3 (b) loaded with Cu(ll) at pH 5.5 (N(1) =-N, N(2) = —-N- -

N(3) = -NH’).

pectively. Pardey et al. reported the N 1s spectrum for
poly(4-vinylpyridine), PAVP with a symmetric peak at
399.0 eV and the N 1s spectrum of the fresh and used
CuCl,/P4VPD (with 2% of DVB) catalyst with broader
and more asymmetric peaks, which could be decon-
voluted into two peaks, at 399.0 and 400.3 eV. The
peak at 400.3 eV indicated that a fraction of pyridine
nitrogen interacts with copper cations [47]. Liu et al.
observed the peak at 398.6 eV for the pyridine nitrogen
in poly(EGDMA-co-4VP), PE4VP, and the peak at 400.7
eV for nitrogen atoms in the poly(EGDMA-co-4VP) sup-
ported-Au nanocolloid [49].

The N 1s peak for Sample 3 was also resolved into
three components, i.e., the neutral pyridine nitrogen
peak at 398.8 eV, N(1), the peak for pyridine nitrogen
of 4PVPE interacting with the copper cations at 400.1
eV, N(2) [48] and the peak for the protonated nitrogen
atoms at 401.6 eV, N(3). With the copper ions sorbed
on the P4VPE, the N 1s XPS spectra in Figure 6a and b
show the component of N(2) peak at 400.1 eV, which
can be attributed to the nitrogen atoms in the pyridine
groups coordinated with copper ions [50]. The nitrogen
atoms share a lone pair of electrons with the electron-
withdrawing copper ions to form surface complexes.
Consequently, the electron density of the nitrogen
atoms in the amine groups is reduced and the N 1s
binding energy increased (observed at a higher eV value
than neutral pyridine N 1s). It can therefore be con-
cluded that the sorption mechanism is based on the
formation of metal complexes by the copper ions with
the nitrogen atoms in the neutral pyridine groups. In
other words, N- - -Cu®* complexes were formed on the
surfaces of P4VPE. The relative peak ratios of N(1), N(2)
and N(3) have been calculated from the areas under
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each peak in the spectra of Figures 6a and 6b and the
results are given in Table 3.

Table 3. Positions and content of N 1s peaks of P4VPE samples
2 and 3 loaded with Cu(ll)

Groups and atoms

Data/Sample

N(1) N(2) N(3)

Position, eV 398.8 400.1 401.6
Content, %

24.5 36.2 39.2

353 53.3 11.4

Due to the enhanced Cu(ll) uptake of sample 3
(Qeq = 1.40 mmol g™) in comparison to sample 2 (Qeq =
= 0.69 mmol g7), N(3)/N(2) ratio is larger than for
sample 3.

CONCLUSION

Three samples of macroporous crosslinked poly(4-
vinylpyridine-co-ethylene glycol dimethacrylate) (P4VPE)
with different porosity parameters were prepared by
suspension copolymerization by varying the n-heptane
amount in the inert component and used as Cu(ll)
sorbents from aqueous solutions. The samples were
characterized by mercury porosimetry, elemental anal-
ysis and x-ray photoelectron spectroscopy (XPS). It was
established that the porosity parameters of P4VPE have
strong influence on the Cu(ll) sorption rate. Sorption
behavior of Cu(ll) on P4VPE and the rate-controlling
mechanisms were analyzed using six kinetic models
(PFO, PSO, Elovich, IPD, Bangham and Boyd models).
XPS study clarified the nature of the formed P4VPE-
Cu(ll) species.
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List of symbols

ae Initial sorption rate from Elovich model
(mmol g_1 min ")

o Constant calculated from slope of the Bang-
ham’s straight line

B Time constant (Boyd’s model) (min™")

be Parameter related to the extent of surface

coverage and activation energy for chemi-
. . -1
sorption from Elovich model (g mmol ™)

C. Equilibrium metal ions concentration in sol-
ution (mmol dm™)

G Initial metal ions concentration (mmol dm™)

Cqg Constant in IPD model (mmol g'l)

G Dosage of sorbent (Boyd’s model) (g dm?)

(o Concentration of Cu(ll) ions after sorption
time t (mmol dm™)

bp Solubility parameters of polymer and inert
component (J cm_3)1/2

Os Solubility parameters of polymer and inert
component (J cm_3)1/2

D, Effective diffusion coefficient of the metal
ions in the sorbent phase (cm?” min™)

dv Pore diameter which corresponds to half of
pore volume (nm)

F Fractional attainment of equilibrium at time t
(Boyd’s model) (min)

h Initial sorption rate from PSO model (mmol
g min™)

kq PFO rate constant (min")

k, PSO rate constant (g mmol™* min™)

ky Constant calculated from the intercept (Bang-
ham’s model) (g_l)

kig IPD rate constant (mmol g_1 min %?)

m Mass of the copolymer beads used for the
experiment (g)

n Integer that defines the infinite series sol-
ution (Boyd’s model)

PFO Pseudo-first kinetic model (PFO)

P4VPE  Poly(4-vinylpyridine-co-ethylene glycol dimeth-
acrylate)

PSO Pseudo-second-order (PSO) kinetic model

Qeq Amount of sorbed metal ions at equilibrium
(mmol g_l)

Q. Amount of sorbed metal ions at equilibrium

calculated from PSO (mmolg g™")

Quax Maximum sorption capacity (mmol g*)

Q: Amount of metal ions sorbed by the sorbent
at time t (mmol g™*)

r Radius of the copolymer bead assumed to be
spherical (cm)

R Determination coefficient

She Specific surface area (m”* g ")

ti Sorption half-time; i.e., time required to reach
50% of the total sorption capacity (min)

% Volume of the aqueous phase (dm°)

Vs Specific pore volume (cm® g ™)
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IMOBILIZACIJA Cu(ll) POMOCU JEDNOSTEPENO SINTETISANOG POLI(4-VINILPIRIDIN-CO-ETILEN-
-GLIKOLDIMETAKRILATA): ANALIZA KINETIKE SORPCIJE | XPS KARAKTERIZACIJA PRODUKATA
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(Naucni rad)

Kljucne reci: 4-Vinilpiridin e Makropo-

U okviru ovog rada sintetizovan je kopolimer na bazi 4-vinilpiridina i ispitana rozni kopolimer e Kinetika sorpcije ® XPS
mogucnost njegovog koriS¢enja za sorpciju Cu(ll). Tri umreZzena makroporozna
uzorka poli(4-vinilpiridin-co-etilenglikoldimetakrilata) (P4VPE) sa razli¢itim para-
metrima porozne strukture sintetizovani su suspenzionom kopolimerizacijom.
Parametri porozne strukture su podesavani variranjem udela n-heptana u inertnoj
komponenti. Uzorci su okarakterisani Zivinom porozimetrijom, elementarnom
analizom i rendgenskom fotoelektronskom spektroskopijom (XPS). ZapaZene su
relativno velike brzine sorpcije Cu(ll) jona na uzorcima P4VPE pri nekompetitivhim
uslovima, odnosno, vrednost maksimalnog kapaciteta se dostize za 30 min. Mak-
simalni kapacitet sorpcije za uzorak sa najveéom vrednoséu precnika pora i spe-
cifiéne zapremine pora (uzorak 3, Q.q = 89 mg g_l) je 17,5 puta vedi od kapaciteta
za uzorak sa najmanjom vrednosc¢u precnika pora i specificne zapremine pora
(uzorak 1, Qeq = 5,1 mg g_l). Bududi da je sadrzaj piridinskih grupa skoro isti u svim
uzorcima P4VPE, zaklju¢eno je da na brzinu sorpcije Cu(ll) jona odlucujuéi uticaj
imaju parametri porozne strukture uzoraka. Kinetika sorpcije je analizirana
pomocu Sest kinetickih modela (pseudo-prvog, pseudo-drugog reda, Elovi¢evog,
unutarcesti¢ne difuzije, Bangamovog i Bojdovog modela) da bi se odredilo koji
model najbolje opisuje sorpciju Cu(ll) jona pomoc¢u P4VPE. Priroda interakcija
PAVPE-Cu(ll) vrsta nastalih sorpcijom razjasnjena je metodom fotoelektronske
spektroskopije x-zracima.
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Abstract

Ammonium removal from aqueous solution was investigated using natural zeolite. Oper-
ating variables were optimized by statistical design for this process. Eight variables inc-
luding pH, contact time, dose and size of adsorbent, initial ammonia concentration, tem-
perature, agitation and concentration of other adsorbate were screened by Plackett—Bur-
man design. The results indicated that particle size, contact time, dose of zeolite and initial
ammonia concentration are effective on removal efficiency with p-value < 0.02. Optimiz-
ations of three important factors were conducted by response surface method. The opti-
mal condition of ammonia removal in terms of removal efficiency was found to be at 0.18—
—0.4 mm particle size, 4 min contact time and 111 g L™ dose of zeolite. The removal
efficiency was found to be 98.25% at optimal condition. The maximum adsorption capacity
of ammonium was 1.276 mg g_1 that was obtained at 0.18-0.4 mm zeolite size, 60 min
contact time and 20 g L™ zeolite dosage. The Langmuir and Freundlich isotherms ade-
quately described the adsorption of ammonium ions by HCI-modified natural zeolite.

Keywords: ammonia removal, natural zeolite, Plackett—Burman design, Box—Behnken design,
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Ammonia is one of the major pollutants in the
environment which exists in a considerable quantity in
sewages of industries such as petrochemicals. The rem-
oval of ammonia from wastewater and sewages is
necessary because the existence of ammonium ion in
water causes some problems, such as reducing the
concentration of dissolved oxygen in water, acceler-
ating the growth of algae and finally coating the surface
of water resources which leads to changes in the taste
and color of water [1]. Various biological, physical and
chemical treatment methods have been used to rem-
ove ammonia from aqueous solution [2—11]. One of the
proposed methods for ammonia removal from indus-
trial wastewater is the use of low-cost adsorbents such
as agriculture wastes [12] and silicate minerals like
zeolite [13—17]. This method seems to be a good option
for ammonium treatment due to high efficiency in rem-
oving ammonia, simplicity and low costs. Zeolites are
alumino-silicate minerals with water, containing alkali
and alkaline earth metals. Zeolites are commonly used
in scientific and industrial fields because of their struc-
tural characteristics and chemical composition [18,19].
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Optimization of physicochemical parameters of pro-
cess is one method for increasing process yield and
reducing process cost. To reduce the number of experi-
ments, in regard to the large number of variables,
statistical design of experiments have been used in
many studies [20-23].

Some of batch adsorption parameters are pH, tem-
perature, particle size and dose of adsorbent and initial
concentration of adsorbate. Several studies have been
conducted about removing ammonium from waste-
water using zeolites. In some studies effective variables
on adsorption process were considered and some
important variables were recognized [14-17]. However
in these studies, the statistical designs of experiments
were not employed for optimization of the ammonia
adsorption from aqueous solution.

In the present study, an lIranian natural zeolite
which was extracted from Sabzevar region, for the first
time, was used as adsorbent. In this work, the statis-
tical design of experiments was applied for optimiz-
ation of ammonia adsorption from aqueous solution.
For this purpose, important process parameters were
first screened and selected on the basis of the Plackett—
—Burman design (PBD). Subsequently, the significant
variables were optimized by Response surface method
(RSM) using Box—Behnken design (BBD).
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MATERIALS AND METHODS

Preparation and modification of zeolite

The natural zeolite was obtained from Sabzevar
town, North East of Iran. The samples were grounded
and sieved based on the U.S. standard mesh. After
washing with distilled water and drying, zeolites were
stored in the desiccators for the next stages. The
prepared zeolites were modified using phosphoric, nit-
ric, sulfuric and hydrochloric acids, separately, accord-
ing to the following condition: 10 g zeolites were added
into 250 mL acid solution (1 M) and shaken for 6 h at 60
°C and 150 rpm. The solid phase was separated by filter
paper and was rinsed in hot distilled water, and then in
cold distilled water until pH was adjusted to 7. Then,
zeolites were dried for 24 h at 100 °C and kept in the
desiccator to prevent moisture adsorption.

Adsorption

The ammonia solution was prepared by dissolving
an accurately weighed sample of ammonium chloride
(NH4CI) in deionized water. Batch adsorption experi-
ments were carried out by shaking a series of bottles
containing determined amounts of adsorbent and ads-
orbate solution at desired condition.

In the first stage the adsorption of acid-modified
zeolite and unmodified zeolite was examined at similar
conditions of 1.0-1.7mm zeolite size, 50 g/L dose of the
zeolite, 3 h contact time, 25 °C temperature, 200 rpm
agitation, 25.6 mg/L initial ammonium concentration
and pH 7.

In screening and optimization stage, adsorption
condition was set according to experimental design and
pH was adjusted by 0.1 M HCl or 0.1 M NaOH. After
adsorption process, the adsorbent particles were sep-
arated from the suspensions by filtration through 0.43
pum filter paper and the residual concentration of
ammonia was determined. In order to reduce the expe-
rimental errors, all experiments were conducted three
times and the mean experimental data was reported.

To investigate the adsorption isotherms the series
of NH," solutions with different initial ammonia con-
centration (Cy) (10-120 mg/L) were kept in contact
with 20 g/L zeolite (0.6-0.85mm) at 35 °C and 50 rpm
until arriving to equilibrium concentration. Then, the
equilibrium adsorption capacity (g.) was determined
and agreement of obtained data with three isotherm
models, Linear, Langmuar and Frendlich were studied.

Statistical experimental design

Review of published reports [14-17] showed that
pH, contact time, dose and size of adsorbent, initial
ammonia concentration, temperature, agitation and
concentration of other adsorbate, may be effective on
adsorption process. Ca’* was studied as another adsor-
bate. Plackett—Burman design was used to screen these
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variables. Selected levels of variables are shown in
Table 1.

Table 1. Selected levels of variables for PBD of ammonia
removal from aqueous solution by HCl-modified natural
zeolite

Variable Coded value
(+1) (-1)
d Particle size, mm 1.7-3.35 Below 0.075
pH pH 9 4
t Contact time, min 180 10
m Dose of zeolite, g/L 200 4
C, Initial ammonia concentration, 25.6 2.56
mg/L
6 Temperature, °C 45 25
S Agitation, rpm 200 50
Cc, Concentration of other cation, 5 0
mEq/L

After the identification of important variables, Box—
—Behnken design was used for optimization of process
variables which were found to be important for ammo-
nium adsorption while other factors were kept at a
constant level. Selected levels of variables have been
shown in Table 2. The results of the experimental
designs were analyzed and interpreted using Minitab
16 statistical software.

Table 2. Selected levels of variables for BBD of ammonia
removal from aqueous solution by HCl-modified natural
zeolite

Coded value
Variable
+1 0 -1
d Particles size, mm 1-1.4 0.6-0.85 0.18-0.3
t Contact time, min 60 32 4
m Dose of zeolite, g/L 160 90 20

Analysis techniques

The quantitative determination of major elements
contained in the zeolite sample was carried out using
the wavelength dispersive X-ray fluorescence (XRF)
technique (model CE3021 made by CECIL Instruments,
USA). The mineralogical composition of the natural
adsorbent was determined by using Philips X'pert Mod-
ular Powder diffractometer (MPD). The concentration
of ammonia in solution was measured using Phenat
method [24].

RESULTS AND DISCUSSION

Identification of zeolite

Table 3 presents the elemental composition of the
Sabzevar zeolite using XRF. According to these results
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the mass ratio of SiO,/Al,O; is equal to 6.55. Loss on
ignition (L.O.l.) is the percentage of volatile compo-
nents, mainly crystal bound water and organic carbon
(as CO,), driven off from a sample when heated at 1000
°C. Table 3 indicated 15.62% of zeolite is volatile com-
ponents.

Table 3. Determined composition of zeolite sample using XRF

the results of experiments are shown in Table 5. Table
6 displays the analysis results of the PBD using
minitab16 software.

The statistically significant effect of each variable
was screened by probability test and variables with a
confidence interval greater than 98% (p-value < 0.02)

Component Sio, Al,O3 Na,0 MgO
Perception 62.68 9.57 2.43 0.77

K,0 TiO, MnO ons Fe203 503 LOI
1.76  0.17 0.09 0.03 0.041 0.00 15.62

The mineralogical composition of the natural adsor-
bent was determined by using Philips MPD; the results
obtained were as follows: 76% clinoptilolite, 24% calcite.

Acid-modification

The removal of ammonia from aqueous solution
using different acid-modified zeolite was determined
and compared with unmodified zeolite (Table 4).
According to Table 4, modification of zeolite signific-
antly increased removal efficiency. When natural zeo-
lites were modified with acid, aluminum ions were
replaced by hydronium ions. Due to the replacement of
protons with small radius (H;0") by cations of larger
radius (AI3+), Si/Al ratio and pore size of zeolites inc-
reased. Among acid-modified zeolite, HCI-modified zeo-
lite and H3;PO,-modified zeolite had the highest adsorp-
tion amounts. HCl-modified zeolite was selected for
further study.

Screening of variables

Eight variables pH, contact time, dose and size of
adsorbent, initial adsorbate concentration, tempera-
ture, agitation and the presence of other adsorbate
(Ca®*) were evaluated using twelve matrix of PBD and

were considered as a significant variable. According to
Table 6, in terms of removal efficiency particle size,
contact time, zeolite dosage and initial ammonium
concentration are significant. Table 6, also, indicates
that particle size, pH, contact time and presence of Ca**
have negative effect on removal efficiency and other
variables have positive effect. High negative effect of
contact time shows that continuous process could
obtain high removal efficiency. The results of the study
are consistent with study of Huang et al. [15].

Table 4. The comparison of the removal ammonia by different
acid-modified zeolite

Zeolite Removal efficiency, %
Unmodified zeolite 29.59
HCI-modified zeolite 97.87
H3PO,-modified zeolite 97.51
HNO;-modified zeolite 95.66
H,S0O,-modified zeolite 92.78

In terms of adsorption capacity, only two variables,
the initial ammonia concentration (C;) and dose of
zeolite (m) in studied range are significant with con-

Table 5. Plackett—Burman design matrix and corresponding results for ammonia removal from aqueous solution by HCI-modified

natural zeolite
a . .
Trail Coded factor Removal efficiency Adsorption capacity
pH t m Go o S Cea %

1 -1 1 -1 -1 -1 1 1 23.8310.39 0.1525+0.0025
2 1 -1 1 -1 -1 -1 1 66.99+1.76 0.0086+0.0002
3 -1 1 -1 1 -1 -1 -1 72.38+1.17 4.6325+0.0750
4 1 -1 1 1 -1 1 -1 -1 80.47+0.39 0.0103+0.0000
5 1 1 -1 1 1 -1 1 -1 95.25+0.06 0.1219+0.0001
6 1 1 1 -1 1 -1 1 48.4211.04 3.0987+0.0662
7 -1 1 1 1 -1 1 -1 80.08+2.73 0.0102+0.0003
8 -1 -1 1 1 1 -1 1 1 97.8910.04 0.1253+0.0000
9 -1 -1 -1 1 1 -1 1 97.71+0.14 0.1251+0.0002
10 1 -1 -1 -1 1 1 -1 97.95+0.02 6.2688+0.0012
11 -1 1 -1 -1 -1 1 97.05+0.49 0.6211+0.0031
12 -1 -1 -1 -1 -1 -1 -1 -1 75.39+0.78 0.4825+0.0050

®Factors refer to those in Table 1
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Table 6. Analysis of PBD results for ammonia removal from aqueous solution by HCl-modified natural zeolite

Variable Removal efficiency, % Adsorption capacity, mg/g
Effect t-value p-value Effect t-value p-value
Particles size (d) -17.93 -3.85 0.002 0.611 1.28 0.220
pH -2.18 -0.47 0.647 0.221 0.46 0.650
Contact time (t) -21.21 —4.55 0.000 0.067 0.14 0.890
Dose of zeolite (m) 17.23 3.70 0.002 -2.476 -5.18 0.000
Initial ammonia concentration (Cp) 14.30 3.07 0.008 2.181 4.57 0.000
Temperature (6) 11.66 2.50 0.024 0.768 1.61 0.128
Agitation (S) 8.45 1.81 0.090 -0.176 -0.37 0.717
Concentration of Ca (Cc,) -11.60 -2.49 0.025 -1.232 -2.58 0.021

fidence interval greater than 98%. According to Table 6,
dose of zeolite, agitation and presence of ca” have
negative effect on adsorption capacity and effects of
other variables are positive. Du et al. studied the same
variables for ammonia removal and found that all of
these variables affect the adsorption process [14].

Optimization of effective variables

The most important parameters which affect the
efficiency of ammonia removal are particles size (d),
contact time (t) and dose of zeolite (m) and initial
ammonium concentration (Cp). Further study was con-
ducted with initial constant ammonium concentration
because it is constant in actual process. Then, the other
three variables were optimized in initial concentration
25.6 mg L " at 30 °C and 50 rpm without the presence
of Ca®* and adjusting pH. RSM was employed to inves-
tigate the combined effect of these factors to reveal
the optimum conditions for ammonia removal and to
build models. BBD was applied to evaluate the inter-
active effects of adsorption variables and optimize the
ammonia removal process. The range and levels of vari-
ables are coded according to Eq. (1) and summarized in
Table 2.

_X=Xo
AX

X (1)
where x and X are the coded and the real values of
variables. Xy and AX are the center point of X and the
step change in X, respectively. The results of experi-
ments were measured according to BBD of three inde-
pendent variables and were reported in Table 7. The
results were analyzed using minitab1l6 software. The
experimental results of removal efficiency (%) and ads-
orption capacity were fitted with a second order poly-
nomial equation.

The fitted equations (in terms of coded values) for
removal efficiency (Y;) and adsorption capacity (Y)
were as follows:

24

Y, =65.895+5.602m +0.884t — 5.387d —

—1.199m* +3.855t% +22.618d* — (2)
—0.559mt +5.450md +1.031td

Y, =0.1874 —-0.3961m +0.0220t — 0.0544d +

+0.3046m” —0.0328t> +0.1082d° —0.0500mt + (3)
+0.1006md +0.0029td

The coefficients of the regression model (Egs. (2) and
(3)) that appear as one constant, three linear, three
quadratic and three interaction terms are listed in
Table 8.

Table 7. Box—-Behnken design matrix and corresponding
results for ammonia removal from aqueous solution by
HCl-modified natural zeolite

Trail Coded factors’ R_e.moval AdsorpFion
t d efficiency, % capacity

1 -1 -1 0 53.6510.41 0.6867+0.0052
2 1 -1 0 67.0210.44 0.1072+0.0007
3 -1 1 0 71.201+0.49 0.9113+0.0063
4 1 1 0 82.34+0.86 0.1317+0.0014
5 -1 0 -1 98.64+0.12 1.2626+0.0016
6 1 0 -1 97.89+0.30 0.1566+0.0005
7 -1 0 65.8410.37 0.8427+0.0047
8 1 0 86.88+0.57 0.1390+0.0009
9 0 -1 -1 99.67+0.08 0.2835+0.0002
10 0 1 -1 84.71+0.47 0.2410+0.0013
11 0 -1 1 97.9610.05 0.2786+0.0001
12 0 1 1 87.13+0.42 0.2478+0.0012
13 0 0 0 65.7010.09 0.1869+0.0002
14 0 0 0 65.8910.01 0.1874+0.0000
15 0 0 0 66.101£0.07 0.1880+0.0002

®Factors refer to those in Table 1

The significance of each coefficient was determined
by p-values. The p-values imply that the first order
main effects of particles size and zeolite dosage and
second order main effects of particles size are sig-
nificant in terms of the removal efficiency. Therefore,
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Table 8. Analysis of BBD results for ammonia removal from aqueous solution by HCl-modified natural zeolite

Term Removal efficiency (%) Adsorption capacity
Coefficient t-value p-value Coefficient t-value p-value
Constant 65.895 19.538 0.000 0.1874 5.801 0.000
Dose of zeolite (m) 5.602 2.712 0.013 -0.3961 -20.018 0.000
Contact time (t) 0.884 0.428 0.673 0.0220 1.111 0.280
Particle size (d) -5.387 —2.608 0.017 —-0.0544 -2.751 0.012
m? -1.199 -0.394 0.697 0.3047 10.460 0.000
£ 3.855 1.268 0.219 —-0.0328 -1.128 0.273
d 22.618 7.440 0.000 0.1081 3.713 0.001
mt —0.559 -0.191 0.850 —0.0500 -1.788 0.089
md 5.450 1.866 0.077 0.1006 3.594 0.002
td 1.031 0.353 0.728 0.0029 0.105 0.918

they can act as limiting adsorption. There is not any
significant interaction for removal efficiency. In terms
of adsorption capacity, the main effects of zeolite
dosage and particles size, quadratic variables zeolite
dosage and particles size and interaction between zeo-
lite dosage and particles size are effective on process.

Coefficients of correlation were determined by the
analysis of variance using Minitab16 software. R® =
= 78.92 for removal efficiency shows there are relat-
ively good agreement between the experimental res-
ults and the predicted results by the model and for
adsorption capacity the R® = 96.48 indicates a very
good agreement of model prediction data with experi-
mental data.

The 2D contour plots are the graphical represent-
ations of the regression equation and are plotted to
understand response variation with variation of two
variables, while the other independent variable is
constant. Moreover, the 2D cotour plots indicate the
interaction of these variables and locate the optimum
level of each variable for maximum response. Figures 1
and 2 indicate contour plots for removal efficiency and
adsorption capacity, respectively.

According to Figure 1a and c, at low levels of par-
ticles size, removal efficiency is relatively independent
of zeolite dosage and contact time, but at high levels of
particles size, the removal efficiency is dependent on
zeolite dosage (increasing of removal efficiency with
increasing of dose of zeolite) and the response is inde-
pendent of contact time. This shows that zeolite dos-
age and particles size have interaction in removal
efficiency (Figure 1c). Figure 1a shows there is not any
interaction between particles size and contact time and
in constant contact time at low levels and high levels of
zeolite dose, removal efficiency is higher than middle
levels.

Contour plot of adsorption capacity versus contact
time and particle size at optimal value of dose of zeolite
shows adsorption capacity rises with increasing par-

ticles size and reducing contact time and maximum
adsorption capacity exists at maximum contact time
and minimum particle size (Figure 2a). Figure 2b indi-
cates reducing particle size and zeolite dosage inc-
reases adsorption capacity. According to Figure 2c, in
constant dose of zeolite, adsorption capacity relatively
doesn't vary with variation of contact time.

The optimum condition for maximum response was
obtained using Minitabl6 software. In the studied
range of variables, the optimum condition for removal
efficiency were d = -1, t = -1 and m = 0.3 means 0.18-
—0.4 mm particle size, 4 min contact time and 111 g/L
dose of zeolite. Under this condition, predicted removal
efficiency by software was 98.19% and for the experi-
mental study it was 98.25% for removal efficiency
which indicates consistent results and proves the vali-
dity of the model. The optimum condition for adsorp-
tion capacity, in the studied range of variables, were
d=-1,t=1and m=-1; in terms of coded value or the
0.18-0.4 mm size of zeolite, 60 min contact time and
20 g/L zeolite dosage in terms of actual value. Pre-
dicted adsorption capacity by software at optimum
condition was 1.2 mg NHs/g zeolite. Experimental
adsorption capacity in this condition yielded 1.276 that
is very close to predicted value and validates the model.

Adsorption isotherms

Fitting of adsorption isotherm equations to experi-
mental data is often an important aspect of data anal-
ysis. In this study, three typical isotherms Linear, Lang-
muir and Freundlich models were used for fitting the
adsorption experimental data. Table 9 indicates equilib-
rium concentration and adsorption in different initial
ammonia concentration. Experimental data of Table 9
were fitted with three isotherm model, linear, Lang-
muir and Freundlich.

Parameters of these models can be determined by
linear regression of the experimental data. The model
parameters and correlation coefficients (RZ) are sum-
marized in Table 10. Higher values of R* (0.9886) for
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Figure 1. Contour plots of removal efficiency (a) vs particle size and contact time, (b) vs particle size and adsorbent amount and (c)
vs adsorbent amount and contact time at optimal levels of other components (d, t and m are coded variables).
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Figure 2. Contour plots of adsorption capacity (a) vs particle size and contact time, (b) vs particle size and dose of zeolite and (c) vs
dose of zeolite and contact time at optimal levels of other components (d, t and m are coded variables).
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Table 9. Variation of equilibrium concentration and adsorption versus different initial ammonia concentration for ammonia
adsorption from aqueous solution by HCl-modified natural zeolite

Co/mgl™ C./mglLt g/ mg NH; (g zeolite)™
10.000 0.135 0.493
20.000 0.300 0.985
40.000 0.480 1.976
80.000 3.263 3.837
100.000 6.045 4.698
120.000 9.334 5.533

Table 10. Model parameters and correlation coefficients (Rz) of Linear, Langmuir and Freundlich isotherms for ammonia adsorption

from aqueous solution by HCI-modified natural zeolite

Isotherm model Equation Model parameters R
Linear Go=0aC.+b a/Lgt 0.5185 0.8925
b/mgg™ 1.2304
Langmuir  GmbCe Gm/mgg" 6.2189 0.9886
¢ 1+bC,
b/ Lmg™ 0.6429
Freundlich 1 ke/Lg™ 1.9102 0.9378
e =kiCe"
n 1.8815
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1ZVvOD

OPTIMIZACIJA UKLANJANJA AMONIJAKA IZ VODENOG RASTVORA PRIRODNIM ZEOLITOM KORISCENJEM METODE
POVRSINSKOG ODZIVA

Zahra Beagom Mokhtari-Hosseinil, Ehsan Kazemiyanz, Reza Tayebee3, Toktam Shenavaei-Zare®

Chemical Engineering Group, Faculty of Petroleum and Petrochemical Engineering, Hakim Sabzevari University,
Sabzevar, Iran

2Fa:culty of Engineering, Islamic Azad University Shahrood Branch, Shahrood, Iran

3’Chemist“ry Group, Faculty of Science, Hakim Sabzevari University, Sabzevar, Iran

(Naucni rad)

U radu je ispitivano uklanjanje azota iz vodenog rastvora koris¢enjem prirod- Kljucne reci: Uklanjanje amonijaka e pri-
nog zeolita. Operativhe promenljive (ili uslovi u sistemu) su optimizovane prime- rodni zeolit e Plackett—Burman dizajn e
nom statisticke analize. Praceno je i analizirano, Planet—-Burkman metodom, osam Box—Behnken dizajn e Metoda povr-
parametara: pH, vreme kontakta, doza i veli¢ina adsorbenta, pocetna koncentra- Sinskog odziva

cija amonijaka, temperatura, mesanje i koncentracija drugih adsorbata. Rezultati
su pokazali da vreme kontakta, doziranje zeolita i pocetna koncentracija amo-
nijaka uti¢u na efikasnost uklanjanja amonijaka sa p-vrednoséu <0.02. Optimi-
zacija tri vazna parametra izvrSena je metodom povrsinskog odziva. U pogledu
efikasnosti uklanjanja azota postavljeni su optimalni uslovi: veli¢ina ¢estica 0,18—
-0,4 mm, vreme kontakta 4 min, doziranje zeolita 111 g L™". Utvrdeno je da je
efikasnost uklanjanja azota 98,25% od optimalne vrednosti. Maksimalni adsorp-
cioni kapacitet amonijaka bio je 1,276 mg g_1 dobijen na zeolitu veli¢ine 0,18-0,4
mm, sa vremenom kontakta 60 min i doziranjem zeolita od 20 g L™ Adsorpcija
amonijum jona na prirodnom zeolitu modifikovanom hlorovoroni¢cnom kiselinom
opisana je Langmuiri Freundlich izotermama.
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Izvod

U radu je ispitivan uticaj termickih tretmana (kuvanje, pecenje i przenje) na sadrzaj akril-
amida u krompiru i izvrSena je kvantifikacija njegovog sadrzaja pomocu gasne hromatogra-
fije sa azot—fosfornim detektorom (GC-NPD). Priprema uzoraka je vrSena primenom sle-
decih termickih tretmana: kuvanjem u vodi 30 min na 110 °C, pecenjem u rerni 30 min na
200 °C i przenjem u ulju 5, 10 i 15 min na 250 °C. Kvantifikaciji akrilamida predhodile su:
homogenizacija uzorka, ekstrakcija i uparavanje ekstrakta. Kalibraciona kriva konstruisana
je u opsegu koncentracija 0-10 mg/kg a dobijena je vrednost R? > 0,99. Odredene su limit
detekcije (LOD) i limit kvantifikacije (LOQ) i dobijene su sledece vrednosti 0,26 mg/kg za
LOD i 0,40 mg/kg za LOQ. Recovery vrednosti u opsegu od 102 do 110% potvrdile su
tacnost metode. PredloZena gasno-hromatografska metoda je jednostavna, pouzdana i
precizna za odredivanje akrilamida u uzorcima termicki tretiranih namirnica. Dobijeni
rezultati pokazuju da je sadrzaj akrilamida u krompiru koji je termicki tretiran kuvanjem bio
manji od limita detekcije, dok se u krompiru pripremljenom pecenjem ili przenjem kretao u
opsegu od 0,6 do 2,7 mg/kg. Uporedivanjem sadrzaja akrilamida u krompiru nadeno je da
termicki tretman ima veliki uticaj na sintezu akrilamida pa bi bilo poZeljno razviti postupak
za dobijanje pomfrita i Cipsa sa niskim ili bez sadrzaja akrilamida sa teksturom privlaénom

NAUCNI RAD

UDK 661.717.53:543.544.3:66.04:641

Hem. Ind. 70 (1) 31-36 (2016)

doi: 10.2298/HEMIND141215009D

za konzumaciju.
Kljucne reci: akrilamid, termicki tretman, hrana, GC-NPD.

Dostupno na Internetu sa adrese asopisa: http://www.ache.org.rs/HI/

Termicki tretman predstavlja najuobicajeniji nacin
obrade namirnica radi duzeg ¢uvanja namirnica i pre-
tvaranja u jestivi oblik. Pored pozitivnih efekata termic-
kog tretmana dolazi i do nepozeljnih interakcija nutri-
menata pri éemu mogu nastati i toksi¢na jedinjenja u
koje spada i akrilamid.

Akrilamid (CH,=CH-CONH,, 2-propenamid), jedinje-
nje sa molekulskom masom 71,02, stabilan na sobnoj
temperaturi, svrstan je od strane medunarodne Agen-
cije za istraZivanje kancera (eng. International Agency
for Research on Cancer, IRAC) u grupu 2A — verovatno
kancerogen za ljude. Akrilamid je privukao veliku
paznju posle objavljivanja od strane Svedskih institucija
za bezbednost namirnica i Univerziteta u Stokholmu da
je njegovo prisustvo utvrdeno u Sirokom spektru ter-
micki tretiranih namirnica [1,2]. Danas je pokrenuto
nekoliko naucnih inicijativa da bi se u potpunosti ra-
zumjela njegova hemija i toksikologija, fokusirajuéi se
prvenstveno na njegove mehanizme formiranja i mo-

Prepiska: V.M. Delevi¢, Institut za javno zdravlje, DZzona DZeksona
b.b., 20000 Podgorica, Crna Gora.

E-posta: delevic@t-com.me

Rad primljen: 15. decembar, 2014

Rad prihvaéen: 27. januar, 2015

guce posledice po ljude. Ispitivanja na Zivotinjama su
pokazala da visoke doze akrilamida (>203 pg/kg) imaju
nepozeljne efekte na razvojne funkcije u neonatalnom
periodu kod glodara. Kod glodara je primecéena nervna
degeneracija, zatim nedostatak intestinalnih enzima,
kao i abnormalna spermatogeneza, itd. S druge strane,
epidemioloske studije za razli¢ite vrste raka nijesu po-
kazale vezu izmedu ishranom unesenog akrilamida i po-
jave kancera [3,4]. Medutim, doslo se do zakljucka da
standardne epidemioloSke studije imaju nisku statis-
ticku validnost kako bi se utvrdila povezanost pojave
raka sa izloZzenos¢u akrilamidu [5]. Imajuci ovo u vidu
zajednicka struéna komisija FAO/WHO za aditive (eng.
Joint FAO/WHO Expert Committee on Food Additives,
JECFA) istakla je vainost dobijanja Sto vise validnih
podataka o sadrzaju akrilamida u namirnicama koje se
konzumiraju u zemljama u razvoju kao vredan instru-
ment u obavljanju procene unosa akrilamida, u cilju
redukovanja unosa akrilamida u opstoj populaciji [6].

Nasa tradicionalna ishrana bazirana je na namirni-
cama bogatim ugljenim hidratima (peceni i przeni
krompir, pekarski proizvodi i dr.), koje se podvrgavaju
termic¢kom tretmanu na visokim temperaturama. Ova-
kav nacin ishrane mozZe predstavljati rizik u smislu
unosa vecih koli¢ina akrilamida [6].
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Cilj ovog istrazivanja je da utvrdi uticaj termickog
tretmana na stvaranje akrilamida u izabranim uzorcima
krompira koji su pripremljeni termic¢kim tretmanom:
kuvanjem, pecenjem i przenjem primenom novoraz-
vijene metode gasne hromatografije sa azot—fosfornim
detektorom (eng. Gas Chromatography-Nitrogen Phos-
phorus Detector — GC-NPD).

U dostupnoj literaturi prikazane su analiticke me-
tode bazirane na HPLC ili GC za odredivanje akrilamida
u termicki tretiranim namirnicama, vodi, bioloskom
materijalu kao i u namirnicama koje nisu termicki tre-
tirane [7-9]. U preglednom radu [10] publikovanom
2012. godine navedene su do tada publikovane elek-
troforetske metode, zatim GC metode i HPLC metode
sa razli¢itim tipovima detekcije. U radu se navode i raz-
liciti postupci pripreme uzoraka kao Sto su ekstrakcija
sa n-propanolom [11], ekstrakcija sa n-heksanom i vo-
denim rastvorom natrijum-hlorida [12], ekstrakcija na
¢vrstoj fazi (eng. Solid Phase Exstaction — SPE) [13,14],
ekstrakcija sa metanolom, preciséavanje sa rastvorom
CAREZ | i Il [15], itd. Uzorci u kojima je odredivan sadr-
Zaj akrilamida bile su razli¢ito termicki tretirane namir-
nice, Cipsevi, pomfrit, kafa i surogati kafe, kao i druge.
Analizom do sada publikovanih radova zakljuc¢eno je da
se za detekciju akrilamida zahtevaju veoma skupi i slo-
Zeni detektori pri ¢emu se najcesée zahteva spregnuta
masena detekcija. Kako ove metode nisu ekonomski
opravdane zbog visoke cene instrumenata javila se po-
treba da se razvije pouzdana, osetljiva, brza i ekono-
mi¢na metoda koja moze da zameni masenu spektro-
metriju. Pored toga, poZeljno je da priprema uzorka kao
nephodan korak pre svake instrumentalne metode,
bude tako razvijena da se uz minimalan utrosak resursa
i vremena dobije uzorak odgovarajuce Cistoce.

U ovom istrazivanju prikazana je primena GC
metode sa NPD detektorom u odredivanju sadrzaja
akrilamida. Kako do sada ima mali broj publikovanih
radova [16] u kojima je opisana primena GC-NPD
metode za odredivanje akrilamida u termicki tretiranim
uzorcima krompira, zaklju¢eno je da ée se ovim istra-
Zivanjem dati znacajan naucni doprinos u analitici akril-
amida. PredloZzenu metodu karakteriSe jednostavnost
pripreme uzorka i izvodenja hromatografske analize uz
zadrzavanje odgovarajucih karakteristika u pogledu
osetljivosti i tacnosti.

EKSPERIMENTALNI DEO

Aparatura i reagensi

Za odredivanje sadrzaja akrilamida koris¢en je gasni
hromatograf Agilent 6890A opremljen sa azot—fosfor-
nim detektorom i kapilarnom kolonom DB-WAX (0,32
mm i.d.x30 mx0,25 um debljina filma, J&W Scientific,
Folsom, CA, USA). Obrada podataka i kontrola GC sis-
tema vrsena je pomocu softvera Agilent Technologies
6890N Gas Chromatography chemstation softver (Hew-
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lett-Packard, Palo Alto, CA, USA). Kao standard koriséen
je rastvor akrilamida (Cistoéa > 99,8%) proizvodaca
Sigma-Aldrich (St. Louis , MO, USA). Organski rastvaraci
(etil-acetat, metanol, aceton i metilen-hlorid) takode su
od proizvodaca Sigma-Aldrich (St. Louis, MO, USA).

Priprema rastvora

Osnovni rastvor standarda akrilamida koncentracije
1 mg/mL (1000 mg/dm?®) pripremljen je rastvaranjem u
etil-acetatu.

Radni rastvor pripremljen je rastvaranjem osnovnog
rastvora standarda u opsegu koncentracija od 0 do 10
mg/dm’ u etil-acetatu. Svi rastvori standarda ¢uvani su
na temperaturi od 4 °C do ispitivanja, a pre ispitivanja
temperirani su do sobne temperature.

Priprema uzoraka

Po Sest uzoraka krompira pripremljeni su za konzu-
miranje primenom tri razli¢ita termicka tretmana:

— Kuvanjem u vodi na temperaturi do 110 °C u tra-
janjuod 5, 10 i 15 min.

— Pecenjem u rerni na temperaturi od 200 °C u tra-
janjuod 5, 10 15 min.

— Przenjem u fritezi na temperaturi ulja od 250 °C u
trajanju od 5, 10i 15 min.

Postupak pripreme uzoraka

Izmeri se 20 g dobro homogenizovanog uzorka i
ostavi da bubri upijaju¢i 200 mL dejonizovane vode
(7041 °C) u trajanju od 60 min. Smesa se ponovo homo-
genizuje i dobijeni supernatant odvoji i profiltrira kroz
stakleni filter pora 0,45 um (Witeg Labortechnik GmbH,
Germany). Dobijeni filtrat zasiti se kristalnim NaCl i u
smesu doda 100 mL etil-acetata. Nastala suspenzija se
mesa 1 sat. Dobijeni rastvor prenese se u levak za odva-
janje zapremine od 500 mL i izdvoji se etil-acetatni sloj.
Zaostala voda odvoji se filtriranjem kroz filter papir sa
anhidrovanim natrijum-sulfatom. Filtrat se upari na
zapreminu manju od 10 mL zagrevanjem na 60 °C
pomocu rotacionog vakuum uparivaca (Rotavapor R-
124; Buchi, Swicerland), i dopuni do 10 mL etil-ace-
tatom. Jedan mikrolitar finalnog ekstrakta se injektuje u
prethodno pripremljen hromatografski sistem.

Postupak GC-NPD analize

Nakon stabilizovanja GC-NPD sistema uradi se kali-
bracija. Svi potrebni parametri (vremenske funkcije,
izbor metode izraCunavanja, atenuacije i dr.) unesu se
softverskom metodom koja omogucéava pracenje raz-
dvajanja akrilamida. Hromatografski uslovi su navedeni
u tabeli 1.

Statisticka analiza

Za statisticku obradu podataka koriSceni su pro-
grami Microsoft Office Excel i Statistica. Primenjene su
regresiona i korelaciona analiza.
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Tabela 1. Hromatografski uslovi
Table 1. Chromatographic conditions

Mobilna faza He, 99,999% (27 ml/min)
50-180 °C (20 °C /min); 8 min
250 °C, splitless mode

Temperatura detektora 280 °C

Temperaturni program
Temperatura injektora

REZULTATI | DISKUSIJA

Za odredivanje sadrzaja akrilamida u termicki treti-
ranim uzorcima primenjena je GC-NPD metoda. Kao Sto
je navedeno u uvodu, cilj je bio da se razvije metoda
koja ¢e biti brza i ekonomic¢nija od uobicajenih metoda
koje podrazumevaju masenu detekciju a da se sa druge
strane zadrZi odgovarajuca osetljivost metode. Stoga,
preliminarna faza istraZivanja je podrazumevala pode-
Savanje optimalnih uslova GC-NPD metode a nakon tog
procesa, dalje je vrSena validacija metode.

Validacija metode

Pod optimalnim hromatografskim uslovima injek-
tovan je rastvor standarda akrilamida i rastvor uzorka
krompira. Dobijeni hromatogrami prikazani su na slici 1
i pokazuju da nema interferencija uzorka sa pikom
akrilamida.

Dalje, uradena je verifikacija vrednosti LOD i LOQ.
Za verifikaciju LOD i LOQ pripremljen je radni standard
(vestacki uzorak) koji sadrzi 0,2 mg/kg akrilamida. Do-
bijeni rezultati prikazani su u Tabeli 2.

Tabela 2. Verifikacija granice detekcije i granice kvantifikacije;
radni rastvor akrilamida koncentracije 0,2 mg/kg

Table 2. Verification of limits of detection and limit of
quantification

Parametar Vrednost

Koncentracija, mg/kg 0,20
0,18
0,23
0,22
0,19
0,20
Xsr 0,203
RSD 0,018

Vrednosti LOD i LOQ izra¢unate su primenom for-
mula (1) i (2):

LOD = Xsr + 35D = 0,203 mg/kg + 3x0,018 mg/kg =
= 0,26 mg/kg (1)

LOQ = Xsr + 10SD = 0,203 mg/kg + 10x0,018 mg/kg =
= 0,40 mg/kg (2)

U narednoj fazi uradena je procena linearnosti
metode. Zavisnost povrSine hromatografskog pika i
koncentracije akrilamida ispitana je regresionom anali-
zom i dobijena je linearna kalibraciona kriva sa koefi-
cjentom determinacije R> > 0,99. Kalibracija je vriena u
opsegu koncentracija 0-10 mg/kg (0, 1, 2, 5i 10 mg/kg)
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Slika 1. Hromatogram standarda akrilamida 10 mg/dm3 (1) i hromatogram akrilamida 1,4 mg/dm3 detektovan u uzorku krompira.
Figure 1. The chromatogram standard acrylamide 10 mg / dm’ (1) and a chromatogram of acrylamide 1,4 mg/dm3 is detected in a

sample of potatoes.
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i dobijena je jednacina prave: y= 0,801x + 0,45. Na slici
2 prikazana je dobijena kalibraciona kriva.

Tacnost metode procenjena je na taj nacin Sto je
uzorak krompira koji je sadriao 1,4 mg/kg akrilamida
optereéen sa po 1,0; 2,0 i 5,0 mg/kg akrilamida i dobi-
jene vrednosti su prikazane u tabeli 3. Vrednosti dobi-
jene iz Sest paralelno uradenih ekstrakcije kvantitativno
su obradene GC-NPD postupkom.

Tabela 3. Recovery vrednost za akrilamid u opterecenim
uzorcima krompira
Table 3. Recovery value for acrylamide spiked in potato

Pocetna Dodata Dobijena  Ocekivana

konc. AA  kolicna AA  konc. AA konc. AA Tac;ost
mg/kg mg/kg mg/kg mg/kg i
1,40 1,0 2,64 2,40 110,0
1,33 2,58 2,33 110,7
1,45 2,68 2,45 109,3
1,37 2,60 2,37 109,7
1,39 2,50 2,39 110,8
1,44 2,68 2,44 109,8
Csr=1,40 110,0
1,40 2,0 3,48 3,40 102,3
1,33 3,39 3,33 101,8
1,45 3,54 3,45 102,6
1,37 3,42 3,37 101,5
1,9 3,47 3,39 102,3
1,44 3,53 3,44 102,6
Csr=1,40 102,2
1,40 5,0 6,55 6,40 102,3
1,33 6,45 6,33 101,8
1,45 6,61 6,45 102,4
1,37 6,52 6,37 102,3
1,39 6,50 6,39 101,7
1,44 6,55 6,44 101,7
Csr=1,40 102,0

Vrednosti za Recovery dobijene za tri nivoa koncen-
tracija potvrduju da je metoda tacna.

Dobijeni rezultati za ispitane parametre validacije
potvrduju pouzdanost metode pa je validirana GC-NPD
metoda primenjena za odredivanja sadrzaja akrilamida
u krompiru nakon kuvanja, pecenja i przenja na razli-
¢itim temperaturama i vremenskim intervalima. U ta-
beli 4 prikazani su dobijeni rezultati.

Visoka temperatura i duZe vreme przenja pogoduju
sintezi vece kolicine akrilamida.

Generalno, na temperaturi od 250 °C za 5 min pri
pripremanju pomfrita dolazi do sinteze akrilamida u
koncentraciji od 1,6 mg/kg dok se za 15 min zagrevanja
na istoj temperaturi sintetiSe akrilamid u koncentraciji
od od 2,7 mg/kg. Smanjenjem temperature prienja sa
250 na 180-200 °C smanjen je sadrzaj akrilamida ali
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pomfrit je bio manje hrskav i mnogo manje privlac¢an za
konzumaciju. U ovom radu uzorci krompira nakon ter-
mickih tretmana su pripremani te¢no—-tecnom ekstrak-
cijom, i dobijene su zadovoljavajuée Recovery vrednosti
[17-19]. Akrilamid je identifikovan na osnovu retencio-
nog vremena (9,68 min), ¢ime je postignuta neophodna
specificnost metode, a linearnost je dobijena u opsegu
0,25-10 mg/kg. Pri hromatografskoj analizi uzoraka
krompira pripremljenih procedurom ekstrakcije nave-
denom u ovom radu nije primeéeno prisustvo dodatnih
pikova koji bi mogli da poti¢u od interferirajucih sup-
stancija, Sto ukazuje na selektivnost primenjenog pos-
tupka. Osnovne prednosti predlozene metode, u od-
nosu na metode opisane u literaturi, su jednostavnost
pripreme uzoraka i izvodenja hromatografske proce-
dure i ekonomicnost. PredloZzena metoda, takode, ima
zadovoljavajuce karakteristike u pogledu osetljivosti i
tacnosti. Do sada sadrzaj akrilamida u namirnicama po
nasim zakonskim propisima nije limitiran niti je limitiran
u Evropskoj uniji. Evropska komisija je izdala preporuku
broj 2007/331/ES kojom podsti¢u drzave c¢lanice da
prate sadrzaj akrilamida u hrani kako bi se dobilo Sto
viSe relevantnih podataka za procenu rizika unosa akril-
amida putem namirnicama.

8.0

6.0 v=0.801x+0.45.

4.0
2.0

0.0

Odnospovrsina (response)

012 3 45¢6 7 8 910
Koncentracija akrilamidamg/kg

Slika 2. Standardna kriva za akrilamid u opsegu koncentracija
od 0 do 10 mg/kg

Figure 2. Standard curve for the acrylamide concentration in
the range 0 to 10 mg/kg

Tabela 4. SadrZaj akrilamida u krompiru nakon termickog
tretmana

Table 4. The content of acrylamide in potato after thermal
treatment

Termicki tretman, min

Tretman

5 10 15
Kuvanje u vodi na 110 °C <LOD <LOD <LOD
Pecenje u rerni na 200 °C 0,6 1,4 1,9
Przenje u ulju na 250 °C 1,6 2,4 2,7
ZAKLJUCAK

U ovom radu predloZena je GC-NPD metoda za
odredivanje sadrzaja akrilamida u termicki tretiranim
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uzorcima krompira. Opisana metoda je tacna, jedno-
stavna i ekonomicna, pa je zbog toga veoma pogodna
za prakti¢nu primenu. Pored toga, predstavlja i zna-
¢ajan naucni doprinos analitici akrilamida jer je do sada
publikovan veoma mali broj radova u kojima je opisana
primena NPD detektora za odredivanje akrilamida. Na
kraju, na osnovu analize rezultata uzoraka moze se
zakljuciti da je pozeljno razviti postupak za dobijanje
pomfrita sa niskim ili ¢ak bez sadrzaja akrilamida sa
teksturom privlacnom za konzumaciju.
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SUMMARY

THE EFFECT OF HEAT TREATMENTS ON THE SYNTHESIS OF ACRYLAMIDE AND ITS QUANTIFICATION BY GAS

CHROMATOGRAPHY WITH A NITROGEN-PHOSPHORUS DETETECTOR

Veselin M. Delevi¢', Refik M. Zejnilovi¢’, Biljana S. Jan¢ié-Stojanovi¢®, Milica D. Zrni¢ Ciri¢®, Brizita |. Dordevic®,

lvan M. Stankovi¢*

!Institute of Public Health, Podgorica, Montenegro
zFacuIty of Pharmacy, Podgorica, Montenegro

3Department of of Drug Analysis, Faculty of Pharmacy, University of Belgrade, Belgrade, Serbia
*Department of Bromatology, Faculty of Pharmacy, University of Belgrade, Belgrade, Serbia

(Scientific paper)

In this paper, the influence of thermal treatment (cooking, baking and frying)
on the content of acrylamide in potato was followed by gas chromatography with
nitrogen—phosphorus detector (GC-NPD). Sample preparation was performed in
the conventional manner, applying heat treatment as follows: in boiling water at
110 °C for 30 min, by baking in an oven for 30 minu at 220 °C, and frying in oil for
15 min at 250 °C. Quantification of acrylamide is preceded by homogenization of
the sample, extraction, and evaporation of the extract. The calibration is per-
formed in the concentration range 0-10 mg/kg and obtained value for R* was
higher than 0.99. Limit of detection and limit of quantification were determined
and obtained values were 0.26 and 0.41 mg/kg, respectively. Recovery values
were ranged from 102 to 110% and confirmed that metod is accurate. The pro-
posed GC-NPD method is simple, reliable and accurate for determination of the
content of acrylamide in food samples. Obtained results show that the content of
acrylamide in potato prepared by heat-cooking was below LOD, while for samples
treated by baking or frying were in range from 0.6 to 2.7 mg/kg. By comparing the
content of acrylamide in potato we concluded that heat treatment has a major
impact on the synthesis of acrylamide and it would be desirable to develop a pro-
cess for the preparation of French fries and potato chips with low or no acryl-
amide content with textured attractive for consumation.
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The quality analyses of olive cake fuel pellets — Mathematical approach
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Abstract

This article investigates the effect of processing parameters (conditioning temperature and
binder content), on final quality of produced agro-pellets for heat energy generation,
obtained from four different olive cultivars using different technological parameters. Tech-
nological, physical and chemical properties of pellets (carbon, hydrogen, nitrogen and
sulphur content, particle density, abrasion length, moisture, ash content, higher and lower
heating values, fixed carbon and volatile matter content) have been determined to assess
their quality. The performance of Artificial Neural Network (ANN) was compared with the
performance of second order polynomial (SOP) model, as well as with the obtained experi-
mental data in order to develop rapid and accurate mathematical model for prediction of
final quality parameters of agro-pellets. SOP model showed high coefficients of determin-
ation (r?), between 0.692 and 0.955, while ANN model showed high prediction accuracy
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with r* between 0.544 and 0.994.

Keywords: olive cake, olive cultivar, agro-pellets, pelleting, mathematical model.
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Due to global reduction in fossil energy sources,
investigations have turned to renewable sources.
Among renewable energy sources, biomass particularly
stands out because it can be used to cover a variety of
energy needs and it can also be stored, unlike other
renewable energy sources [1]. The use of biomass as an
energy source also enables closing of the carbon cycle,
which is not the case when fossil fuels are used [2].

Widely available biomass is agricultural waste. In
order to meet the world’s trends in waste utilization
and valorisation, olive oil mill waste, i.e., olive cake, has
been used in this research as an potential energy
source (prepared as agro-pellets). Due to the initiatives
and stimulants from the Croatian government the olive
oil production has been increasing in the last ten years.
Therefore, the quantities of olive cake have also risen.
Croatia currently produces about 38,000 t of olives per
year, with the average yield of 2.2 t/ha which results
with approximately 16,000 t of fresh olive cake [3].
That is a large quantity considering the narrow coastal
area of Croatia where olives are grown. This kind of
waste has a negative influence on the environment due
to its chemical composition and therefore cannot be
disposed to the conventional landfill. One of the sol-
utions for olive cake disposal is production of fuel pel-
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lets. Pelletized material is much easier to manipulate
and store, moreover it has higher density and better
heating value/volume ratio [4].

Results of quality analyses of olive cake pellets
obtained in a previous investigation were used in this
paper [5]. Improved mathematical approach of the
previously obtained results was applied in order to
more accurately analyse the quality of the produced
agro fuel pellets in order to optimize the pelleting pro-
cess. The goal is to obtain high quality fuel pellets
which are in line with European standards for fuel pel-
lets and are produced with no unnecessary costs.

Response surface methodology (RSM) is used as an
effective tool for optimizing a variety of processes [6—
—8]. The main advantage of RSM is reduced number of
experimental runs that provide sufficient information
for statistically valid results. The RSM equations des-
cribe effects of the test variables on the observed res-
ponses, determine test variables interrelationships and
represent the combined effect of all test variables in
the observed responses, enabling the experimenter to
make efficient exploration of the process.

Nonlinear models are found to be more suitable for
real process simulation. Response Surface Methodo-
logy (RSM) and Artificial Neural Network (ANN) models
have gained momentum for modelling and control of
processes [9,10].

ANN models are recognized as a good modelling
tool since they provide the empirical solution to the
problems from a set of experimental data, and are
capable of handling complex systems with nonlinear-
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ities and interactions between decision variables [11].
The specific objective of this study was to investigate
the effect of olive cultivar, conditioning temperature
and binder content on technological, physical and che-
mical properties of pellets (carbon, hydrogen, nitrogen
and sulphur content, particle density, abrasion length,
moisture, ash content, higher and lower heating values,
fixed carbon and volatile matter content). The perfor-
mance of ANN was compared with SOPs, as well as to
experimental data in order to develop rapid and accur-
ate prediction models.

The current study intends to investigate the effects
of conditioning temperature and added binder content
on the final quality of agro-pellets produced from four
different olive cultivars using different technological
treatments. Also, this investigation is focused on find-
ing the appropriate mathematical models for carbon,
hydrogen, nitrogen and sulphur content, particle den-
sity, abrasion and length, and also moisture and ash
content, higher and lower heating value (HHV and
LHV), fixed carbon and volatile matter content, regard-
ing observed process parameters: conditioning treat-
ment and added binder content.

MATERIALS AND METHODS

Raw-material

Pellets from four different olive cake cultivars were
used in this research; Istarska Bjelica, Buza, Leccino and
Pendolino. Olive cake was obtained from an olive oil
mill in Istria, Croatia. Parameters which were varied
during preparation of olive cake for pelleting were
steam conditioning treatment (unconditioned and con-
ditioned at 50 and 80 °C) and amount of added binder
(no binder and 1 and 2% of added binder). The treat-
ments resulted in nine combinations for each of four
cultivars used, making a total of 36 combinations for
pelleting, which are presented in Table 1. Detailed
description of the preparation of the material and the
process of pelleting of the olive cake is given in a pre-
vious paper [5].

Table 1. Experimental design for each olive cultivar

Conditioning Binder

No binder
1% binder
2% binder
No binder
1% binder
2% binder
No binder
1% binder
2% binder

Design No.

No conditioning

Conditioned at 50 °C

Conditioned at 80 °C

O 00 N O U A W N -
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Analyses of the pellets

Proximate analyse that were done on the samples
were: moisture content [12], ash content [13], fixed
carbon (calculated by difference between 100 and the
sum of volatile matter, ash and moisture) and volatile
mater [14]. Samples were analysed for ultimate com-
position: content of C, H, N [15] and S [16], HHV and
LHV [17].

Physical characteristics determined in this study
were abrasion, density and length of pellets. Abrasion
was determined with abrasion test device “Pfost”
(Buhler, Switzerland). Density was analysed using the
hydrostatic method on the analytical balance, with etha-
nol as a medium for wetting. Length of the pellets was
measured by calliper. Detailed description of the per-
formed measurements is given in our previous work [5].

Mathematical modelling

Descriptive statistical analyses for all the obtained
results have been expressed as the mean * standard
deviation (SD). Furthermore, the evaluation of one-way
ANOVA and PCA analyses of the obtained results has
been performed using StatSoft Statistica 10.0® soft-
ware. Collected data have been subjected to one-way
analysis of variance (ANOVA) for the comparison of
means, and significant differences are calculated
according to post-hoc Tukey’s HSD (“honestly signific-
ant differences”) test at p < 0.05 significant level, 95%
confidence limit. All data are reported as means *
standard deviations.

Response surface methodology

The experimental data used for the study of experi-
mental results were obtained using a 4x3? full factorial
experimental design (3 levels—2 parameters), with 9
runs (4 blocks, for each of four different cultivars),
according to Response surface methodology [18]. It
was used to design the final product quality, consider-
ing two factors: conditioning temperature and added
binder content.

The following second order polynomial (SOP) model
was fitted to the experimental data. Thirteen models of
the following form were developed to relate thirteen
responses (Y) and two process variables (X), for each of
four different olive cultivars:

2 2
I_ pl I I w2, pl
Ye = Bro "'Z,Bkixi +Zﬁkﬁxi + B2 X1 Xz,
i=1 i=1
ke [1,13], 1€ [1,4] (1)

where: Bl,, Bli, Bii. Bi, are constant regression
coefficients; Yk’, either C, H, N or S content, particle
density, abrasion and length, moisture and ash content,
HHV, LHV, fixed carbon or volatile matter content; X; —
conditioning temperature; X, — binder content.



T.I. BRLEK et al.: MATHEMATICAL QUALITY ANALYSES OF OLIVE CAKE FUEL PELLETS

Hem. ind. 70 (1) 37-48 (2016)

Artificial neural network (ANN)

The database for ANN was randomly divided to:
training data (60%), cross-validation (20%) and testing
data (20%). The cross-validation data set was used to
test the performance of the network, while training
was in progress as an indicator of the level of gener-
alization and the time at which the network has begun
to over-train. Testing data set was used to examine the
network generalization capability. To improve the
behaviour of the ANN, both input and output data
were normalized. In order to obtain good network
behaviour, it is necessary to make a trial and error
procedure and also to choose the number of hidden
layers, and the number of neurons in hidden layer(s). A
multi-layer perceptron models (MLP) consisted of three
layers (input, hidden and output). Such a model has
been proven as a quite capable of approximating non-
linear functions [19] giving the reason for choosing it in
this study. In this work the number of hidden neurons
for optimal network was ten. Broyden—Fletcher—Gold-
farb—Shanno (BFGS) algorithm was used for ANN mod-
elling.

After defining the architecture of ANN, the training
step was initiated. The training process was repeated
several times in order to get the best performance of
the ANN, due to a high degree of variability of para-
meters. It was accepted that the successful training was
achieved when learning and cross-validation curves
approached zero. Testing was carried out with the best
weights stored during the training step. Coefficient of
determination (r’) and sum of squares (SOS) were used
as parameters to check the performance (i.e., the
accuracy) of the obtained ANNs. After the best behaved
ANN was chosen, the model was implemented using an
algebraic system of equations to predict carbon, hydro-
gen, nitrogen and sulphur content, particle density,
abrasion and length, and also moisture and ash con-
tent, higher and lower heating value (HHV and LHV),
fixed carbon and volatile matter content.

Sensitivity analysis

Sensitivity analysis is a sophisticated technique
which is necessary to use for studying the effects of
observed input variables and also the uncertainties in
obtained models and general network behaviour.
Neural networks were tested using sensitivity analysis,
to determine whether and under what circumstances
obtained models might result in an ill-conditioned sys-
tem [20]. On the basis of developed ANN models, sen-
sitivity analysis was performed in order to more pre-
cisely define the influence of processing variables on
the observed outputs. The infinitesimal amount
(+0.0001%) has been added to each input variable, in
10 equally spaced individual points encompassed by
the minimum and maximum of the train data. These
signals were normally distributed with a constant inten-

sity and frequency. It was used to test the model sen-
sitivity and measurement errors.

Normal standard score

Normal scores have been calculated for each assay,
and were used for complex comparison of observed
samples, regarding their technological, physical and
chemical properties. The ranking procedure between
different samples has been performed based upon the
ratio of raw data and extreme values for each applied
assay [5,21,22], according to these equations:

maxx; — X;
_t Vi
max.x; —minx;

i i

X =1-

in case of “the higher, the better” criteria, or

maxx; — X;
X=— e, Vi
maxx; —minx;
I 1

in case of “the lower, the better” criteria, where x;
represents the raw data.

Unlike others variables, normalized scores for mois-
ture and length have been evaluated according to
optimal values, using trapezoidal function, as follows:

X—a

as<x<m,

m-—a

A(x,a,m,n,b)= m<x<n, 1 (2)
X—n

n<x<b, 1-
b—n

where x is whether moisture and length parameter,
and the values of a, b, m and n are function para-
meters. Interval [a,b) represents the range in which
measured values occur in the experiment (minimum
and maximum values), while range [m,n) is the pro-
posed optimal values range for response variables,
chosen for technological reasons. An optimization with
procedure was performed using MicroSoft Excel 2007
to determine the workable optimum conditions for
agro-pellets production.

RESULTS AND DISCUSSION

The agro-pellets production was studied in terms of
common technological, physical and chemical para-
meters, i.e., C, H, N and S content, particle density,
abrasion and length, moisture and ash content, HHV,
LHV, fixed carbon and volatile matter content.

Each of the process variables has been coded, as
shown in Table 2, and these codes are used for easier
representation of experimental data.
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Table 2. Codes

Code
Cultivar name
Temperature, °C

Binder content, %

1 2 3
Istarska Bjelica Buza

0 50 80

0 1 2

4

Leccino Pendolino

Response surface methodology

Ultimate analysis

Chemical characteristics (C, H, N and S content) of
four different cultivars (Bjelica, Buza, Leccino and Pen-
dolino) of olive cake are presented in Table 3. Tukey's
HSD test showed significant differences for most cases.

The analysis of variance (ANOVA) exhibits the sig-
nificant independent variables as well as interactions of

Table 3. Ultimate analysis and physical properties of oil cake; the results are presented as mean+SD; different letter within the same
row indicate significant differences (p < 0.05), according to Tukey’s test. Polarity: + = the higher the better criteria, — = the lower the
better criteria, C — cultivar type, T — temperature, B — binder content code

Run C T B Ultimate analysis (Content, %) Physical properties
No. °C % C H N S Particle density ~ Abrasion Length
g/cm3 mm

1 1 1 1 54370.16™ 7.41+0.05"° 0.69£0.01°  0.07+0.00°  1.24+0.00°"* 15.92+0.01* 11.24+0.04'
2 1 1 2 54.62+0.08™ 7.33:0.06"° 0.69:0.00°°  0.07+0.00°  1.23+0.01°°®" 15.92:+0.04 11.16+0.06'
3 1 1 3  53.53:042° 7.37:0.05°° 0.70£0.00*"  0.07:0.00°° 1.26:0.01™° 10.37+0.05" 9.98+0.07°
4 1 2 1 54.63:0.18™ 7.3410.02° 0.70:0.00°°  0.07£0.00°  1.25:0.01°®"™ 9.47:0.05% 12.27:0.04"
5 1 2 2 54.52£0.27™° 7.28:0.02* 0.71x0.01°°°  0.07:0.00°® 1.26:0.015"M™ 9.22+0.02° 12.71+0.04™
6 1 2 3 5370025  7.26:0.03° 0.72+0.01°  0.07:0.00°® 1.274+0.01™" 8.97+0.02° 11.84+0.06°
7 1 3 1 5467t0.24™ 7.43+0.06™° 0.69:0.00°° 0.07:0.00°®  1.20+0.00®  5.33+0.02" 12.42+0.11%
8 1 3 2 5431:0.35™ 7.39:0.06" 0.70£0.00™°  0.07+0.00°  1.22:0.01*  5.37:0.01%" 13.17+0.11°
9 1 3 3 5361:0.11° 7.35:0.06° 0.72+¢0.00°  0.07+0.00°  1.23+0.01*®" 525:0.03®" 12.63:0.07™
10 2 1 1 56.60£0.47M™ 8.07:0.03“™ 1.03+0.00™ 0.08£0.00™°"% 1.25:0.01™°"% 15.22+0.09" 7.18+0.01°
1 2 1 2 57.06:0.02™ 8.09+0.01“™ 1.06:0.01%  0.08£0.00"  1.27+0.01""" 14.20+0.12°  6.43+0.02°
12 2 1 3 56.832041™™ 816£0.04™ 1.07+0.00"  0.08:0.00"  1.29+0.01%°  13.90:0.10" 6.45:+0.04°
13 2 2 1 56.72¢0.38"™ 8.18+0.03" 1.04:0.01%"  0.08+0.00°  1.26+0.01™™°  7.97+0.04" 13.11+0.11°
14 2 2 2 57.68£0.27™ 8.19+0.07™ 1.06+0.01™ 0.08:0.00™  1.28+0.00°°"  7.14+0.04™ 13.08+0.10°°
15 2 2 3 57.38:0.31"™ 8.21+0.03™ 1.06:0.00™" 0.08+0.005""  1.30:0.01"  6.89+0.04' 12.48+0.06"
16 2 3 1 56.85:0.13*" 819+0.07™ 1.07:0.00™"  0.08+0.00° 1.21+0.01°  6.71#0.05° 12.58+0.06"
17 2 3 2 57.08:0.44™™ 8.15:0.07™° 1.07+0.01%  0.08:0.00°°"  1.23+0.00°*  5.47:0.03' 12.29:0.02"
18 2 3 3 57.29+0.18"™ 8.08+0.05"™ 1.06+0.01°™® 0.08+0.00""" 1.25:0.01F"M™ 451+0.04° 12.66+0.11"
19 3 1 1 56.36:0.13°" 7.63:0.02°® 1.06+0.00™  0.08+0.00" 1.26+0.00"™™° 11.26+0.06' 7.24+0.06°
20 3 1 2 5587:0.20™%" 7.63:0.04°® 1.02:¢0.01%" 0.08:0.00%" 1.25:0.01""™™ 11.16:0.05' 8.03+0.04°
21 3 1 3 55.81:0.25¥" 7.72:0.08"" 1.04:0.005"*  0.08£0.00°  1.29:0.01°"  10.42+0.09° 8.20:0.06°
22 3 2 1 56.40£0.31"™ 7.50£0.06°" 1.05:0.00M™ 0.08:0.008"  1.27:0.01"°""  5.57:0.02' 12.35:0.06"
23 3 2 2 55.90:0.06°® 7.69:+0.01°® 1.01:+0.000  0.08:0.00%" 1.27+0.01™  562+0.04' 12.98+0.10°
24 3 2 3 56.06:0.28°%  7.84+0.04" 1.03:0.015"*  0.08+0.00°" 1.30£0.01°  4.93+0.01° 12.54%0.03"
25 3 3 1 55.44+0.02°%® 7.70+0.04%" 1.05:0.0™ 0.08+0.00™" 1.23+0.01%"™" 5.28+0.03¢" 12.74+0.08™
26 3 3 2 54.87:0.39"%" 7.95:0.04% 1.02:0.01%" 0.08:0.00"™  1.22+0.00"*  5.13:0.03" 12.42:+0.05"™
27 3 3 3 5541:0.59"% 8.20:0.04™ 1.06:0.00"°  0.09+0.00° 1.2630.01™""  4.2410.01° 12.74+0.04™
280 4 1 1 54.26£0.49™ 7.37:0.04°° 0.89£0.00°  0.07+0.00°  1.23#0.01°%®  13.47:0.13" 7.13:0.01°
29 4 1 2 5577:0.16%%" 7.68:0.068" 1.02+0.00%  0.08+0.00%"  1.23+0.01%%" 12.79:0.06"  7.4810.04°
30 4 1 3 56.12:0.37%%" 7.74+0.03%" 1.04:0.015"* 0.08+0.00°" 1.26+0.01™"" 9.40+0.04"°  8.15+0.03°
31 4 2 1 56.06£0.26""% 7.53+0.03%" 1.05:0.01"™ 0.08:0.00" 1.26+0.01™°" 5.20+0.00" 12.04+0.01°
32 4 2 2 5594:0.38"%" 763:0.01% 1.01:0.00%" 0.08:0.00°®  1.24+0.01°®"*  515:0.04" 13.15+0.09°°
33 4 2 3 56.10:0.09% 7.84:0.04" 1.04+0.01"* 0.08:0.00"""  1.29:0.01°  4.49:0.01® 12.45:0.11%
3 4 3 1 555420.19°%" 7.72:0.05% 1.05:0.00M™ 0.08+0.00™° 1.23+0.01°%%  4.42+0.02% 12.76:0.06™
35 4 3 2 5537:0.08°° 8.02+0.07% 1.03x0.01%"  0.08:0.00" = 1.22:0.00°*"  3.68+0.02° 13.00%0.07"
36 4 3 3 5554025 8.22+0.02° 1.06:0.01™"  0.09:0.00° 1.26+0.01™"" 3.43+0.02° 13.17+0.05
Polarity + + - - + - Opt. <30 mm
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these variables. In this article, ANOVA was conducted
by StatSoft Statistica, ver. 10, to show the significant
effects of independent variables to the responses, and
to show which of responses were significantly affected
by the varying treatment combinations.

The analysis revealed that the linear terms contri-
buted substantially in all cases to generate a significant
SOP model. The SOP models for all variables were
found to be statistically significant and the response
surfaces were fitted to these models.

The most influential variable for SOP model calcul-
ation was found to be the type of olive cultivar. Non-
-linear terms of SOP models have been found most
influential for C and H content, while linear terms have
been most important for N and S content calculation.
The influences of temperature and binder content are
also observed, but far less important than the cultivar
type.

Nitrogen content is mostly affected by cultivar type,
but the effects of conditioning temperature and binder
content have also been observed. Sulphur content is
mostly affected by cultivar type, but the influence of
linear and quadratic terms of conditioning temperature
and binder content have been also noticed on p<0.05
statistically significant level.

Nitrogen and sulphur content should be especially
monitored while these elements can be the most harm-
ful for the environment due to emission of polluting
gasses during combustion. Therefore it is desirable that
their content is as low as possible. N content was in
range from 0.69 to 1.07 (Table 3), which is slightly
lower than in literature data [23] and the minimum
content has been observed in pellets produced from
Istarska Bjelica cultivar. According to European stan-
dards for fuel pellet quality the highest allowed concen-
tration of nitrogen is 1.0% [24], therefore it is evident
that these pellets are mostly in acceptable range. It is
known that wood, as a raw material for the production
of pellets, has a lower proportion of nitrogen than agri-
cultural biomass [25]. Johansson et al. [26] found only
0.08% of nitrogen in wood pellets. Coal on the other
hand has about 1% nitrogen [27], which is very similar
to the values obtained for olive cake pellets. Therefore
olive cake pellets will cause equal nitrogen oxides emis-
sions as coal.

Produced pellets contained approximately 0.07—
—0.08% of sulphur (Table 3), which is consistent with
data in the literature [23] and the highest allowed
content by EU standards is 0.04 [24]. Minimum sulphur
content has been observed in pellets made of Istarska
Bjelica cultivar. Produced pellets exceed the proscribed
boundaries, but according to [28], there are pellets that
are allowed 0.08% S. Very small amounts of S can be
found in wood and wood pellets [26,29], while on the
other hand coal has much higher contents of S: 2—3%

[27,30]. Therefore biomass produces significantly less
sulphur oxides during combustion.

Carbon content is affected by both quadratic and
linear term in SOP model (statistically significant at p <
< 0.05 level), while the influence of binder content has
been found to be insignificant. Besides cultivar type,
the most influential terms in SOP model of hydrogen
content are linear terms of conditioning temperature
and binder content (p < 0.05), and also the nonlinear
terms. As presented in Table 3, carbon content varied
in the range from 53.53 to 57.68% which is consistent
with the literature, while hydrogen was also in com-
mon values: 7.26-8.22 [3,23]. Slightly lower contents of
carbon and hydrogen have been noticed in pellets
made of Istarska Bjelica cultivar, compared to other
cultivars. Carbon and hydrogen are not limiting factors,
thus their amount is not proscribed by standards.
Moreover, it is desirable that material has higher con-
tent of C and H, while it contributes to higher heating
energy.

Physical properties

Physical properties (particle density, abrasion and
length) are also presented in Table 3. Statistically sig-
nificant differences have been found in most cases,
mostly influenced by process temperature (p < 0.05).
Binder content has been found as most influential vari-
able for particle density calculation, while both linear
and quadratic terms of conditioning temperature have
been found statistically significant at p < 0.05 level.
Cultivar type showed minor impact on particle density,
but still statistically significant. Particle density of all
samples was above 1.12 g/cm’ which is the value pro-
scribed by several EU standards [28]. The density of the
pellets treated with the same conditioning treatment
increased with the addition of binder, as shown in
Table 3. Both abrasion and length calculation are most
influenced by conditioning temperature, while cultivar
type terms have been found statistically significant.

Abrasion of the pellets varied from 3.43 to 15.92%.
The highest allowed level of abrasion in fuel pellets is
10.0% according to literature [28]; therefore most of
the produced pellets fall into this range. Conditioning
treatment and addition of binder decreases abrasion of
all samples, because conditioning increases moisture
content of the material as well as exposes it to elevated
temperatures which facilitate particle binding [32,33].

Proximate analysis

The results of proximate analysis (moisture and ash
content, HHV, LHV, fixed carbon and volatile matter
content) of oil cake is presented in Table 4, and the
ANOVA calculation of these parameters is presented in
Table 5. Statistically significant differences of samples
have been found in most cases, according to Tukey’s
HSD test, for various observed assays. Conditioning
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Table 4. Proximate analysis of oil cake; the results are presented as mean+SD; different letter within the same row indicate
significant differences (p < 0.05), according to Tukey’s test. Polarity: + = the higher the better criteria, — = the lower the better

criteria

RunNo.  Moisture, % Ash HHV / MJ kg™t LHV /M) kg Fixed carbon, % Volatile matter, %
1 7.18+0.01% 1.92+0.01%" 22.33+0.06° 20.84+0.22% 16.43£0.06%" 80.82+0.3¢"
2 7.0240.05° 1.9310.01" 22.41+0.08%° 20.86:0.14% 16.130.12% 80.65+0. 46°""
3 7.09£0.04" 1.95:0.015" 22.44+0.16™° 20.81+0.07%° 17.68+0.05™ 78.71+0.39°"
4 9.34+0.05" 1.94£0.01%" 22.41+0.11%° 20.88+0.13% 16.28+0.13%" 80.69+0.40°"
5 9.34+0.03' 1.92+0.01" 22.30£0.07°° 20.81+0.15% 15.90+0.05' 80.53+0.38""
6 9.31+0.09" 1.93+0.025" 22.39+0.15% 20.670.07%° 17.21+0.08' 79.48+0.53¢4¢fen
7 12.42+0.11' 1.90£0.00%" 22.36+0.21%" 20.72+0.06% 16.06+0.00 80.77+0.31°"
8 12.60£0.10' 1.90+0.01°" 22.41+0.04°° 20.85+0.06° 15.40£0.08° 81.43+0.71"
9 12.40£0.09' 1.89+0.01%" 22.4410.14° 20.750.08% 16.41+0.038" 80.14+0.40°¢""
10 6.15+0.03° 1.56+0.01° 22.62+0.14%° 20.92+0.03% 16.37+0.145" 80.55+0.21"
11 6.17+0.03° 1.56+0.00° 22.51+0.15%° 20.930.19%° 16.6520.13% 80.26+0.64%°"
12 6.16+0.02° 1.56+0.01° 22.49+0.10° 20.73+0.20%° 17.54+0.08™ 79.49+0.47°%
13 9.30£0.05' 1.56+0.01° 22.76+0.18%° 20.98+0.01%° 16.93+0.09" 79.35+0.20°¢E"
14 9.37+0.09" 1.55+0.01° 22.59:0.11%° 20.94+0.12% 16.87+0.03* 80.18+0.29°¢e"
15 9.30£0.02f 1.56+0.01° 22.57+0.17%° 20.81+0.08% 17.56£0.15"™ 78.85+0.42°%f
16 11.1620.118 1.56+0.01° 22.73%0.06" 20.79+0.07%° 16.90£0.02% 79.39+0.237¢fe
17 11.18+0.06° 1.54+0.00° 22.64+0.07° 20.91+0.16% 16.5520.11" 79.68+0.61°%"8
18 11.09+0.038 1.56+0.01° 22.66+0.04% 20.90+0.12%° 16.8620.07¢ 79.41+0.78"
19 7.2240.06" 1.87£0.01% 22.63+0.17°° 20.88+0.15% 12.97+0.04° 83.96+0.39'
20 7.21#0.06° 1.86+0.02% 22.46+0.05%° 20.850.01%° 18.89+0.08° 77.88+0.02°°
21 7.16£0.06" 1.83+0.02" 22.55:0.07° 21.020.14% 19.04+0.15° 77.32+0.46°
22 8.94+0.07° 1.86+0.01° 22.5340.16™ 20.94+0.04° 5.45+0.03" 92.3340.18'
23 8.80+0.08° 1.87+0.01%f 22.57+0.14% 20.97+0.18% 11.54+0.08° 84.90+0.50'
24 8.8610.06° 1.85+0.01° 22.48+0.02° 20.73+0.11%° 12.2640.08° 84.47+0.12'
25 10.96+0.088 1.84£0.01° 22.52+0.10° 20.85:0.12%° 11.38+0.08" 85.15+0.41'
26 10.96+0.048 1.85£0.01° 22.57+0.07°° 20.74+0.19% 17.88+0.00" 78.65£0.27™
27 11.00£0.05° 1.85£0.02° 22.35:0.17°° 20.79+0.05% 19.0240.15%° 77.32£0.71°
28 7.08£0.05" 1.85+0.00°* 22.46+0.11% 20.88+0.16" 16.34+0.005" 80.53+0.09°"
29 7.10£0.07° 1.86+0.01% 22.60+0.02° 20.860.17%° 18.69+0.10° 80.62+0.28°"
30 7.0310.02° 1.84+0.01° 22.56+0.15% 20.89+0.09%° 19.14+0.10° 81.16+0.46"
31 8.19+0.02° 1.86£0.01% 22.52+0.06° 20.93+0.12% 5.43+0.04° 80.23+0.44€"
32 8.17+0.04° 1.86£0.01%" 22.7310.03" 20.95:0.03% 11.55+0.02° 81.36+0.58"
33 8.18+0.06" 1.85£0.01° 22.56+0.18%° 20.87+0.12% 12.15+0.09° 80.96+0.15°"
34 12.04£0.09" 1.84+0.01°% 22.52+0.14%° 20.86+0.09%° 11.37:0.10° 78.58+0.74%
35 11.98+0.06" 1.85+0.02% 22.39+0.13%° 20.85+0.07%° 18.00+0.14" 79.14+0.58"
36 11.9340.02" 1.85+0.02° 22.49+0.10° 20.67+0.12° 18.94+0.10°° 80.18+0.69 “f&"
Polarity Opt. <10% - + + + +

treatment has been the most important variable for
moisture content and fixed carbon.

Ash content and HHV were mostly impacted by
cultivar type, while LHV was mostly influenced by con-
ditioning and binder content. ANOVA calculation
showed complex influence of linear and nonlinear
terms for variables: fixed carbon and volatile matter.
Recommended moisture content is up to 10%, which
was the case for all pellets except the ones made from
material conditioned at 80 °C. Ash content varied in
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range 1.54-1.95%, which is in boundaries proscribed by
EU standards [28], where the highest allowed value is
6.0% of ash. Lower ash content increases heating value
and improves combustion properties. LHV proscribed
by EU standards advises values in range: from >16.0 to
>18 MJ/kg. All of the samples had LHV higher than 20
MJ/kg and thus meet the proscribed norms.

Also shown in Table 5 is the residual variance where
the lack of fit variation represents other contributions
except for the higher order terms. A significant lack of
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Table 5. ANOVA table (sum of squares for each assay); : significant at p < 0.05 level, " : significant at p < 0.10 level, 95% confidence
limit, error terms have been found statistically insignificant, C — cultivar, T — temperature, B — binder. dF — degrees of freedom

Parameter dF Parti.cle Abrasion Length Moisture Ash Carbon H N S HHV  LHV Fixed - Volatile

density carbon matter
c 1 000 13522° 737 299" o001 821" 093 116 000 0.18 001 8386 838
o 1 001 017 1085 4.62° 0.87 59.67 4.12° 094 000 0.09 000 007 2076
T 1 0.01" 1132.59° 363.28° 40435 0.00 1.200 046 0.01" 000 0.06 010 16.03 1.99
T 1 001" 109.95 106.29° 2.10° 0.00 2.80° 0.14  0.00 0.00 000 0.00 286.33 97.48
B 1 002" 4491 001 002 000 001 042" 001 000 0.17 006 22098 9437
B 1 000 332 136 000 000 024 000 000 000 000 002" 19.05 699"
oxT 1 000 579 1897 142" 000 034 042" 001 000 001 006 414  3.08"
cx8 1 000 026 413 000 000 086 0.69 000 000 001" 004 9821 123
=B 1 000 987 016 000 000 012 001 000 000 001" 000 3.25 0.14
Error 98 0.01 10828 57.27 19.60 1.23 4843 3.61 026 000 074 058 49823 4.18
r 0.841 0930 0.899 0.955 0.719 0.753 0.765 0.892 0.845 0.736 0.697 0.774  0.692

fit generally shows that the model failed to represent
the data in the experimental domain at which points
were not included in the regression [34]. All SOP
models had insignificant lack of fit tests, which means
that all the models represented the data satisfactorily.

The coefficient of determination, rz, is defined as
the ratio of the explained variation to the total vari-
ation and is explained by its magnitude [18]. It is also
the proportion of the variability in the response vari-
able, which is accounted for by the regression analysis.
A high r* is indicative that the variation was accounted
and that the data fitted satisfactorily to the proposed
model (SOP in this case).

The r* values for C (0.753), H (0.765), N (0.892) and
S content (0.845), particle density (0.841), abrasion
(0.930) and length (0.899), moisture and ash content
(0.955 and 0.719), HHV, LHV, fixed carbon and volatile
matter content (0.736, 0.697, 0.774 and 0.692, res-
pectively) were satisfactory and show the good fitting
of the model to experimental results. Table 6 shows the
regression coefficients for the response SOP models of
C, H, N and S content, particle density, abrasion and
length, moisture and ash content, HHV, LHV, fixed
carbon and volatile matter content used by Eq. (1) for
predicting the values.

Artificial neural network

All variables considered in the RSM, were also used
for the ANN modelling. Determination of the appro-
priate number of hidden layers and number of hidden
neurons in each layer is one of the most critical tasks in

Table 6. Performance of the optimal ANN

ANN design. The number of neurons in a hidden layer
depends on the complexity of the relationship between
inputs and outputs. As this relationship becomes more
complex, more neurons should be added [35].

The optimum number of hidden neurons was
chosen upon minimizing the difference between pre-
dicted ANN values and desired outputs, using SOS
during testing as performance indicator. Used multi-
-layer perceptron models (MLPs) were marked accord-
ing to StatSoft Statistica’s notation. MLP was followed
by number of inputs, number of neurons in the hidden
layer, and the number of outputs. According to ANNs
summary, it was noticed that the optimal number of
neurons in the hidden layer for responses prediction
was 9 (network MLP 3-9-13), when obtaining high
values of r* (0.914, 0.890 and 0.825 for training, testing
and validation period, respectively) and low values of
SOS (0.059, 0.084 and 0.108 for training, testing and
validation period, respectively). The used activation
functions were: hyperbolic tangent for hidden layer
and logistic, for output layer; used training algorithm
was BFGS 149. Performances of the optimal ANN,
regarding r’* between experimental measurements and
predicted results are presented on Table 6.

Optimal network, used for prediction of response
variables was able to predict reasonably well the out-
put for a broad range of the process variables. The
predicted values were very close to the experimental
(target) values in most cases, in terms of r* value for
both SOP and ANN models.

Cycle Particle density Abr. Length Moisture Ash Carbon H N S HHV LHV Fixed carbon Volatile matter
Train. 0.941 0.981 0.980 0.983 0.994 0.951 0.965 0.997 0.960 0.672 0.544 0.967 0.914
Test. 0.934 0.980 0.985 0.981 0.988 0.932 0.981 0.997 0.968 0.504 0.431 0.962 0.883
Valid. 0.953 0.949 0.959 0.973 0.989 0.907 0.977 0.997 0.965 0.247 0.118 0.929 0.828
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It can be seen that the r* value for ANN model is
greater than this associated with the SOP model
(except those for HHV and LHV calculation). Generally,
ANN model is more complex (186 weights-biases for
calculation) than SOP, and it has performed better
fitting of experimental data due to the high nonlinearity
of the developed system [36,37].

The mean and the standard deviation of residuals
has also been analysed. The mean and standard devi-
ation (SD) of residuals is presented in Table 7. These
results showed a good approximation to a normal
distribution around zero with a probability of 95%
(2SD), which means a good generalization ability of
ANN model for the range of observed experimental
values (Figure 1).

Sensitivity analysis

In order to or assess the effect of changes in the
outputs due to the changes in the inputs, a sensitivity

analysis was performed (Figure 2). The greater effect
observed in the output implies that greater sensitivity
is presented with respect to the input [38]. Sensitivity
analysis has been performed to test an infinitesimal
change in an input value in 10 equally spaced individual
points, ranged by the minimum and maximum of the
observed assay, in order to explore the changes in obs-
erved outputs. It is also used to test the model sen-
sitivity and measurement errors.

The influence of the input over the output variables,
i.e., calculated changes of output variables for infini-
tesimal changes in input variables, is shown in Figure 3.
Obtained values corresponded to level of experimental
errors, and also showed the influence of cultivar type,
temperature and binder content on response variables.

According to Figure 3, particle density is mostly inf-
luenced by cultivar type, showing higher values for
Leccino and Pendolino, then for Istarska Bjelica and
Buza. Temperature becomes more influential at the

Table 7. Mean and standard deviation of the residuals for the optimal ANN

Deviation  Particle density Abr. Length Moisture Ash Carbon H N S HHV LHV Fixed carbon Volatile matter
Mean 0.001 0.125-0.081 0.022 -0.002 0.068 —0.002 0.001 0.0000.015-0.009 -0.036 0.158
SD 0.009 0.859 0.483 0.400 0.018 0.381 0.078 0.0120.002 0.125 0.120 0.991 1.238
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Figure 1. Comparison of experimentally obtained results with ANN predicted values of carbon, hydrogen, nitrogen and sulphur
content, particle density, abrasion and length, and also moisture and ash content, higher heating value, fixed carbon and volatile

matter content.
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Figure 3. Optimization function (F) for oil cake pellets.
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maximum of input space, decreasing the particle den-
sity, while binder content slightly increases this para-
meter at the maximum of input space.

Temperature of the treatment seems to be the
most influential variable for abrasion and the length of
pellets, especially for temperatures close to minimum
of input space (abrasion is decreased, while the length
is being increased for small changes in temperature).
Istarska Bjelica and ‘Buza showed tendency for being
more abrasive. The olive cultivar type is the most
important for prediction of ash content, as well as C, H,
N and S content, as expected. HHV, fixed carbon and
volatile matter are also mostly influenced by cultivar
type, but the final value of these responses could be
increased if conditioned at higher temperatures. All of
these findings are in accordance with ANOVA analysis,
as well as with experimental measurements.

Normal standard score optimization of the thirteen
response variables was accomplished in order to find
the processing variables (conditioning temperature and
binder content), that give optimal values of response
variables. Trapezoidal membership function was used
as optimization method, according to Eq. (2), in which
[a,b] covered the complete interval (minimum and
maximums), where obtained values for separately
tested samples were found during the experiment, and
[m,n] represented the optimal values for observed
product group (written in Tables 3 and 4). The “higher
the better” or the “lower the better” criteria have been
used according to the sign in “Polarity” raw in Tables 3
and 4, while moisture and length parameters have
been represented by their optimal values.

The objective function (F) is the mathematical func-
tion whose maximum would be determined, by sum-
ming the FSE results for of the thirteen models, accord-
ing to Eq. (1). Each response variable (C, H, N and S
content, particle density, abrasion and length, and also
moisture and ash content, HHV, LHV, fixed carbon and
volatile matter content) has equal weight, when calcul-
ating the function F.

The maximum of function F represents the optimal
parameters for processing parameters, and also the
optimum for response variables. The three-dimensional
graphs for four different olive cultivars, were obtained
using objective function to determine optimum pro-
duction conditions, regarding production parameters
(conditioning temperature and binder content), Fig. 1.
If the value of membership trapezoidal function is close
to 1, it shows the tendency of tested processing para-
meters of being optimal. Three-dimensional plots were
drawn for calculated FSE data visualization (white
coloured points) and for the purpose of observation. F
functions were plotted using RSM procedure, and the
obtained coefficients of determinations in ANOVA anal-
ysis, regarding the accuracy of fitting, were: 0.883 (for
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Istarska Bjelica), 0.865 (for Buza), 0.956 (for Leccino)
and 0.973 (for Pendolino).

FSE analysis showed that the best results were
obtained with conditioning treatment at 50 °C and
without binder addition for cultivar Buza (maximum F =
= 0.66), Fig. 1b. Istarska.Bjelica (Fig. 1a), also had
satisfactory results, with largest F = .64, for lower tem-
perature regime (closer to 40 °C), and increased binder
content (approx. 2%). Other two cultivars (Pendolino
(Fig. 1d) and Leccino (Fig. 1c)) had somewhat lower
results with maximum F value of 0.63, with no condi-
tioning and with binder content of 2%.

Generally the analysed agro-pellets had good qual-
ity for energy utilization and almost all characteristics
were within the limits of EU standards. Although these
standards are primary intended to regulate character-
istic of pellets made from wood and wood residues, the
produced olive cake pellets were almost as good.

CONCLUSION

Investigation concerning the utilization of olive cake
cultivars Istarska Bjelica, Buza, Leccino and Pendolino
for production of fuel agro-pellets, suggested following
conclusions.

The applied response surface methodology of data
gave accurate results concerning pellet quality. The
obtained models presented good fitting to experi-
mental results and had presented them satisfactory.

Olive cultivar was the variable which had had sig-
nificant influence on all the measured parameters,
especially on the ultimate analyses results. Physical
characteristics were also significantly affected by con-
ditioning temperature and binder content. ANOVA cal-
culation of proximate analyses showed complex inf-
luence of linear and nonlinear terms and the para-
meters were influenced by all variables.

The obtained results point out that olive pellets
from cultivar BuZa, presented the best quality when
processed at 50 °C, without addition of binder (opti-
mizing function gained its maximum value of 0.66).
However, this analysis also showed that agro-pellets
made from unconditioned material, with 2% addition of
binder gave very good results (optimizing function
gained values ranging from 0.63-0.64), except for Buza
cultivar.

Olive cake pellets present a good quality fuel. Most
of the produced pellets were in boundaries proscribed
by EU standards for fuel pellets. Some of the cultivars
had higher levels of nitrogen and all had elevated
sulphur, which are limiting factors. These higher levels
cause high nitrogen and sulphur oxides emissions
during combustion which are environmental pollutants.
The resolution of that problem could be in combination
of olive cake and for example wood in pellet pro-
duction, which can lead to decrease of N and S content.
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Conditioning treatment at 80 °C caused excessive rise
of the moisture of the material, which consequently
caused poorer quality of pellets, affecting mostly abra-
sion. SOP and ANN-based models were developed for
prediction of C, H, N and S content, particle density,
abrasion and length, and also moisture and ash con-
tent, HHV, LHV, fixed carbon and volatile matter con-
tent for a wide range of input variables. Both models
are easy to implement and could be effectively used for
predictive purposes, modelling and optimization. As
compared to RSM, ANN model yielded a better fit of
experimental data. Taking into account that a consider-
able amount and wide variety of data were used in the
present work to obtain the ANN model, and consi-
dering that the model turned out to yield a sufficiently
good representation of the experimental results, it can
be expected that it will be useful in practice.
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1ZVOD

ANALIZA KVALITETA AGRO-PELETA DOBIJENIH OD POGACE MASLINE — MATEMATICKI PRISTUP

Teal. BrIekl, Lato L. Pezoz, Neven M. Voc’a3, Duro M. Vukmirovic’l, Radmilo R. Coloviél, Darko E. Ki§4, Jovana S. BrkIjaEa1
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3Faculty of Agriculture, University of Zagreb, Zagreb, Croatia
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(Naucni rad)

U ovom ¢lanku su ispitivani uticaja procesnih parametara (temperature kon-
dicioniranja i sadrzaj veziva), na kvalitet kona¢nog proizvoda, agro- peleta, koje se
koriste za oslobadanje toplotne energije, dobijene od Cetiri razli¢ite vrste maslina,
iskazan preko razli¢itih tehnoloskih parametara. Tehnoloske, fizicke i hemijske
osobine peleta (sadrzaj ugljenika, vodonika , azota i sadrZaj sumpora, zatim gus-
tina Cestica, duzine, habanje, vlage, sadrZaja pepela, gornje i donje toplotne modi,
sadrzaj fiksnog ugljenika i sadrzaj lako zapaljivih materija) su odredeni da bi se
izvrSila procena njihovog kvaliteta. U radu je izvrSeno poredenje performansi
neuronske mreze (engl. Artificial Neural Network — ANN) sa razvijenim matema-
tickim modelom u obliku polinoma drugog reda (engl. Second Order Polynomial —
SOP), kao i sa vrednostima dobijenim eksperimentalnim merenjima, u cilju dobi-
janja dovoljno ta¢nog i adekvatnog matematickog modela za predvidanje para-
metara kvaliteta agro-peleta. SOP model je pokazao dobru tacnost, iskazanu viso-
kim koeficijentima determinacije (rz) ,koji su bili izmedu 0,692 i 0,955, dok je ANN
model pokazao visok stepen poklapanja sa eksperimentalnim merenjima, sa P
vrednostima izmedu 0,544 10,994 .
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Abstract

Alpha-lipoic acid is an organosulphur compound well-known for its therapeutic potential
and antioxidant properties. However, the effective use of a-lipoic acid depends on bio-
logical plasma half-life and its preserving stability, which could be improved by encapsul-
ation. In this study, a-lipoic acid was incorporated into chitosan microparticles obtained by
reverse emulsion crosslinking technique, as well as into microparticles of alginate/gelatin
crosslinked with zinc ions. Encapsulation of a-lipoic acid in both cases was carried out by
swelling of synthesized dried microparticles by their dipping in a solution of the active sub-
stance under strictly controlled conditions. Encapsulation efficiency of a-lipoic acid
obtained in this study was up to 53.9%. The structural interaction of a-lipoic acid with the
carriers was revealed by Fourier transform infrared spectroscopy. In vitro released studies
showed that controlled release of a-lipoic acid was achieved through its encapsulation into
chitosan microparticles. The results of in vitro antioxidative activity assays of released
a-lipoic acid indicated that antioxidant activity was preserved at a satisfactory level. These
obtained results suggested that chitosan microparticles could be suitable for modeling the
controlled release of a-lipoic acid.

Keywords: alpha-lipoic acid, microparticles, chitosan, sodium alginate/gelatin, antioxidant
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Alpha-lipoic acid (LA), also known as 1,2-dithiolane-
3-pentanoic acid (CgH140,S,) is a yellow solid organo-
sulphur compound [1]. Having an asymmetric carbon
atom, LA exists as two enantiomers: the R-(+)-LA and S-
(-=)-LA. Only the R-isomer is endogenously synthesized
and is an essential cofactor for mitochondrial enzyme
complexes that catalyze reaction responsible for
oxidative glucose metabolism and cellular energy
production. Synthetic racemic LA, a 50/50 mixture of
R-and S-enantiomers, has been extensively used as a
therapeutic agent in the treatment of diabetic neuro-
pathy and as an antioxidant supplement in European
countries and the United States [2].

Exogenously supplied LA is readily absorbed, trans-
ported to tissues and rapidly taken up by cells. Within
the cells LA is reduced to dihydrolipoic acid (DHLA),
then rapidly removed from cells and metabolized.
Several lines of evidence indicated that both LA and its
reduced form, DHLA, exerted potent antioxidant acti-
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vities, both in vitro and in vivo. In addition to direct free
radicals scavenging and metal chelating properties,
LA/DHLA redox couple appears to be able to regen-
erate other endogenous antioxidants such as vitamins
C and E, and glutathione, as well as to modulate the
redox signaling pathways [3-5]. There is evidence that
administration of LA might have a beneficial role in a
variety of oxidative stress conditions such as ischemia-
-reperfusion injury, type 2 diabetes and associated
complications, neurological disorders, ischemia-reper-
fusion injury [1].

Human pharmacokinetic studies have found that
oral administrated LA is characterized by rapid absorp-
tion within 1 h, short plasma half-lives, extensive hep-
atic metabolism and low and varying bioavailability [6].
The short half-live of LA (about 30 min) may inhibit
effective use [7]. On the other hand, LA is unstable
under light and heat and gradually decomposes at
room temperature. Temperatures greater than its
melting point (59-62 °C) cause immediate polymer-
ization and render it unusable, as polymerized LA is
insoluble in almost all solvents [8]. Furthermore, the
decomposition of LA is accompanied by an unpleasant
odor due to the sulphur content [9].
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In the past several years, a forms of stabilized and
controlled released LA were designed with the assump-
tion that the efficacy of LA could be improved by slow-
ing the absorption and keeping blood levels of LA
above baseline for longer periods after ingestion [10].
However, the efficacy and safety from sustained-rel-
ease dosage of a-lipoic acid forms have not been clear.

Active substances such as minerals, vitamins, pro-
teins, enzymes, peptides, probiotics, phenolic com-
pounds, etc., are widely used in the food, pharmaceut-
ical and cosmetic industry nowadays [11]. These sub-
stances are very sensitive to extreme temperatures,
presence of oxygen, microorganisms and moisture that
often come in contact with, thereby losing their acti-
vity, both during storage and application conditions.
Therefore, in the last few decades, a great attention
has been put to mode the administration of active sub-
stances which should also provide the maintenance of
their activities and their optimum (concentration) effect
in specific parts of the body.

One of the most common ways to overcome these
problems is the encapsulation of these substances into
various carriers. Encapsulation can mask the unpleas-
ant taste or smell, but also provides control of the
release of the active substance. The main goal of
encapsulation is to protect the substance from adverse
conditions (light, moisture and oxygen) thereby con-
tributing to the increase of the shelf life and, at the
same time, controlling the release and increasing the in
vivo half-life of encapsulated product [12]. In addition
to the choice of the appropriate method of encapsul-
ation, it is also important to choose the appropriate
carrier. The ideal matrix for encapsulation must not
have the degradation effect to the active substance,
and at the same time it should be non-toxic and rel-
atively easy to synthesize. Nowadays, various systems
for encapsulation of active substances, most often
consisting of carbohydrates, proteins, natural or syn-
thetic polymers (chemically or physically crosslinked)
are used among which hydrogels have become very
popular as carriers in the various industry fields [13].

The aim of this study was to investigate the pos-
sibility of encapsulation of LA into chitosan and algi-
nate/gelatin microparticles and to investigate its rel-
ease as this has not been studied extensively
[10,14,15], as well as to investigate the antioxidant
activity of released LA compared to the activity of free
LA and its active metabolite DHLA. First part of the
study was the attempt to encapsulate LA into chitosan
microparticles obtained by reverse emulsion cross-
linking technique, as well as into microparticles of algi-
nate/gelatin (of various gelatin content) crosslinked
using zinc ions. The synthesized microparticles were
characterized by FT-IR and SEM analyses. Further on,
the release of LA in pH simulated Gl tract conditions

50

were monitored followed by the experiment regarding
in vitro antioxidant capacity of released LA expressed as
Trolox equivalent antioxidant capacity (TEAC) and ferric
reducing/antioxidant power (FRAP). The samples of
plasma from healthy subjects were used for in vitro
determination of antioxidant activities of released LA
from selected investigated samples.

MATERIALS AND METHODS

Materials

Chitosan (Ch), sodium alginate (A) and gelatin (G)
used for microparticles preparation were obtained
from Sigma, Japan, while itaconic acid (2-methylidene-
butanedioic acid) was purchased from Sigma—Aldrich,
Germany. Glutaraldehyde (GA, pentane-1,5-dial), paraf-
fin oil (light liquid paraffin) and zinc chloride were
obtained from Centrohem, Serbia. Tween 80 (polyoxy-
ethylene (20) sorbitan monooleate) used as an emul-
sifier was obtained from Riedel-de Haén, Germany.
a-Lipoic acid (LA) (purity > 98%) was obtained from
“Ivancic¢ i sinovi” Belgrade, Serbia. Distilled water was
used for the preparation of buffer solutions of pH
2.20+0.01 (KCI/HCI, Merck) and pH 6.80+0.01 (Na,HPO,/
/NaH,P0O,, Lach-Ner). Folin—Ciocalteu reagent, ABTS
(2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid
diammonium salt), potassium persulphate, TPTZ (2,4,6-
-Tris(2-pyridyl)-s-triazine), chloramine T trihydrate and
peroxidase type | from horseradish were purchased
from Sigma-Aldrich, Germany. Malonaldehyde bis(di-
methyl acetal), Trolox ((t)-6-hydroxy-2,5,7,8-tetra-
methylchromane-2-carboxylic acid) and TMB powder
(3,3’,5,5'-tetramethylbenzidine) were purchased from
Acros Organics. 2-Thiobarbituric acid, trichloracetic
acid, dimethylsulfoxide (DMSO) and hydrogen peroxide
were purchased from Merck, Germany. All other chem-
icals and reagents used were of analytical reagents
grade quality and obtained from standard commercial
suppliers. Dihydrolipoic acid (DHLA) was prepared by
treating LA with NaBH, using a method described in a
previous report [16]. Purity was confirmed by NMR,
comparing with literature data.

Preparation of chitosan and alginate/gelatin
microparticles

Chitosan microparticles, with 1.5% (w/V) of chito-
san content crosslinked with glutaraldehyde of various
contents (0.1-0.4 vol.%) were prepared as previously
described [17]. The ratio of oil-to-water phases in all
emulsion preparations was 1:5 with the addition of 2.0
vol.% Tween 80 (1 cm’) as an emulsifier. Hydrogels of
Na-alginate and gelatin (various ratios) in the form of
microparticles were synthesized, as well, using Zn?" as
the crosslinking agent, while keeping the concentration
of crosslinking agent constant. Namely, Na-alginate was
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added to 14 cm® of distilled water and allowed to dis-
solve using magnetic stirring at 500 rpm at 50 °C. After
on, gelatin was added to the solution to reach the total
mass of the reactants of 0.8000 g. Then the stirring
speed was reduced to 100 rpm in order to remove air
bubbles. For the synthesis of microparticles Syringe
pump (New Era Pump Systems Inc., model NE-1000)
was used. The mixture of 10 cm® was added drop wised
at the rate of 75 pulL/min to 100 cm® 0.1 M ZnCl, sol-
ution. During the instillation immediate formation of
hydrogel microparticles was evident. Hydrogel micro-
particles were left for 24 h in a solution of zinc chloride
in order to achieve complete crosslinking. After that, a
solution of zinc chloride has been removed, and the
hydrogel particles were washed with water three times
and maintained in 100 cm® of water for 24 h in order to
remove unreacted substances. Then the synthesized
microparticles were immersed in acetone for 30 min,
knowing that acetone would ease the drying process
not allowing the coalescence of microparticles. The
particles were then removed from acetone solution
and allowed to dry to constant weight. The compo-
sitions of all investigated samples are given in Table 1.

Table 1. The composition of the synthesized hydrogel
microparticles

Content, wt.% Crosslinking agent

Sample ch A G concentration, moI/dm3
S1 2.0 - - 0.08

S2 0.5 0.02

S3 1.0 0.04

sS4 - 100 - 0.10

S5 66.7 333

S6 50.0 50.0

S7 33.3 66.7

Fourier transform infrared spectroscopy

A Bomem MB 100 FT-IR spectrophotometer was
used to record infrared spectra of the microparticles,
applying the KBr disc method. Sample/KBr (ratio 1/50)
was mixed and grounded and then compressed into a
pellet under an 11 tones weight, for one minute, using
Grase by Specac, model 15.011. FT-IR spectra were
obtained in the wavenumber range 4000-400 cm_l, at
25°Candat4cm™ spectral resolution.

Swelling degree studies

In order to simulate the gastrointestinal (Gl) tract
temperature and pH conditions as well as the average
time spent in Gl tract, the swelling studies were carried
out at 37 °C, by immersing the microparticles for 2 h in
a buffer solution of pH value of 2.20+0.01 and sub-
sequently in a buffer solution of pH 6.80+0.01 for the
next 22 h. After immersion, microparticles’ weight was

measured in pre-determined time intervals. The degree
of swelling was calculated according to the following
equation:

q=wdwo (1)

where w; corresponds to the weight of swollen micro-
particles at time t and w, to the weight of dried micro-
particles. The swelling process was monitored gravi-
metrically.

Scanning electron microscopy

The surface morphology of microparticles was eva-
luated using scanning electron microscopy (Tescan
Mira3 XMU, Cranberry Twp, PA, USA). Prior to SEM
analysis samples were coated with gold/platinum alloy
(15/85) under vacuum conditions, using Polaron SC502
vacuum sputter coater. Samples were analyzed in two
different forms: dry microparticles and rehydrated mic-
roparticles.

Determination of encapsulation efficiency of a-lipoic
acid

Alpha-lipoic acid was encapsulated by immersing
ready-made hydrogels into solution of a-lipoic acid that
consists of 1 g of active substance dissolved into 75 cm®
mixture of ethanol and 2 vol.% acetic acid solution
(ratio 1:2). The pH of the obtained solution was 2.70
offering the good environment for LA encapsulation.
The LA encapsulation efficiency was determined spec-
trophotometrically. Encapsulation efficiency was calcul-
ated as the ratio of the actual loading, (Total LA con-
tent)., of the hydrogel particles with a-lipoic acid and
the theoretical loading, (Total LA content); using the
following equation:

EE(%) = (Total LA content)./(Total LA content); (2)

(Total LA content). was calculated as the difference
between the total amount of LA in the initial solution
used for encapsulation and the free amount of LA left
in the solution after encapsulation process).

Calibration curve of LA

A calibration curve is required for the determination
of encapsulation efficiency and release rates of the
microparticles. A known concentration of LA in buffers
of pH values of 2.20 and 6.80 were scanned in the
range of 200-500 nm by using UV/Vis spectrophoto-
meter. Prominent peaks at 329 and 332 nm were
noticed. The concentration of LA was obtained from
the calibration curve prepared by measuring the abs-
orbance (329 and 332 nm) of different concentrations
of LA.

In vitro antioxidant activity of the released LA

The anti-oxidant capacity of released LA following in
vitro digestion was examined by FRAP and ABTS assays.
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The ferric reducing/antioxidant power (FRAP) assay was
carried out according to the method described by
Benzie and Strain [18]. The working FRAP reagent was
prepared by mixing 300 mmol/L acetic buffer (pH 3.60),
10 mmol/L TPTZ in 40 mmol/L HCl and 20 mmol/L
FeCl3:6H,0 in a ratio of 10:1:1. Then 200 pul of sample
from release test medium was added to 3.80 cm® of
FRAP reagent. After 4 min of reaction, the absorbance
at 593 nm was read. The FRAP values were expressed,
taking into account a standard curve of FeSO,-7H,0 and
the results are expressed as pmol Fe(ll)/gparticles: All
measurements were performed in triplicate.
Determination of antioxidant activity using the ABTS
method was performed according to the method des-
cribed by Re et al. [19]. The free radical-cation ABTS™
was generated by the oxidation reaction of the ABTS
with potassium persulphate in the dark condition for
12-16 h at room temperature. After 24 h, the absorb-
ance was adjusted with PBS pH 7.4 up to 0.70 units, at
732 nm. For the evaluation, 20 puL of the sample was
added to 1880 uL of the ABTS™ and the absorbance
readings were taken after exactly 6 min. The results
were expressed as TEAC (trolox equivalent antioxidant
capacity) by the construction of a standard curve, using
several concentrations of the Trolox antioxidant. All
measurements were performed in triplicate.

Evaluation of antioxidant activity of LA in human
plasma

After night-time fasting, blood samples from
healthy, non-smoking volunteers were collected into
EDTA-containing sample tubes according to the ethical
review board approved protocols. The plasma was
pooled and used for all subsequent analysis. Tested
solutions of native LA, its active metabolite (DHLA) and
released LA from chitosan microparticles were added
to the samples of plasma (0.7 cm®) and incubated for 1
at 24 h at 37 °C. The control plasma samples (without
tested solutions) were prepared. To evaluate the anti-
oxidant activity of the test solutions against copper
induced oxidative stress, plasma samples were also
incubated with copper sulphate (2 mmol/L) plus tested
compounds and released LA added in combination.
Incubation of plasma samples was stopped by cooling
the samples in an ice-bath.

The levels of lipid peroxidation products in plasma
were assayed in plasma according to Girroti et al. [20].
This assay is based on the formation of a complex
between thiobarbituric acid and malondialdehyde, an
end product of lipid peroxidation, which absorbs at 535
nm. Total anti-oxidant capacity (TAC) was measured in
plasma according to Erel’s method [21]. This assay is
based on the bleaching of the characteristic color of a
stable 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) radical cation (ABTS™) by antioxidants present in
plasma. The TAC value of the samples tested is exp-
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ressed as umol Trolox equivalent/L. Prooxidant—anti-
oxidant balance (PAB) was measured according to the
previously published method [22], slightly modified in
our laboratory. The assay is based on 3,3’,5,5'-tetra-
methylbenzidine and its cation, used as a redox indi-
cator participating in two simultaneous reactions. The
standard solutions were prepared by mixing varying
proportions of (0-100%) of 250 umol/L hydrogen per-
oxide with 10 mmol/L uric acid. PAB is expressed in
arbitrary HK units, which represent the percentage of
hydrogen peroxide in the standard solution.

Statistical analysis

All the values were expressed as mean * SD. The
data were analyzed with the one-way repeated mea-
sures analysis of variances using SPSS version 18 (Chic-
ago, IL, USA).

RESULTS AND DISCUSSION

FT-IR analyses

FT-IR spectra of pure chitosan microparticles were
discussed in our earlier paper [17]. FT-IR spectra of the
samples S4-S7 and pure gelatin are shown in Figure 1.

From Figure 1 in the spectrum of gelatin the fol-
lowing characteristic bands occur: 3425 cm = (NH
stretching vibrations), 1641 cm™ (amide | band which
comes mainly from the C=0 stretching vibration) and
1562 cm™"* (amide Il band that comes from NH deform-
ation vibration in the plane coupled with CN stretching
vibration). Amide Ill band at 1300 cm " comes from the
CN stretching vibration coupled with NH deformation
vibration) [23,24]. In the FT-IR spectrum of the sample
S4 the most important are the following bands: 3436
cm™" (OH stretching vibration), 1625 cm™* (COO asym-
metrical stretching vibration) and 1420 cm™* (COO sym-
metrical stretching vibration) [24]. In the spectrum of
the hydrogels containing gelatin, the absorption bands
corresponding to the OH stretching vibration of algi-
nate (about 3430 cm™’) is shifted towards lower wave
numbers as the content of gelatin within the samples
increases. This is due to the formation of hydrogen
bonding between gelatin and alginate. Also, COO asym-
metric stretching vibration of alginate at 1625 cm " is
coupled with the C=0 stretching vibration of gelatin,
which caused displacement of the band corresponding
to this vibration to higher wavenumbers as the gelatin
content increases. At the same time, there was a shift
of the absorption bands corresponding to the COO
symmetric vibrations towards lower wave numbers. All
the above mentioned shows the existence of inter-
molecular interactions between alginate and gelatin,
caused by the formation of hydrogen bonding between
the —COO ", —OH, —C=0 and —NH, groups of the alginate,
and gelatin [23].
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Figure 1. FT-IR spectra of alginate/gelatin samples (S4-S7) and pure gelatin.

FT-IR spectra of selected microparticles after encap-
sulation of a-lipoic acid were given in Figure 2.

The spectra of encapsulated LA were analyzed in
two major regions; 3600-2800 cm " and 1800-445 cm .
The characteristic high-intensity bands for —CH, stretch-
ing of LA are evident around 2933 cm™"). Other charac-
teristic bands of LA at 1717 cm ™ (C=O stretching),
already reported in the literature [25] were assumed to
be shifted upon LA encapsulation within alginate/gel-

atin and chitosan carriers. Namely, (C=0) has been
shifted from 1717 to 1720 or 1713 cm™’, respectively.
The shift to lower wavenumbers can be attributed to
the interruption of strong hydrogen bonding in LA upon
encapsulation with alginate/gelatin carrier, showing
relatively weak affinity for this matrice. However, shift-
ing to somewhat higher wavenumbers after encapsul-
ation of LA into chitosan matrices suggests that there is
interaction between LA and chitosan carrier implying

925".,,
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Figure 2. FT-IR spectra of chitosan microparticles without (S3) and with (S3’) encapsulated a-lipoic acid; alginate/gelatin
microparticles without (54) and with (54°) encapsulated a-lipoic acid.
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that carbonyl property of LA bounded to the chitosan
support gets stronger than that of free LA. The bands at
930 and 925 cm " belong to O-H vibrations of LA. A
small shoulder peak at 1660 cm " appears in the spec-
trum of the LA encapsulated chitosan sample due to
the overlapping of the carboxylic acid group in LA with
the amide group in chitosan [14].

The swelling kinetics

Figure 3 shows dynamic swelling behavior of all
samples in simulated gastric fluid of pH 2.20+0.01 for 2
h and in intestinal fluid of pH 6.8£0.01 up to 24 h. In an
acidic environment, the swelling rate increased since
the chitosan amino groups were protonated (NHs") and
the positive charges induce repulsive forces between
polymer chains [26]. As expected, the swelling rate was
lower as the concentration of glutaraldehyde in chito-
san microparticles was higher (less free amino groups
available for protonation offer lower swellability of chi-
tosan microparticles) in acidic medium. After being
transferred to the medium of pH 6.80+0.01 chitosan
microparticles shrunk, due to the hydrogen bonds ten-
dency to associate by changing —NH;" into —NH, groups,
and after on the swelling of microparticles remained
constant. This implies that swollen chitosan micropar-
ticles remained stable and can be used for delivery of
low molecular weight molecules such as LA.
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Figure 3. The swelling kinetics of chitosan microparticles (S1
and S3) and the effect of gelatin on the degree of swelling of
alginate/gelatin microparticles (S4 and S5) in pH 2.20+0.01
and 6.840.01 at 37 .

Alginate is a natural polymer having carboxyl groups
with pK, values of 3.38-3.65. This means that the car-
boxyl groups of the alginate are ionized at pH values
higher than the pK, value, while at the pH below this
value they appear in their non-ionized form. On the
other hand, gelatin represents an amphiphilic compo-
nent that is ionized at all pH values, except at its iso-
electric point (4.8-5.5). Based on this, one would exp-
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ect that the synthesized hydrogels showed significant
swelling at higher pH values.

At pH 2.20£0.01 carboxyl groups of the alginate are
in non-ionized form so that there is no electrostatic
repulsion between the functional groups, and the deg-
ree of swelling of all the samples is minute. It can be
observed that the smallest equilibrium degree of swel-
ling has sample S4, while with increasing the gelatin
content in the sample increases and the equilibrium
degree of swelling. This can be explained by the fact
that at this pH gelatin is below its isoelectric point and
positively charged when it comes to the electrostatic
repulsion between molecules of gelatin which causes
an increase in hydrophilicity of the network and inc-
reases the volume of the hydrogel. Also, with the inc-
rease of gelatin concentration the possibility of aggre-
gation within the hydrogel reduces since part of the
functional groups of alginate are already used for the
formation of hydrogen bonds with gelatin, which
enhances the swelling of hydrogels.

At pH 6.80+0.01, which is higher than the pK, value
of an alginate, carboxyl groups exist in their ionized
form (—COO). When the sample of pure alginate, S4 is
placed in a phosphate buffer of pH 6.80+0.01, it comes
to the exchange of Na’ present in the buffer solution
with the Zn** bonded to the —-COO~ group in polyman-
nuronic segments. The electrostatic repulsion between
—COO groups appears thereby increasing the hydro-
philicity of the polymer chain and the swelling of the
hydrogel. In the further process of swelling, there is an
exchange of the Na* with Zn*" bound to —COO™ groups
in polyguluronic segments. As these Zn*" are respon-
sible for crosslinking of Na-alginate and hydrogel form-
ation, the established ionic interactions are broken, the
physical crosslinking disappears and the sample trans-
forms from the gel into solution.

In other samples it was found that there is no com-
plete “dissolution” after 24 h. It can be seen that there
has been a loss of mass in samples S5 (and S6, data not
shown), indicating that some ionic interactions have
been terminated to some extent due to exchange of
sodium and zinc ions. Also, when increasing the con-
tent of gelatin the weight loss of the investigated mic-
roparticles is slower, increasing the stability of the gels.
It is assumed that gelatin hinders the zinc ion exchange
with Na®, and microparticles dissolution. With the inc-
rease of gelatin content in the samples a slight increase
in the equilibrium degree of swelling is achieved. This
pH values, besides the ionization of the carboxyl groups
of the alginate, allows negative charging of gelatin
molecules, leading to additional electrostatic repulsion
and microparticles volume increase.

SEM analysis

SEM analysis was performed in order to collect
information about morphology of chitosan and algi-
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nate/gelatin microparticles. The surface morphology is
an important characteristic when particles come in
contact with fluid, solid or gaseous environment and
together with its internal structure, will influence its
suitability for a targeted use [17].

Micrographs (Figure 4) reveal the surface of micro-
particles of the investigated oven-dried chitosan micro-
particles (Figure 4a), while Figure 4b shows the algi-
nate/gelatin sample without encapsulated a-lipoic acid
swollen to equilibrium in ethanol/acetic acid mixture at
25 °C. In order to investigate the inner structure of S4
(Figure 4c), microparticles were freeze-dried, immersed
in liquid nitrogen and cut.

SEM analysis confirmed that the test particles have
a porous surface and structure. As known that the
appearance of the particles depends on the tempe-
rature of the medium in which the particles swell, the
increase in temperature leads to a partial termination
of the physical connection to the gelatin molecule due
to the uncoiling of the triple helix, which reduces cross-
linking gelation.

Antioxidant capacity

The encapsulation efficiency of a-lipoic acid into
ready-made hydrogel microparticles was in the range
between 11.6 (S2) and 53.9% (S3). Modeling of con-
trolled release of active substances at different sites in
the gastrointestinal (Gl) tract is preferred approach for
preventing its degradation, as well as to obtain the
desired serum levels over the extended period of time
[27]. Moreover, antioxidant capacity will depend on the
release of LA via swelling and/or degradation of chito-
san microparticles. In order to explore whether the
encapsulation influences the antioxidant capacity of LA,
ferric reducing/antioxidant power (FRAP) assay and
ABTS radical cation discoloration assay were per-
formed. In vitro release of LA and its antioxidant cap-
acity was evaluated in simulated gastric fluid (pH 2.20)
and simulated intestinal fluid (pH 6.80), separately. The
amount of released LA was determined spectrophoto-
metrically at 329 nm (pH 2.20) and 332 nm (pH 6.80).
The obtained results are presented in Figure 5.

The results show sustained release of LA from chito-
san microparticles (sample S3). The amount of LA rel-

Figure 4. SEM micrographs of microparticles without encapsulated a-lipoic acid of: a) oven-dried chitosan microparticles (S3),
b) whole alginate/gelatin microparticles (S4) upon reaching equilibrium degree of swelling in ethanol/acetic acid mixture at 25 €

and c) cross-section of the alginate/gelatin (S4) microparticles.
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eased from the carrier was about 11.5 and 13.7% after
60 and 120 min, respectively. Changing the dissolution
medium from pH 2.2 to pH 6.8 did not result in dis-
integration of the LA chitosan microparticles in contrast
to alginate/gelatin hydrogel microparticles (release
data not shown), and controlled release of LA was
achieved. After 240 min, approximately 25% of the LA
was released after simulated dissolution test at pH
6.80. The rate of release of LA from chitosan micro-
particles associated with observed changes in the anti-
oxidant capacity measured by FRAP and ABTS assay.
Plasma lipid peroxidation was significantly inc-
reased in CuSO, treated plasma samples. This incre-
ment was abolished at least in part with LA and espe-
cially with DHLA preparation. This difference between
LA and DHLA is more evident after 24 h of incubation.
The same pattern of influence was clear from prooxi-
dative—antioxidative balance, a parameter which showed
the superiority of DHLA in antioxidative protection. At

the same time, antioxidative plasma capability mea-
sured through the TAC level was abrogated upon cu**
influence and revitalized through the antioxidative LA
and DHLA protection, which is the highest in the case of
reduced LA formulation (DHLA).

In this study, we assessed the effect of released LA
from chitosan microparticles, native LA and its reduced
metabolite (DHLA) on the modification of oxidative/
/antioxidative balance induced by CuSO, in vitro by
measuring the plasma level of lipid peroxidation, the
prooxidant-antioxidant balance levels, as well as the
total antioxidant capacity (Figure 6). In agreement with
previous reports, we confirmed that incubation with
the copper increased the oxidation of plasma phos-
pholipids [28] that resulted in an elevation of levels of
lipid peroxidation and depletion of vitamin E and other
antioxidants in plasma [29]. The obtained results
showed that the increase of lipid peroxidation is signi-
ficantly lower in plasma supplemented with LAs and
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Figure 6. The effect of LA, DHLA and LA released from chitosan microparticles on plasma lipid peroxidation level (a), total antioxi-
dative capacity (TAC) (b) and prooxidative-antioxidative balance (PAB) (c) in human plasma treated with CuSO, as oxidative
reactions catalyst (***p < 0.001, **p < 0.01, *p < 0.05 vs. native plasma according to repeated measures ANOVA test).

56



B.B. VIDOVIC et al.: ENCAPSULATION OF ¢~LIPOIC ACID AND ITS /N VITRO ANTIOXIDANT ACTIVITY

Hem. ind. 70 (1) 49-58 (2016)

DHLA in the presence of cupric ion, indicating anti-
oxidant properties of LA. This effect is more evident
after 24 h incubation of plasma samples. The same pat-
tern of influence was noticed from prooxidant-anti-
oxidant balance. At the same time, antioxidative
plasma capability measured through the TAC level was
abrogated upon cu® influence and revitalized through
the antioxidative LA and DHLA protection.

CONCLUSIONS

In conclusion, this study showed the alginate/gel-
atin hydrogel microparticles are unable to release LA in
a controlled manner. However, the presented results
indicated the potential benefit of using chitosan micro-
particles for controlled release of LA and sufficient anti-
oxidative protection during the prolonged period of
time.
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(Naucni rad)

Alfa-liponska kiselina je organosumporno jedinjenje koje ima poznati tera-
peutski potencijal i izraZzena antioksidativna svojstva. Relativno kratko poluvreme
eliminacije i hemijska stabilnost a-liponske kiseline prema faktorima iz spoljasnje
sredine mogu se modifikovati njenom inkapsulacijom na ¢vrste nosace. Alfa-lipon-
ska kiselina iz egzogenih izvora se brzo apsorbuje, distribuira do tkiva, odnosno
celija u kojima se redukuje u dihidroliponsku kiselinu, a potom brzo uklanja iz
celija i eliminiSe. Prema rezultatima in vitro i in vivo istrazivanja a-liponska kiselina
kao i njen redukovani oblik, dihidrolipoinska kiselina, imaju izrazena antioksi-
dantivna svojstva. U ovom radu izvrSena je inkapsulacija a-liponske kiseline u
hitozanske mikrocestice dobijene reverznom emulzionom tehnikom. Takode, ispi-
tana je i mogucnost inkapsulacije a-liponske kiseline u mikrocestice alginata i Zela-
tina koje su umrezene jonima dvovalentnog cinka. Inkapsulacija a-liponske kise-
line u oba nosaca izvrSena je metodom bubrenja, odnosno potapanjem sinte-
tisanih suvih Cestica nosaca u rastvor a-liponske kiseline pod strogo kontrolisanim
uslovima. Interakcija a-liponske kiseline sa nosaima potvrdena je primenom
infracrvene spektroskopije sa Furijerovim transformacijama. Nakon inkapsulacije
a-liponske kiseline u ispitivane nosace in vitro studijom otpustanja u simuliranim
uslovima gastrointestinalnog trakta potvrdeno je kontrolisano otpustanje a-lipon-
ske kiseline iz hitozanskih mikrocestica. Efikasnost inkapsulacije a-liponske kise-
line iznosila je do 53,9%. U in vitro eksperimentima pokazan je zadovoljavajuci
nivo antioksidativne aktivnosti otpustene a-liponske kiseline iz hitozanskih mikro-
Cestica. Ovi rezultati ukazuju da hitozanske mikrocestice mogu biti pogodni nosaci
za kontrolisano otpustanje a-liponske kiseline.
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Izvod

U radu je ispitana nutritivna vrednost, na bazi sadrZaj najznacajnijih bioaktivnih kom-
ponenata, sedam uzoraka hladno presovanog tikvinog ulja razli¢itog porekla. Cetiri uzorka
ulja su proizvedena hladnim presovanjem semena tri domace i jedne austrijske sorte ulja-
ne tikve, a tri uzorka hladno presovanog ulja su bila dobijena iz semena nepoznatog po-
rekla i uzeta slobodnim izborom na trziStu. Kao pokazatelji nutritivne vrednosti odredeni su
sastav i sadrZzaj masnih kiselina, tokoferola i sterola. U sastavu masnih kiselina dominantne
su bile oleinska (34,2+0,09-43,9+0,04%) i linolna masna kiselina (30,8+0,09-46,9+0,015%).
Ovim istraZivanjima je potvrdeno da je u tikvinom ulju dominantan S+y-tokoferol, &iji se
sadrzaj kretao od 34,65+0,03 do 44,59+0,69 mg/100 g. Odreden je sastav i sadrzaj A
fitosterola, posebno specificnih za ulje tikve. Detektovano je pet A’ sterola: spinasterol,
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Danas se na trzistu u Srbiji mogu nadi hladno pre-
sovana ulja poreklom iz razlicitih sirovina od razlicitih
proizvodjaca. Potreba za funkcionalnim proizvodima
uticala je i na proizvodjace hladno presovanih ulja da
svoj asortiman razvijaju u pravcu proizvodnje ulja sa
povoljnim nutritivnim sastavom. S obzirom da u Srbiji
postoji duga tradicija uzgajanja tikve (Cucurbita pepo
L.), ona se nametnula kao izvor sirovine — semenki, iz
kojih se hladnim presovanjem dobija visoko kvalitetno i
nutritivno vredno ulje. Obi¢na tikva, Cucurbita pepo L.,
u filogenetskom sistemu biljaka spada u familiju Cucur-
bitaceae [1,2]. Za razliku od stocne tikve, uljana tikva se
prvenstveno gaji radi semena koje je bogato uljem, a
meso ploda je sporedni proizvod. Naziv ,uljana bun-
deva” je pogresan jer se ne radi o bundevi (Cucurbita
maxima) ve¢ o obicnoj tikvi (Cucurbita pepo). Uljana
tikva je dobila naziv po semenu koje je bogato uljem.
Na osnovu izgleda semena razlikuju se dve forme uljane
tikve: uljana tikva sa ljuskom, cije je seme obloZzeno
¢vrstom semenjacom (ljuskom) bele ili Zu¢kaste boje i
uljana tikva golica koja se prepoznaje po ,golom” se-
menu, bez ¢vrste semenjace. Golosemena tikva se prvi
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-stigmastatrienol, A7’25—stigmastadienol, A7—stigmasterol i A’-avenasterol. Dominan-
tan po sadrzaju je bio A7’22-stigmastadienol ili spinasterol sa 39,98-50,31% od ukupnog

put pojavila na prostorima danasnje Austrije, u Stajer-
skoj, osamdesetih godina XIX veka, kao prirodna muta-
cija. | danas se tradicionalno najvise gaji u Austriji i
zemljama u okruzenju, Sloveniji, Madjarskoj, Nemackoj
i Hrvatskoj. Zbog popularnosti tikvinog semena i poseb-
no ulja u ovom regionu, pojava golosemene forme je
odmah prepoznata kao prednost koja je omogucavala
lakse i efikasnije izdvajanje ulja. U sustini, ova prirodna
mutacija je pretvorila tikvu u uljaricu. Prva sorta uljane
tikve golice, ,869 Feldkiirbis“ se pojavila u katalogu
semena iz 1915 godine [3]. Prema podacima iz 2006.
godine, Cucurbita pepo convar. citrullinina var. styriaca,
se u Austriji uzgajala na 18.151 ha, sa prosecnim pri-
nosom semena od 0,61 t/ha. Ova sorta tikve danas se
gaji Sirom sveta, ukljucujuci i Kanadu [4]. Kod nas se gaji
u severnom delu Srbije (Vojvodini) [5], a u poslednje
vreme pocinje njeno gajenje u Bosni i Hercegovini [6],
Ukrajini i Rusiji. U domacem sortimentu postoji uljana
tikva sa ljuskom Olivija, dok uljane tikve golice cine
registrovane sorte Olinka, Olea i Olimax, nastale u Insti-
tutu za ratarstvo i povrtarstvo u Novom Sadu. Poznate
su i inostrane sorte od kojih se posebno isticu austrijske
selekcije, pre svega Gleisdorfer Olkiirbis.

Vecina semenki tikvi koje se proizvode i prodaju na
nasem trziStu nemaju u deklaraciji poreklo sirovine, u
smislu sorte i osnovnih sortnih karakteristika, Sto moze
da bude pokazatelj kvaliteta semena iz koga se pravil-
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nom preradom moZze dobiti nutritivno vredno ulje.
Medutim, proizvodjac¢i hladno presovanog ulja se,
tokom otkupa i prerade semenki tikve, ne vode cinje-
nicom koju sortu ili hibrid, odredenih parametara kvali-
teta, ¢e preraditi ve¢ uglavnom po kojoj ceni ih mogu
otkupiti.

S obzirom na to da se golosemene sorte mogu uz
mnogo manje tehnoloskih operacija i uz ustedu u
energiji preraditi do finalnog proizvoda — hladno pre-
sovanog ulja, sasvim je opravdano $to proizvodjaci teze
preradi ove vrste semena, iako sorte sa ljuskom (Cvrs-
tom semenjacom), gde ljuska sluzi kao prirodna zastita
semenki, mogu duzZe vreme biti skladistene bez gubitka
na kvalitetu, Sto se odrazava i na kvalitet dobijenog
ulja.

Cilj ovoga rada je bio da se sagleda uticaj odredene
sorte na nutritivni kvalitet hladno presovanog ulja
semena tikvi dobijenih iz sortimenta Instituta za ratars-
tvo i povrtarstvo u Novom Sadu u poredenju sa uljem
sa trzista koje je dobijeno iz golica nepoznatog porekla.
Kao pokazatelji nutritivne vrednosti odredjeni su sastav
i sadrzaj masnih kiselina, tokoferola, a poseban osvrt je
dat na sastav i sadrzaj fitosterola, kao specifi¢nih kom-
ponenti tikvinog ulja.

MATERUAL | METODE

Materijal

U okviru ovog rada ispitano je ukupno 7 uzoraka
hladno presovanog ulja semena uljanih tikvi. Cetiri
uzorka semena, koja su preradjena u hladno presovano
ulje, je nabavljeno od Instituta za ratarstvo i povr-
tarstvo (Novi Sad, Srbija), od toga 3 uzoraka su bile
domace slobodnooplodne sorte ili eksperimentalni hib-
ridi, 1 uzorak je bio poreklom iz Austrije (Saatzucht
Gleisdorf GmbH, Gleisdorf, Austria), dok su 3 komerci-
jalna uzorka hladno presovanog ulja bila nabavljena slu-
¢ajnim izborom na trzistu.

Svi uzorci semena uljane tikve golice su bili celog
jezgra, bez vidljivih oSteéenja i osuseni do ravnotezne
skladisne vlage, a uzorak semena sa ljuskom je rucno
oljusten, neposredno pre presovanja semena. Seme je

Tabela 1. Karakterizacija uzoraka tikvinog semena i ulja sa trZista

c¢uvano u zatvorenim plasti¢nim kesama pri tempera-
turi od 4 °C, u mraku, do momenta izdvajanja ulja. U
tabeli 1 je data karakterizacija uzoraka semena uljane
tikve i hladno presovanog ulja sa trzista.

lzdvajanje ulja

Za izdvajanje ulja iz uzoraka semena tikve primenjen
je postupak hladnog presovanja. U ovom radu koris-
¢ena je puzna presa kompanije ,Kern Kraft“ (Nemacka)
kapaciteta 40 kg semena na sat, snage 4,0 kW, dimen-
zija 480 mmx480 mmx620 mm, namenjena za cedenje
semena repice, suncokreta, soje, lana, tikve, konoplje,
grozda, Sipurka, susama, kikirikija i drugih sirovina.
Izdvojeno ulje je, nakon 24 h sedimentacije, dekantova-
njem odvojeno od taloga i do momenta analize ¢uvano
u tamno zelenoj staklenoj ambalazi koja je bila zatvo-
rena metalnim navojnim zatvaracem. Boce su ¢uvane u
frizideru na temperaturi od 4 °C do momenta analize
koja je obavljena u naredne dve nedelje.

Metode

Sastav i sadrZaj masnih kiselina

Masne kiseline tikvinog ulja prevedene su u metil-
estre postupkom transmetilacije. Zatim su metil-estri
podvrgnuti gasno-hromatografskoj analizi radi identifi-
kacije pojedinacnih masnih kiselina i odredivanja njiho-
vog relativhog odnosa. Dobijanje metil-estara masnih
kiselina izvedeno je u skladu sa metodom (ISO
5509:2000, Animal and vegetable fats and oils — Pre-
paration of methyl esters of fatty acids). Princip
metode je transesterifikacija triacilglicerola metanol-
nim rastvorom KOH. Heksanski rastvor metil-estara
masnih kiselina (test rastvor) korisé¢en je dalje u gasno-
hromatografskoj analizi.

Ispitivanje sastava masnih kiselina vrseno je na gas-
nom hromatografu Varian, model 1400, sa plameno
jonizujuéim detektorom (FID). Koriséene su metalne
kolone dimenzija 300 cmx0,32 cm pakovane sa LAC-3R-
728 (20%; Cambridge Ind. Co., Cambridge, UK) na
Chromosorb W/AW (80-100 mesh; Merck, Darmstadt,
Germany). Kao gas nosaC je sluzio azot protoka 24
mL/min. Temperatura kolone je bila 175 °C, a tempera-

Table 1. Characterization of pumpkin seed samples and oils from the market

Naziv-oznaka uzorka Sorta/hibrid

Vrsta semena Zemlja porekla

Olinka Slobodnooplodna sorta
SB Slobodnooplodna sorta
Gleisdorfer Diamant F1 hibrid

Olivija Slobodnooplodna sorta

Golica Srbija

Golica Srbija

Golica Austrija
Seme sa ljuskom Srbija

Hladno presovano ulje semena tikve sa trzista

1 - Tikvino ulje -
2 - Tikvino ulje -
3 - Stajersko tikvino ulje -

Golica Srbija
Golica Srbija
Golica Slovenija

60



B.B. RABRENOVIC i sar.: NUTRITIVNE VREDNOSTI HLADNO PRESOVANIH ULJA SEMENA TIKVE

Hem. ind. 70 (1) 59-65 (2016)

tura injektorskog bloka i FID detektora 200 °C. Analiza
je radena u ,,splitless mode“. Injektirano je u gasni hro-
matograf po 1 pl referentnog rastvora i test rastvora.
Kao referentni rastvor koris¢ena je komercijalna smesa
metilestara masnih kiselina (37 Component FAME Mix,
47885-U, Supelco, razblazeno 10x u n-heksanu). Pri
navedenim uslovima odredivanja nisu koris¢eni korek-
cioni faktori za preraunavanje, jer je analizom stan-
dardnog referentnog rastvora utvrdeno da dobijeni
povrsinski udeli odgovaraju masenim udelima.

SadrZaj i sastav tokoferola

Sadrzaj i sastav tokoferola odreden je HPLC meto-
dom. Uzorci su pripremani na sledeci nac¢in: u odme-
renu zapreminu uzorka ulja (0,5 mL) dodavano je 20 mL
95% etanola i 3 mL vodenog rastvora KOH. Ovako pri-
premljen rastvor zagrevan je 30 min na t = 60 °C uz
povratni hladnjak i mesanje. Kada je saponifikacija bila
zavrsena, rastvor je ohladen i prenesen u normalni sud
od 50 mL, koji je dopunjen 95% etanolom. Alikvot je
odmeravan u epruvetu sa Slifovanim zatvaracem i do-
davane su jednake zapremine heksana i vode. Sve je
promesano na vibracionom mesacu u trajanju od 3 min.
Heksanski sloj je zatim odvojen i uz dodatak 0,5 mL
KH,PO, promesan joS 30 s na vibracionom mesacu.
Odmerena zapremina heksanskog rastvora uparavana
je do suva u struji azota i nakon toga rekonstituisana u
metanolu. Posle filtriranja kroz membranski Spric-filter
(Cronus Syringe Filter Nylon 25 mm, 0,45 um, Cronus,
UK), 10 upl ovog rastvor injektirano je u HPLC sistem.
Razdvajanje je izvedeno na HPLC sistemu Waters
MG600E, izokratsko eluiranje, uz protok mobilne faze 1,0
mL/min i 95% MeOH koji je koris¢en kao mobilna faza,
uz Rheodyne 7125 injektor, na analitickoj koloni Nucle-
osil 50-5 C18. Spektrofotometrijska detekcija analita je
izvedena na fluoroscentnom detektoru RF/535 (Shim-
adzu, Japan) na talasnim duZinama 295 nm za ekscita-
ciju i 330 nm za emisiju. U analizi su koriS¢ene stan-
dardne supstance tokoferola proizvodaca Sigma Co
(Supelko, USA), od kojih su pripremani rastvori za ispi-
tivanje limita detekcije i limita kvantifikacije (serija ras-
tvora od 0,01 do 0,5 pg/mL), kao i rastvori za kalibra-
cionu krivu (1,0, 2,5, 5,0, 10,0 i 20,0 pg/mL). Odredeni
su: limit detekcije i limit kvantifikacije, koji iznose 0,03
pg/mL za B, y i 6, odnosno 0,05 ug/mL za a tokoferol,
specificnost metode, zbog moguce interferencije, li-
nearnost (odnosa povrsine pika i koncentracije) za
standardne rastvore tokoferola u rasponu od 1,0 ug/mL
do 20 pg/mL. Kalibracione krive su dobijene kao
rezultat Cetiri injiciranja za svaki koncentracioni nivo i
odredeni su koeficijenti korelacije: r = 0,99937 za
a-tokoferol, r = 0,9991 za fS+y-tokoferol, odnosno r =
= 0,99924 za 6-tokoferol, preciznost za koncentraciju
od 5,0 pg/mL (RSD = 1,43, 2,11, odnosno 0,78%), kao i
analiticki prinos (recovery) metode (98,4% za a-toko-
ferol, 97,2% za fB+y-tokoferol, odnosno 97,5% za &-to-

koferol). Obrada podataka je obavljena pomocu Clarity
chromatography station for Windows.

SadrZaj i sastav sterola

Sastav i sadrzaj sterola odeden je metodom koju je
opisao Verleyen [7].

Odmeravano je po 4,5 g uzorka ulja i dodavano je
7,5 mL rastvora internog standarda (0,15% rastvor
holesterola u metilen-hloridu). Zatim je metilen-hlorid
uparavan do suva na rotacionom vakuum uparivacu pri
40 °C. U uparene uzorke dodavano je 20 mL 6 M NaOH
i 30 mL etanola (u kome je bilo 5% etra). Saponifikacija
je obavljena na vodenom kupatilu pri temperaturi
izmedu 85 i 90 °C u trajanju od 90 min. Nakon
saponifikacije dodavano je 30 mL destilovane vode i
nesaponifikovani deo je ekstrahovan sa 45 mL petrol-
etra uz snazno muckanje, a potom sa 45 mL dietiletra.
Ovi ekstrakti su bili spojeni i potom ispirani dva puta sa
po 20 mL 0,5 M KOH i 2—-3 puta sa po 20 mL 5% NaCl do
neutralne reakcije koja se proverava lakmus papirom.
Zatim je ekstrakt osusen dodavanjem Na,SQ,, filtriran
kroz filter hartiju, a potom uparavan na rotacionom
vakuum uparivacu pri 40 °C. Dobijenom ekstraktu je
dodavana smesa 1,5 mL suvog piridina, 0,2 mL heksa-
metildisilazana i 0,1 mL trimetilsilana. Derivatizovan
uzorak je potom bio prebacen u vial i spreman za ana-
lizu koja je morala biti obavljena u narednih 6 sati. Svaki
uzorak je injektiran po tri puta.

GC i GC/MS analize su uradene na instrumentu
Agilent 7890AG C sa 5975C (inertni XL EI/CI) MSD i FID
detektorima povezanim dvosmernim razdeljivacem
(spliterom) kapilarnom proto¢nom tehnologijom sa po-
mocnim gasom. Kolona koris¢ena za razdvajanje bila je
HP-5MS kapilarna kolona (30 mx0.25 mmx0.25 um).
Pocetna temperatura GC instrumenta od 60 °C je podi-
zana brzinom od 3 °C/min do 300 °C, a potom odrza-
vana 10 min na 300 °C. Kao nosedi gas je koris¢en heli-
jum sa konstantnim protokom od 1,5 mL/min na 60 °C.
Injekciona zapremina bila je 1 pl. Uzorak je analiziran u
“splitless mode”. Temperatura inleta GC instrumenta
bila je 250 °C, a temperatura FID detektora bila je 300
°C. MS podaci su dobijeni u El modu, sa opsegom m/z
vrednosti od 30-550. Temperatura izvora bila je 230 °C,
a temperatura kvadrupola 150 °C. Maseni detektor je
uklju¢en 3 min po injektovanju. Identifikacija je potvr-
dena metodom zakljuéavanja retencionih vremena
(RTL) i njihovim poredenjem sa Adams bazom poda-
taka.

Statisticka analiza podataka

Eksperimentalne vrednosti su izrazene kao srednja
vrednost tri pojedinacna odredivanja. Za analizu vari-
janse (ANOVA) koris¢en je program Statistica 7.0
(StatSoft, USA). Razlika izmedu srednjih vrednosti, na
nivou 5% statisticke znacajnosti (p < 0,05), odredivana
je koris¢enjem Dankan testa.
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REZULTATI | DISKUSIJA

Sastav i sadrzaj masnih kiselina tikvinog ulja

Masne kiseline molekula triacilglicerola su reaktivni
deo molekula masti i odreduju njena fizicka i hemijska
svojstva. U tabeli 2 dat je prikaz sastava masnih kiselina
ispitivanih uzoraka tikvinog ulja.

Prema sastavu masnih kiselina ulje semena uljane
tikve pripada grupi ulja oleinsko-linolnog tipa. Kao Sto
se vidi iz tabele 2 sadrzaj ove dve dominantne masne
kiseline se kretao od 34,2+0,09 do 43,9+0,04% za olein-
sku masnu kiselinu i 30,8+0,09 do 46,9+0,015% za li-
nolnu masnu kiselinu. Znacajne po sadrzaju su bile i dve
zasicene masne kiseline. palmitinska (9,9%0,13—
—15,3+0,30%) i stearinska (4,1+0,04-9,3+0,02%). U tra-
govima su identifikovane miristinska (C14:0), palmito-
oleinska (C16:1), alfa-linolenska (C18:3), arahinska
(C20:0) i behenska (C22:0) kiselina. Dobijeni podaci su u
saglasnosti sa sa literaturnim podacima [8-13]. Rezul-
tati ovih istrazivanja ukazuju na to da poreklo semena
odnosno ulja je imalo uticaja na sadrzaj pojedinih mas-
nih kiselina. Kod svih uzoraka ulja dobijenih iz semena
poznatog porekla bila je dominantna mononezasi¢ena
oleinska masna kiselina. Relativan sadrZaj oleinske ma-
sne kiseline je bio u negativnoj korelaciji sa relativnim
sadrZzajem linolne masne kiseline (r = -0,83), koja je bila
dominantna kod svih uzoraka ulja sa trzista.

S obzirom na to da je sastav masnih kiselina veoma
znacajan pokazatelj nutritivne vrednosti biljnih ulja, ali i
njihove oksidativne stabilnosti, veoma je vazan i uku-
pan sadrzaj zasi¢enih (SFA), mononezasi¢enih (MUFA) i
polinezasi¢enih (PUFA) masnih kiselina. Posmatrano sa

stanoviSta oksidativne stabilnosti ulja poZeljan je visi
sadrzaj SFA, ali sa nutritivnog stanovista, u cilju pre-
vencije kardiovaskularnih obolenja, ulja sa viSim sadr-
Zajem MUFA imaju prednost. Iz tabele 2 moze se pri-
metiti da je sadrzaj MUFA bio znacajno visi kod uzoraka
ulja poreklom iz semena uljanih tikvi poznatog porekla
u odnosu na uzorke sa trZista.

Odnosu zasi¢enih i nezasi¢enih masnih kiselina jesti-
vih ulja u savremenoj ishrani se, takode, poklanja velika
paznja. Zbog visoko aterogenog potencijala zasi¢enih
masnih kiselina [14] preporucuje se da njihov odnos
bude ispod 1 [15]. Na osnovu podataka iz tabele 2 se
moze zakljuciti da je odnos zasi¢enih i nezasi¢enih mas-
nih kiselina svih uzoraka daleko ispod 1, sto takode daje
pozitivan doprinos nutritivnoj vrednosti tikvinog ulja.

Sastav i sadrzaj tokoferola tikvinog ulja

Tokoferoli su veoma vazne negliceridne kompo-
nente biljnih ulja i ukupan sadrzaj ovih prirodnih anti-
oksidanasa, kao i prisustvo odredenih njihovih izomera,
zavisi od mnogo Ccinilaca (sortnih karakteristika semena,
vrste ulja, klimatskih uslova, postupaka izdvajanja ulja,
metode odredivanja tokoferola, itd.).

Sastav i sadrZaj tokoferola u ispitivanim uljima pri-
kazan je u tabeli 3.

Ovim istrazivanjem je potvrdeno da je u tikvinom
ulju dominantan S+y-tokoferol. Naime, f-tokoferol je
bio prisutan u zanemarljivo maloj koli¢ini i bilo ga je
vrlo tesko razdvojiti od y-tokoferola, zato je dat ukupan
sadrzaj ova dva izomera tokoferola. Kao sto se vidi iz
tabele 3 sadrzaj S+y-tokoferola se kretao od 34,65+0,03
do 44,5940,69 mg/100 g, odnosno, procentualno je bio

Tabela 2. Sastav i sadrZaj (%, sr. vrednost+SD, n = 3) masnih kiselina uzoraka hladno presovanih ulja semena tikve
Table 2. Composition and content (%,sr. vrednost+SD, n = 3) of fatty acids in cold-pressed pumpkin seed oils

Masna kiselina Ulje semena uljane tikve golice

Ulje semena uljane

Hladno presovana ulja semena tikve

(mas.%)" tﬁlkve sa ljuskom sa trzista
Olinka SB Gleisdorfer Diamant Olivija 1 2 3

C14:0 nd 0,1+0,03 0,2+0,00 nd nd nd 0,1+0,00
C16:0 12,940,09° 11,6+0,06° 15,3+0,30° 11,9+0,12° 10,9+0,10° 9,9+0,13' 11,5+0,08 8
C16:1 nd nd 0,2+0,13 nd nd nd 0,1+0,09
C18:0 6,240,05° 5,1+0,01° 9,340,02° 6,50,10" 4,1+0,04° 5,00,06' 5,1+0,04f%
c18:1 43,940,04° 42,940,02° 43,5+0,03° 42,340,05° 34,240,09° 38,940,047  39,940,03%
C18:2 36,7+0,06° 40,240,20" 30,8+0,09° 39,040,12° 46,940,30°  41,740,15°  43,4+0,08°
C18:3 0,140,02° 0,1+0,01° 0,1+0,00" 0,2+0,04° 1,240,06° 1,140,08° 0,1+0,00°
€20:0 nd nd 0,2+0,02 0,1+0,00 nd nd 0,240,1
€22:0 nd nd 0,5+0,05 nd nd nd 0,3+0,03
SFA 19,140,14 16,840,10 25,540,59 18,540,22 15,040,46 14,940,58 17,240,15
MUFA 43,940,78 42,9+0,67 43,7+0,71 42,3+0,70 34,2+0,09 38,9+0,04 40,0+0,98
PUFA 36,8+0,79 40,3+0,88 30,9+0,60 39,2+0,69 48,1+0,04 42,8+0,68 43,5+0,40

SFA 0,24 0,20 0,34 0,22 0,18 0,18 0,21
MUFA + PUFA

AL . ) : o e - . . : - L .
Razli¢ita mala slova po redovima ukazuju na postojanje statisticki znacajne razlike u sadrzaju dominantnih masnih kiselina izmedu uzoraka ulja
(p < 0,05); nd — nije detektovano; SFA — zasi¢ene masne kiseline; MUFA — mononezasi¢ene masne kiseline; PUFA — polinezasi¢ene masne kiseline
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Tabela 3. Sastav i sadrZaj (mg/100g, sr. vrednost+SD, n=3) tokoferola u ispitivanim uzorcima hladno presovanog tikvinog ulja
Table 3. Tocopherol composition and content (mg/100g, mean%SD, n=3) in cold-pressed pumpkin seed oil

Oznaka uzorka a-Tokoferol Pry-Tokoferol 6-Tokoferol Ukupni tokoferoli
Ulje semena uljane tikve golice
Olinka 5,39+0,05° 44,59+0,69° 2,99+0,12° 52,97+4,12°
SB 4,57+40,05" 40,0940,89° 4,2640,07" 48,92+ 6,17°
Gleisdorfer Diamant 2,9840,08° 34,65+1,90° 10,54+0,20° 48,17+6,98°
Prosecan udeo (% u ukupnom sadrzaju) 8,57 79,35 13,31 -
Ulje semena uljane tikve sa ljuskom
Olivija 4,6040,11° 46,99+0,94° 5,55+0,05° 57,14+ 5,32°
Udeo (% u ukupnom sadrzaju) 8,05 82,24 9,71 -
Hladno presovana ulja semena tikve sa trzista

1 4,24+0,06° 42,38+1,11° 6,3610,19° 52,98+3,12°
2 4,48+0,09' 37,29+0,79' 7,9540,11" 49,72414,17"
3 3,640,08% 42,12+1,67° 3,0840,09% 48,86+5,83%
Prosecan udeo (% u ukupnom sadrzaju) 8,17 80,40 11,43 -

Ay e - o els - . PR -
Razli¢ita mala slova u kolonama ukazuju na postojanje statisticki znacajnih razlika u sadrzaju pojedinih izomera tokoferola u ispitivanim uzorcima

ulja (p < 0,05)

zastupljen u ukupnom sadrzaju tokoferola sa 79,35—
—82,24%. Najvisi sadrzaj je zabelezen kod ulja poreklom
iz semenki uljanih tikvi iz domacdeg sortimenta, Olinke
(44,5910,69 mg/100 g) i Olivije (46,99+0,94 mg/100 g).
Sadrzaj a-tokoferola se kretao od 2,98+0,25 do
5,39+0,05 mg/100 g, odnosno, procentualno je bio zas-
tupljen sa 5,48-8,57%. Posebno je interesantan sadrzaj
6-tokoferola, izomera koji, pored y-tokoferola, najvise
doprinosi oksidativnoj stabilnosti, pri ¢emu se po viso-
kom sadrzaju izdvojio uzorak ulja poreklom iz semenki
austrijskog hibrida, Gleisdorfer Diamant (10,54%0,20
mg/100 g).

Sastav i sadrzaj sterola tikvinog ulja

Za vecinu biljnih ulja karakteristi¢ni su A® steroli,
dok su A’ steroli karakteristi¢ni za samo nekoliko biljnih
familija, medu kojima je i Cucurbitaceae [16]. Upravo
prisustvo ove grupe sterola u tikvinom ulju, bez obzira
da li se radi o golosemenim sortama ili sortama sa
ljuskom, omoguéava da se utvrdi da li je skupoceno
tikvino ulje falsifikovano nekim jeftinijim uljem, kao Sto
je suncokretovo ili ulje semena repice. Naime, intezivna
tamno-zelena boja i karakteristi¢an miris veoma oteza-
vaju potroSacima da detektuju prisustvo druge vrste
ulja, ¢ak i kada su zastupljeni u vecoj koli¢ini [16—19].
Nazalost, analitika detekcije i odredivanja A’ sterola je
veoma sloZena, s obzirom na to da ne postoje komer-
cijalni standardi A’ sterola i potrebna je kolona velike
polarnosti da bi se dobilo dobro razdvajanje pojedinac-
nih sterola iz ove grupe. U okviru ovih istraZivanja,
koriséenjem kapilarne kolone HP-5MS gasnog hromato-
grafa razdvojeno je pet A’ sterola, a identifikacija je
obavljena delom preko retencionih vremena iz Adams

baze gasnog hromatografa, delom na osnovu masenih
spektara i literaturnih podataka [16,20-24].

Kao sto se vidi iz tabele 4 i u ispitivanim uzorcima
ulja dominantni su A’ steroli. Profil sterola odnosno
hromatogrami svih uzorka su pokazali identi¢an raspo-
red sterola, a dominantan po sadrzaju je bio A stig-
mastadienol ili spinasterol sa 39,98-50,31% od ukup-
nog sadrzaja sterola. Slededi po sadrzaju je NG
stigmastatrienol, Ciji se udeo u ukupnom sadrzaju ste-
rola kreée od 20,23 do 30,89%. Zatim sledi A7-stig-
masterol, sa 10,47-19,48%, potom A7’25-stigmasta-
dienol, ¢iji je udeo u ukupnom sadrzaju 5,70-10,76%.
Najmanju povrsinu pika, a samim tim i najnizu procen-
tualnu zastupljenost, kod gotovo svih uzoraka, imao je
A-avenasterol sa 1,50-13.42%. lzvesna odstupanja
postoje kod uzorka broj 2 sa trzista, kod koga je sadrzaj
A7’25-stigmastadienola bio najnizi.

Posebno je vazno $to je i u uzorcima sa trzista utvr-
deno da su prisutni samo A’-steroli, jer to ukazuje da
ispitivana ulja nisu falsifikovana nekim drugim, jeftini-
jim uljem.

U literaturi ne postoje podaci o sadrzaju sterola u
hladno presovanom tikvinom ulju, kao ni njihov sastav,
tako da se postojeci rezultati mogu uporediti samo sa
rezultatima za devi¢anska tikvina ulja ili eventualno
druga hladno presovana ulja.

Sastav sterola devicanskog tikvinog ulja je isti kao
kod hladno presovanih ulja, ali je udeo pojedinih ste-
rola u ukupnom sadrzaju razlicit. Naki¢ i sar. [24]
navode da su po sadrZaju odnosno procentualnom
udelu u ukupnom sadrzaju sterola, spinasterol, NG
stigmastatrienol i A7'25-stigmastadienol sli¢ni i taj udeo
se redom kretao 19,88-26,81%; 24,03-26,24%; 21,36—
—22,68%. Najmanji udeo u ukupnom sadrzaju sterola u
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Tabela 4. Sastav i sadrZaj (% od ukupnog sadrZaja sterola) pojedinacnih sterola hladno presovanog ulja semena uljane tikve
Table 4. Composition and content of sterols (wt.% of total sterols, mean+SD, n = 3) in cold-pressed pumpkin seed oils

Oznaka uzorka® Spinasterol AR stigmastatrienol A 7’zs-stigmastadienol A7-stigmastero| A-avenasterol
Ulje semena uljane tikve golice
Olinka 42,15+2,14° 30,89+1,14° 6,4010,24° 17,9140,68° 2,6540,16°
SB 49,73+1,42° 28,34+0,99" 8,05+0,10° 10,47+0,60° 3,4240,20°
Gleisdorfer Diamant ~ 42,33+2,05%° 26,93+1,78° 7,25+0,25° 18,87+0,41° 4,6140,17®
Ulje semena uljane tikve sa ljuskom
Olivija 50,31+3,32¢ 24,81+0,49° 5,94+0,17° 17,42+0,20° 1,50+0,11°
Hladno presovana ulja semena tikve sa trZiSta
1 40,15+4,34° 26,60+1,21° 5,70+0,22° 14,2340,55° 7,02+0,56°
2 39,98+3,22' 23,48+0,89' 3,6440,40' 19,4840,76' 13,4240,78"
3 42,03+7,11% 27,38+3,288 10,7640,88° 10,88+1,168 8,95+0,99°

>

uzorcima koje su ispitivali Naki¢ i sar. [24] imao je A’-
stigmasterol, 1,46-1,99%, za razliku od uzoraka ispiti-
vanih u ovom radu gde je A’-avenasterol bio procen-
tualno najmanje zastupljen.

Szterk i sar. [25] navode ukupan sadrzaj sterola od
349 mg/100 g u devi¢anskom tikvinom ulju, sa domi-
nantnim spinasterolom (53,85%), A7'25-stigmastadienol
(21,23%) i A’-avenasterolom (20,17%), dok je NG
stigmastatrienol bio zastupljen sa svega 4,78%.

ZAKLJUCAK

Rezultati ovih istraZivanja su pokazali da sadrzaj
pojedinih bioaktivnih komponenti statisticki znacajno
varira u ispitivanim uzorcima ulja, a $to se moZe dovesti
pre svega u vezu sa sortnim karakteristikama.

Kada je u pitanju sastav masnih kiselina uzorci ulja
dobijeni iz sorti razvijenih u Institutu za ratarstvo i povr-
tarstvo u Novom Sadu, kao dominantnu su imali mono-
nezasi¢enu oleinsku masnu kiselinu, koja je sa stano-
vista nutritivne vrednosti ulja najpoZeljnija a doprinosi i
oksidativnoj stabilnosti ulja, za razliku od uzoraka iz
semenki nepoznatog porekla koji su imali dominantnu
linolnu masnu kiselinu, koja i pored toga Sto je esen-
cijalna masna kiselina, doprinosi oksidativnoj nestabil-
nosti ulja.

U pogledu sadrzZaja tokoferola takode postoji statis-
ticki znacajna razlika izmedu ispitivanih uzoraka, a po-
sebno u sadrzaju dominantnih SB+y-tokoferola, medu-
tim, njihov udeo u sadrzaju ukupnih tokoferola kod svih
uzoraka je bio izuzetno visok, kretao se oko 80%.

U sastavu ispitanih uzoraka ulja detektovano je pet
A -sterola: spinasterol, A2 stigmastatrienol, A
stigmastadienol, A7—stigmasterol i A’-avenasterol. Do-
minantan po sadrzaju je bio A'zz—stigmastadienol ili spi-
nasterol sa 39,98-50,31% od ukupnog sadrzaja sterola.
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(Scientific paper)

The objective of this study was to investigate the nutritional value of seven
samples of cold pressed pumpkin oil of different origins and influence of seed
origin on the content of the most important bioactive components. Four samples
of a pumpkin oil is obtained by cold pressing of the seeds of domestic and Aus-
trian varieties, and three samples of cold pressed oils were obtained from the
seeds of unknown origin, taken by free choice in the market. As indicators of the
nutritional values are determined by the composition and content of fatty acids,
tocopherols and sterols. In the composition of the fatty acid were oleic dominant
(34.2+0.09-43.940.04%) and linolenic fatty acid (30.8+0.09-46.9+0.015%). This
study confirmed that the oil pumpkin dominant 8+y-tocopherol, whose contents
ranged from 34.65+0.03 to 44.59+0.69 mg/100 g. We determine the composition
and content of A7-phytostero|s, especially for specific oil pumpkins. It was
detected five A’-sterols: spinasterol, A7'22'25—stigmastatrienoI, A7'25—stigmasta—
dienol, A’-stigmasterol and A’-avenasterol. Dominant content was A7'22—stigma—
stadienol or spinasterol with 39.98 to 50.31% of the total content of sterols.

Keywords: Cold-pressed pumpkin oil e
Nutritive value e Fatty acids e Tocophe-
rols e Sterols
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Abstract

In recent years there is an emerging trend of coarse grinding of cereals in production of
poultry feed due to the positive influence of coarse particles on poultry digestive system.
Influence of grinding method (hammer mill vs. roller mill) and grinding intensity of corn
(coarseness of grinding) on mill specific energy consumption and pellet quality was inves-
tigated. By decreasing grinding intensity of corn (coarser grinding), specific energy con-
sumption of both hammer mill and roller mill was significantly decreased (p < 0.05). When
comparing similar grinding intensities on hammer mill and roller mill (similar geometric
mean diameter or similar particle size distribution), specific energy consumption was
higher for the hammer mill. Pellet quality decreased with coarser grinding on hammer mill
but, however, this effect was not observed for the roller mill. Generally, pellet quality was
better when roller mill was used. It can be concluded that significant energy savings could
be achieved by coarser grinding of corn before pelleting and by using roller mill instead of
hammer mill. From the aspect of pellet quality, if coarser grinding is applied it is better to
use roller mill, concerning that more uniform particle size distribution of corn ground on
roller mill probably results in more uniform particle size distribution in pellets and this
provides better pellet quality.

Keywords: grinding, energy consumption, pellet quality, poultry, corn.
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Dominating principle in poultry breeding is to use
complete mixtures (diets) in pelleted form [1] because
it has been shown that pelleting (compared to using
diets in mash form) increases feed intake [2], reduces
feed wastage [3], prevents birds from selecting larger
particles [4], prevents segregation of diet components
[5], etc. The first step in production of pelleted poultry
feed is grinding of diet ingredients. Grinding is most
commonly done by hammer mills while roller mills are
not widely used in animal feed production even though
they grind with lower energy consumption [6], give less
dust during grinding and are less noisy [7]. Hammer
mills (HM) produce some large and many small par-
ticles, and roller mills (RM) produce more uniform par-
ticle size distribution (PSD) [6,8]. Higher cost for pur-
chase and maintenance are the major disadvantage of
roller mills [7].

Although fine grinding was considered as a key for
achieving proper feed utilization in poultry digestive
system [9], there is a lot of literature that emphasizes
the importance of coarse particles in poultry diets [1].
Coarse particles stimulate development of gizzard, and
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well developed gizzard improves energy utilization and
nutrient digestibility [10] and decreases pH value of
digested material [11] lowering the risk of coccidiosis
[12] and feed-borne pathogens [2]. Thus, coarser grind-
ing of cereals, as the main component of poultry diets,
should be applied. Additionally, coarser grinding will
save energy and time in the grinding process.

On the other hand, it is well known that pelleting
reduces size of micro-particles that constitute the pel-
lets [4], but it is expected that coarser grinding before
pelleting will increase the share of coarse particles in
pellets to a certain extent which will enhance gizzard
development. Problem with coarse grinding of cereals
is the influence on pellet quality. Physical quality of pel-
lets is important from the aspect of transport and
handling, where certain resistance to abrasion is
required, but also from the aspect of nutritional qua-
lity, i.e., higher feed intake and, perhaps, improved
nutritional value of good quality pellets [13-15]. Even
though dominating belief is that pellet quality dec-
reases with coarser grinding [16], Reece et al. [17]
determined that coarseness of grinding has no effect
on pellet quality. Thus, results about influence of grind-
ing intensity on pellet quality are contradictory.

The aim of this research was to determine the inf-
luence of mill type (hammer mill vs. roller mill, i.e.,
wide vs. narrow distribution of particle size) and
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coarseness of grinding on mill energy consumption and
pellet quality.

MATERIAL AND METHODS

Experiments were conducted at pilot-plant facility
of Institute of Food Technology (University of Novi Sad,
Serbia). Dent corn obtained from local company (Agro-
backa a.d., Backa Topola, Serbia) was ground using
hammer mill (ABC Engineering, Pancevo, Serbia) and
roller mill (ROSKAMP TP650-9, California pellet mill,
USA). Hammer mill had 16 hammers arranged in four
rows and it was driven by 2.2 kW motor with rotational
speed of hammers of 2880 rpm. By using hammer mill
equipped with sieve openings diameter of 3, 6 and 9
mm, three different coarseness of corn were obtained:
fine (treatment HM-F), medium (HM-M) and coarse
(HM-C), respectively. Roller mill had three pairs of rol-
lers with 1.8-5.5 corrugations per cm and differential
speed of 1:1.5 for each pair of rollers. The upper pair
was driven by a 5.5 kW motor and two lower pairs by
an 11 kW motor. Gap between two higher pairs of
rollers was fixed at 4.4 and 2.6 mm for all grinding
treatments while gap between lower pair of rollers was
set to 1.4, 2.0 and 2.6 mm for obtaining three different
coarseness, i.e. medium (RM-M), coarse (RM-C) and
very coarse (RM-VC), respectively.

Specific energy consumption (kWh/t) of hammer
mill and roller mill was measured according to equation
(1) described by Payne et al. [18]:

3 (I—1y)Ucosp 1
1000 Q

Specific energy consumption =

In Eqg. (1), / (A) and I, (A) are average hammer mill or
roller mill motor amperage with and without material,
respectively, U (V) is the voltage, cosg is the power
factor (ratio between the actual load power and the
apparent load power drawn by an electrical load) and Q
(kg/h) is the throughput of material.

Moisture content of ground corn was adjusted to
16% by the addition of water in the double shaft pedal
mixer (SLHSJ0.2 Muyang, China) and corn was pelleted
using flat pellet press (14-175, Amandus Kahl, Ger-
many) with 6 mm diameter of die openings and 24 mm
thickness, while throughput of material was 20 kg/h.

PSD of ground corn was determined according to
ISO 1591-1 1988 (E) using sieve shaker (Endecotts, UK)
with the following size of sieve openings: 5600, 4000,
3150, 2000, 1600, 1000, 630, 250 and 125 pum. Geo-
metric mean diameter (GMD) and geometric standard
deviation (GSD) were determined according to A.S.A.E.
standard [19] using the Egs. (2)—(4):

68

di=\d;+di,y (3)
Z_" (logd; ~log GMD)

2w

where d; (um) is the size of sieve openings of i" sieve
and W; (g) is the mass on i" sieve.

Pellet quality was measured using Holmen pellet
tester (NHP 100, Norfolk, UK) and expressed as pellet
durability index (PDI) which is calculated as the ratio of
mass of pellets after the test and the mass of pellets
before the analyses. Duration of treatment was 30 s
and pellets were sieved before and after the treatment
using a sieve with 4.8 mm size of sieve openings (sieve
opening diameter = 0.8xpellet diameter).

One-way analysis of variance (ANOVA), applying
Tukey HSD test, was used for comparison of sample
means to analyze variations of the results (statistical
software Statistica 12). Differences between the means
with probability p < 0.05 were accepted as statistically
significant.

GSD = log-1 (4)

RESULTS AND DISCUSSION

In production of pelleted poultry diets, cereals, as
the main components, are usually finely ground using 3
to 4.5 mm hammer mill sieve openings diameter [9].
Thus, HM-F treatment represented grinding that is usu-
ally performed in practice. In other treatments of this
study, coarseness of grinding was increased, with ext-
reme coarseness for RM-VC treatment. Obtained GMDs
and GSDs for different grinding treatments of corn are
presented in Table 1. As it can be seen, wide range of
GMDs was achieved, and GSDs were different for dif-
ferent mill type (hammer vs. roller mill), while for
grinding treatments within the same mill, values were
similar. According to A.S.A.E. [19], when GSD is equal to
1 all particles are exactly the same, and GSD around 3
or more indicates a lot of variation in particle size. This
implies that for roller mill produced more uniform PSDs.

For RM-M and RM-C grinding treatments the dis-
tance between lower pair of rollers was selected in
order to reflect 6 and 9 mm hammer mill grinding, i.e.,
to obtain similar GMD between HM-M and RM-M, and
between HM-C and RM-C (Table 1). These pairs of
treatments were defined (according to GMD) to have
similar grinding intensity. However, it can be seen that
PSD of RM-M grinding treatment is more similar to PSD
of HM-F treatment (Figure 1a) than to HM-M (Figure
1b). Likewise, PSD of RM-C was more similar to PSD of
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HM-M treatment (Figure 1c) than to HM-C (Figure 1d),
especially when looking at coarser fractions (> 2500
pum), while PSD of HM-C treatment was similar to RM-
-VC (Figure 1le).

Table 1. Geometric mean diameters (GMD) and geometric
standard deviations (GSD) obtained with different mill type
(hammer mill (HM) or roller mill (RM)) and different grinding
intensity (fine (F), medium (M), coarse (C) and very coarse

(va)

Grinding treatment GMD [ um GSD / um
HM-F 671 2.66
HM-M 1144 2.82
RM-M 1119 2.17
HM-C 1581 2.69
RM-C 1542 2.27
RM-VC 2108 2.09

Noticeably higher specific energy consumption for
grinding was obtained for HM-F treatment comparing
to other treatments (Figure 2). When comparing pairs
of treatments with similar GMD obtained with hammer
mill and roller mill (HM-M vs. RM-M and HM-C vs. RM-
-C), it can be seen that specific energy consumption
was significantly higher (p < 0.001) when hammer mill
was used. This suggests that significant energy savings
in grinding process could be achieved by using roller
mill instead of hammer mill in order to obtain similar
GMD; specific energy consumption would be 39%
lower with RM-M grinding treatment comparing to

HM-M treatment and 46% lower if HM-C treatment is
substituted by RM-C treatment. Possibilities for saving
the energy with roller mill are even more pronounced if
grinding with hammer mill is substituted by roller mill
grinding that produce similar PSD. In this way if HM-F
grinding treatment is substituted by RM-M, specific
energy consumption would be 82% lower. If HM-M
grinding treatment is substituted by RM-C specific
energy consumption would be 66% lower, and by sub-
stituting HM-C with RM-VC, 54% of energy necessary
for grinding would be saved.

Expected decrease of pellet quality (expressed as
PDI) with coarser grinding was observed for corn
ground using hammer mill (Figure 3). Surprisingly, this
was not observed with roller mill where obtained PDI
values for different grinding intensities were not signi-
ficantly different between each other (even for very
coarsely ground corn (RM-VC)). Generally, pellet quality
was better (higher PDI) when roller mill was used com-
pared to hammer mill. Only for the treatment HM-F,
obtained pellet quality was not significantly different
from RM treatments, yet it was slightly lower.

Possible reason for lower PDI values of pellets pro-
duced with corn ground on hammer mill could be wider
distribution of particle size which results in more inho-
mogeneities in pellet structure, especially presence of
higher quantity of coarse particles in pellet structure.
Pellets are particularly sensitive near the points of inho-
mogeneities in their structure due to local stresses and
strains are the highest near such imperfections [20].
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Figure 1. Comparison of particle size distributions for different grinding treatments (different mill type (hammer mill (HM) or roller
mill (RM)) and different grinding intensity (fine (F), medium (M), coarse (C) and very coarse (VC)).
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Figure 2. Influence of mill type (hammer mill (HM) or roller mill (RM)) and grinding intensity (fine (F), medium (M), coarse (C) and
very coarse (VC)) on specific energy consumption of mill. Values with different letters are significantly different (p < 0.05).
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Figure 3. Influence of mill type (hammer mill (HM) or roller mill (RM)) and grinding intensity (fine (F), medium (M), coarse (C) and
very coarse (VC)) on pellet durability index. Values with different letters are significantly different (p < 0.05).

Corn ground on roller mill had more uniform PSD and it
can be assumed that this resulted in more uniform PSD
in pellets, compared to pellets made of hammer milled
corn. More uniform PSD of particles that made up the
pellets contributed to better quality of pellets pro-
duced from material ground on roller mill.

CONCLUSIONS

From the obtained results it can be concluded that
high energy savings could be achieved by coarser grind-
ing of corn before pelleting. However, if coarser grind-
ing is applied, it is better to use roller mill than hammer
mill. Besides lower energy consumption for achieving
the same GMD and especially for achieving similar PSD,
quality of pellets will also be better when using roller
mill instead of hammer mill. This is probably because
more uniform PSD after roller mill results in more uni-
form PSD in pellets and this provides better pellet qual-
ity. In further research it is necessary to determine PSD
in pelleted material and the amount of gelatinized
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starch in order to determine the reason for better
quality of pellets produced with roller milled corn.
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UTICAJ NACINA | INTENZITETA MLEVENJA KUKURUZA NA POTROSNJU ENERGIJE MLINA | KVALITET DOBUENIH

PELETA

Puro M. Vukmirovic’l, Jovanka D. Levic’l, Aleksandar Z. Fiéteéz, Radmilo R. Coloviél, Teall. Brlekl, Dusica S. Colovic’l,

Olivera M. Duragi¢*

"Univerzitet u Novom Sadu, Nuéni institut za prehrambene tehnologije u Novom Sadu, Novi Sad

2Univerzitet u Novom Sadu, Tehnoloski fakultet, Novi Sad
(Naucni rad)

Kod uzgoja Zivine se uglavnom primenjuje peletirana hrana, a prvi korak u
proizvodnji peletirane hrane je mlevenje pojedinacnih sastojaka smese. Za mle-
venje su najvise u upotrebi mlinovi ¢eki¢ari dok su mlinovi na valjke znatno manje
zastupljeni. lako je dugo smatrano da je sitno mlevenje klju¢no za proizvodnju
kvalitetnih peleta i dobro iskoriS¢enje hrane u probavnom sistemu Zivotinja, krup-
nije mlevenje Zitarica, kao osnovnih komponenata hrane za Zivinu, postaje sve
zastupljenije. Razlog za ovo je $to mnoga istraZivanja ukazuju da krupnije mleve-
nje ne dovodi do znacajnijeg narusavanja kvaliteta proizvedenih peleta kao i da
prisustvo krupnih Cestica pozitivho deluje na probavni sistem Zivine. Cilj ovog
istraZivanja bio je da se ispita uticaj nacina mlevenja (mlin cekicar ili mlin na
valjke, tj. Siroka ili uska raspodela veli¢ine Cestica) i intenziteta usitnjavanja kuku-
ruza na specificnu potrosnju energije mlina i kvalitet dobijenih peleta. Sa sma-
njivanjem intenziteta usitnjavanja (krupnije mlevenje), doslo je do znacajnog
(p < 0.05) smanjenja specificne potrosnje energije kako mlina ¢ekiéara tako i mlina
na valjke. Kada se porede sli¢ni intenziteti usitanjavanja na mlinu ¢ekic¢aru i mlinu
na valjke (slican geometrijski srednji precnik, a narocito slicna raspodela velicine
Cestica), specificna potrosnja energije je bila ve¢a na mlinu Cekicaru. Kvalitet
peleta se pogorsavao sa krupnijim mlevenjem na cekicaru, ali ne i kod mlina na
valjke gde krupnoda mlevenja nije uticala na kvalitet peleta. Generalno, kvalitet
peleta je bio bolji pri peletiranju kukuruza samlevenog na mlinu na valjke, bez
obzira na krupnoéu mlevenja. MoZe se zakljuciti da se znacajne ustede energije
mogu postici krupnijim mlevenjem kukuruza pre peletiranja, a takode i upotre-
bom mlina na valjke umesto mlina ¢eki¢ara. Medutim, u pogledu kvaliteta peleta,
ukoliko se primenjuje krupnije mlevenje, bolje je koristiti mlin na valjke s obzirom
na to da ujednacenija veli¢ina Cestica koja se dobija nakon mlevenja najverovat-
nije dovodi i do ujednacenije veliine Cestica u proizvedenim peletama sto dopri-
nosi boljem kvalitetu peleta.
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Abstract

Properties of poly (lactic acid) (PLA) and its nanocomposites, with silica nanoparticles (SiO,)
as filler, were investigated. Neat PLA films and PLA films with different percentage of hyd-
rophobic fumed silica nanoparticles (0.2, 0.5, 1, 2, 3 and 5 wt.%) were prepared by solution
casting method. Several tools were used to characterize the influence of different silica
content on crystalline behavior, and thermal, mechanical and barrier properties of PLA/
/Si0, nanocomposites. Results from scanning electron microscope (SEM) showed that the
nanocomposite preparation and selection of specific hydrophobic spherical nano filler pro-
vide a good dispersion of the silica nanoparticles in the PLA matrix. Addition of silica nano-
particles improved mechanical properties, the most significant improvement being obs-
erved for the lowest silica content (0.2 wt.%). Barrier properties were improved for all
measured gases at all loadings of silica nanoparticles. The degree of crystallinity for PLA is

slightly increased by adding 0.2 and 0.5 wt.% of nanofiller.

Keywords: polylactic acid, silica nanoparticles, nanocomposite, food packaging.
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The interest in biopolymers has increasing trend
due to their positive environmental impact; they are
produced from renewable sources and are biodegrad-
able, and consequently their utilization has less nega-
tive effect compared to conventional petroleum based
polymers [1-9]. Biopolymers are used in variety of
applications, like therapeutic aids, medicines, coatings,
food products and packaging materials [10]. Poly (lactic
acid), PLA, is biodegradable aliphatic polyester derived
from 100% renewable resources (corn starch or sugar
beet). Approximately 25-55% less energy is required to
produce PLA than petroleum-based polymers [11,12].
Popularity of PLA has significantly increased due to the
ease of its processing by conventional methods (such
as injection molding, film extrusion, blow molding,
thermoforming, fiber spinning and film forming), which
enable its utilization in diverse applications, including
food packaging [13,14]. However, due to its poor bar-
rier and mechanical properties, the utilization of PLA
for food packaging is currently limited to cups, con-
tainers and films for short shelf-life products [6,7,15].
PLA properties can be improved by incorporation of
nanoparticles into polymer matrix. Inorganic nanopar-
ticles are added often to polymer matrix, especially for
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improvement of mechanical and barrier properties
[6,7,12,16]. Nano fillers are creating very large inter-
faces with polymer matrix due to their small particle
size and extremely high surface area. A potential use of
nanotechnology has been already identified in every
segment of the food industry including food packaging
[17]. Majority of the studies concerning PLA nanocom-
posites are related to PLA/layered nanoparticles
[10,15,18]. Nevertheless, spherical silica nanoparticles
are, due to their natural abundance, low cost, high
thermal resistance and surface functionality, very suit-
able for various applications [2]. The influence of dif-
ferent types of hydrophilic silica nanoparticles on PLA
properties has been reported [2,9,13]. It was stated
that direct mixing of hydrophilic silica nanoparticles
results in their aggregation [16]. The functionalization
of hydrophilic silica nano particles is carried out in
order to block reactive silanol end-groups. Surface
modification results in hydrophobic product, less reac-
tive than hydrophilic one, with better dispersion in
polymer matrices. Hydrophobic fumed silica is pro-
duced by chemical treatment of hydrophilic grades
with silanes or siloxanes. In the final product the treat-
ment agent is chemically bonded to the oxide that was
previously hydrophilic. These particles are character-
ized by a low moisture adsorption, excellent dispersion
in polymer matrices (including PLA), and ability to
adjust rheological behavior [13,16]. Large surface area
and smooth nonporous surface of silica nanoparticles
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can intensify the effect of particle-particle and/or poly-
mer particle interaction, which could promote strong
physical contact between the silica and polymer matrix
causing the improvement in material properties [19].
Hydrophobic silica nanoparticles present new potential
filer for enhancement of PLA polymer matrix proper-
ties. The goal of this research was to investigate the inf-
luence of different loadings of hydrophobic silica nano-
particles on thermal, mechanical and barrier properties
of PLA polymer matrix.

MATERIAL AND METHODS

Material

The PLA used in this study was provided from Esun,
China. Parameters of the neat PLA are: number-aver-
age molecular weight M,, = 60520 g mol_l; weight-aver-
age molecular weight M,, = 160780 g mol ™ and polydis-
persity Q = 2.6 (from GPC).

The hydrophobic nano silica (Aerosil®R812) was
kindly supplied by Evonik (Hanau, Germany) with spe-
cific area of 260+30 m” g™ and average particle size 7
nm. They were used as received without any pre-treat-
ment.

Sample preparation

Pure PLA film and PLA films with 0.2, 0.5, 1, 2, 3 and
5 wt.% of nanosilica were prepared by solution casting
method. Appropriate amounts of nanosilica were
added in chloroform and stirred in an ultrasonic bath
for 10 min. PLA was added to nano silica dispersion and
stirring continued with magnetic bar for 4 h at room
temperature. After completely PLA dissolution, samples
were poured into glass Petri dishes (10 cm diameter)
and vacuum dried at room temperature. Film thickness
was measured by using a micrometer (Digico 1, Tesa
technology, Renens, Switzerland) with sensitivity of
0.0001 mm in eight replicates for each film, from which
an average value was obtained.

Scanning electron microscopy (SEM) analysis

Morphology of fractured surface of PLA and PLA/
/silica nanocomposite films were investigated by using
a Philips model XL20 apparatus. The samples were
frozen in liquid nitrogen and quickly broken off to
obtain a random brittle-fractured surface. Before the
observation, samples were coated with Au/Pd alloy
using E5 150SEM coating unit.

Wide angle X-ray diffraction (WAXD) analysis

Wide angle X-ray diffraction measurements were
conducted by using a Philips XPW diffractometer with
Cu Ka radiation (1.542 A) filtered by nickel. The scan-
ning rate was 0.02° min~", and the scanning angle was
from 5 to 45°. The ratio of the area under the crys-

74

talline peaks and the total area multiplies by 100 was
taken as the degree of crystallinity.

Differential scanning calorimetry (DSC)

Thermal properties of the samples were deter-
mined by using a DSC model Q20 (TA Instruments,
USA). Aluminium pans containing 3-5 mg of nanocom-
posite films were hermetically sealed. The first heating
scan (up to 170 °C) was performed in order to remove
all thermal history and after cooling (with cooling rate
20 °C min™) samples were heated from 20 to 180 °C.
The heating rate was 10 °C min~".

Mechanical properties

Tensile strength (TS) and elongation at break (EB) of
prepared films were measured on Toyoseiki AT-L-118A
dynamometer in accordance with ASTM D638 stan-
dard. Rectangular strips were cut from prepared films.
For each data point, five samples were tested, and the
average value was calculated.

Permeability tests

Determination of the gas permeability (CO,, N, and
0,) was conducted according to the Lyssy method. This
procedure is an isostatic gas-chromatographic method
(DIN 53380, 1969), with the use of the Lyssy GPM-200
apparatus with the belonging Gasukuro Kogyo GC-320
gas chromatograph and the HP 3396A integrator
attached. A standard Gow-Mac series 5 52 thermal con-
ductivity detector gas chromatograph has been used as
a basis for quantitative analysis. In the gas chromate-
graph oven a dual column system containing a 3 m
Porapack QS and a 4.5 m molecular sieve column 60-80
mesh has been inserted in series, and the ratio of the
beam splitting can be regulated with a restrictor valve
incorporated before the Porapack column. This makes
it possible to split all known permanent gases, espe-
cially oxygen and nitrogen, from air. The investigations
were performed at 23 °C and 1 bar pressure difference,
with the volume of sample (gas) injected of 0.8 ml. The
film sample was fixed and placed in the investigation
chamber. Permeability of gases was determined on the
base of isostatical conditions in a chamber divided by
the film. The pressure at both sides of the film was
equal (0.2 bar). Helium was gradually enriched due to
the permeation of gases from the gaseous mixture
through the film, and gas concentration in helium was
recorded by the gas chromatograph and integrator. The
peak area (height) of the obtained chromatogram
changes in function of time and represents the perme-
ability of gases from the mixture. Air permeability was
calculated on the basis of gases ratio in the air. The
results of permeability determination are expressed in
10 ¥ m*pPats™.
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RESULTS AND DISCUSSION

Figure 1a shows the SEM image of neat PLA fracture
surface. Figure 1b—g show the SEM images of PLA filled
with 0.2, 0.5, 1, 2, 3 and 5 wt.% of silica nanoparticles,
respectively. In the SEM micrographs presented in Fig-
ure 1 nanoparticles are detected as white and spherical
dots. PLA fracture surface (Fig. 1a) is smooth as exp-
ected for a neat polymer. Very good and uniform dis-
persion of nanoparticles for samples up to 1 wt.% of
silica content was noticed. The very good dispersion
and distribution of nanoparticles in polymer matrix,
that are key factors for improved materials, can be
attributed to the specific nature of hydrophobic silica
nanoparticle which causes lower inter particle inter-
action. With the increase of silica content (from 1 up to
3 wt.%) nanoparticles start to aggregate forming clus-
ter, and the silica homogeneity in the matrix (distri-
bution) drastically decreases with respect to higher sil-

ica contents. Moreover more surface irregularities and
voids appear. For 5 wt.% of silica content (Fig. 1g),
material exhibits non-uniform distribution and disper-
sion of silica nanoparticles with a significant number of
agglomerates. This result was expected as the conse-
qguence of the higher load of filler, causing higher vol-
ume ratio in polymer matrix as well as higher inter par-
ticle interaction. Similar results were reported for both
hydrophilic [2,9] and hydrophobic silica nano fillers [16]
in PLA polymer matrix.

X-ray diffraction (WAXD) was used to investigate
the influence of nanosilica addition on the crystal struc-
ture and degree of crystallinity of PLA nanocomposite
films. The X-ray diffraction profiles of the neat PLA and
PLA/silica nanocomposites films are shown in Figure 2.
For comparison purposes the WAXD profile of PLA as
received (pellet) is reported.

PLA can crystallise in several polymorphic forms (a,
B and y forms), depending on the preparation con-

Figure 1. SEM micrographs of the fractured surface of the PLA and PLA nanocomposites: a) pure PLA ,b) PLA+0.2 wt.% silica, c)
PLA+0.5 wt.% silica ,d) PLA+1 wt. % silica, e) PLA+2 wt.% silica, f) PLA+3 wt.% silica and g) PLA+5 wt.% silica.
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Figure 2. WAXD patterns of the PLA and PLA nanocomposites: PLA pellets, pure PLA film and PLA film with (0.2, 0.5, 1, 2, 3 and 5

wt.%) of silica.

ditions [20]. In neat PLA, strong diffraction picks
appearing at 16.7 and 19.1°, which represent (200)/
/(110), and (203), reflections of stable a-crystals,
together with some weak diffraction peaks at 14.8 and
22.3° indicative of (010), and (015), reflections of the
stable a-form of PLA, are observed. The presence of
silica nanoparticles does not modify the crystal struc-
ture of PLA for all the compositions studied. The degree
of crystallinity by WAXD (C in %) of pure PLA and PLA/
/silica nanocomposites films is reported in Table 1.
These results are showing a slight increase of crystalline
content of PLA for small addition of silica nanoparticles
(0.2 and 0.5 wt.%). This behavior can be attributed to
the well dispersed nanoparticles that act as nucleating
agents, as already reported in the literature [21,22].

Table 1. Degree of crystallinity, C, for pure PLA film and PLA
film with different amount of silica

Sample C/%
Pure PLA 25.1
PLA+0.2 wt.% silica 27.1
PLA+0.5 wt.% silica 27.1
PLA+1 wt.% silica 24.2
PLA+2 wt.% silica 22.0
PLA+3 wt.% silica 21.7
PLA+5 wt.% silica 24.5

DSC analysis was used to determine the glass tran-
sition temperature (T,) of pure PLA and PLA/SiO, nano-
composite films. The effect of silica content on the Ty is
shown in Figure 3. It can be seen that T, increases from
47.6 °C for pure PLA matrix to 48.9 and 50.6 °C for the
samples filled with 0.2 and 0.5 wt.% silica, respectively.
With further increase of silica content (1, 2, 3 and 5
wt.%) T, decreases with respect to neat PLA.
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It is well known that polymer nanocomposite char-
acteristics are strongly dependent on dispersion, distri-
bution and interaction of nanoparticles and polymer
matrix (adhesion between organic polymer and inorg-
anic filler). The good dispersion and distribution of
nanoparticles may be related to: 1) sample preparation
method and 2) the use of hydrophobic silica nanopar-
ticles, preventing the agglomerate formations. Good
dispersion is expected when there is a good adhesion
between the polymer chains and nanoparticles [23].
Increase in T, for PLA/SiO, nanocomposites with 0.2
and 0.5% in weight with respect to neat polymer can be
ascribed to the chain mobility decreasing throughout
the polymer matrix volume, in presence of nanoparticle
filler. Many experiments show that the reduction in the
mobility chain is going through the whole volume of
the polymeric matrix, but affects the chains within a
few nm from the surface of filler due to the strong
interaction between the fillers and polymeric matrix
[23]. For the samples with 1, 2, 3 and 5 wt.% silica
content, T, decreases in respect to the neat polymer
with the increase of the silica content. The agglomerate
formation and the reduction of homogeneity in the
polymer matrix is affecting the chain mobility and caus-
ing a decrease in the T, in respect that of neat polymer
[23].

From the thermograms in Figure 3, it is evident that
in the melting process endothermic shoulder peak prior
to the dominant melting peak is present for all samples.
Double peak melting endotherms are commonly pre-
sent in PLA samples [24]. The multiple melting behaviour
of PLA was suggested to be generated due to the melt-
recrystallization mechanism, when the less perfect
crystals have enough time to melt and reorganise into
crystals with higher structural perfection, and re-melt
at higher temperature [24]. The two crystal types that
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Figure 3. DSC curves of pure PLA film and PLA film with (0.2, 0.5, 1, 2, 3 and 5 wt.%) of silica, respectively.

could grow upon melt crystallisation were the a-form,
which predominated at high crystallisation tempera-
tures, and the a’-form that grew at low crystallisation
temperatures [24]. In Figure 3, the shoulder peak of
o’-form in PLA nanocomposites increases in the pre-
sence of silica, suggesting that the filler influences the
polymorphic phase transition mechanism of PLA. Effect
of silica on generation of the multiple melting tempera-
tures of PLA is outside the scope of this article and thus
it will not be discussed in more details.

The mechanical properties are measured in order to
investigate the effect of silica nanoparticles filler on
PLA films. The values of the tensile strength (TS) of PLA
and PLA nanocomposite films are given in Figure 4.
Significant improvement of tensile strength compared
to neat PLA film is recorded for the samples with silica
content of 0.2, 0.5 and 1 wt.% (from 52 to 64, 63 and
60.6 MPa, respectively). The decrease of tensile strength
starts with further increase of the silica contents. For
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30
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the sample with 5 wt.% silica content, the value of
tensile strength is below neat PLA. As the filler concen-
tration increased, a worse dispersion and distribution
of nanoparticles, higher surface irregularities and pre-
sence of voids were observed by SEM. Such defects
may act as crack nucleating agents thus explaining the
decrease in tensile behavior of the nanocomposite [16].

Gas permeability

Determination of the gas permeability (CO,, N, and
0,) is conducted in accordance with the Lyssy method.
Gas permeability is significantly affected by hindered
diffusion of gas molecules through the polymer film
due to addition of silica nanoparticles. For example,
addition of 0.2% SiO, reduces permeability of all mea-
sured gasses (CO,, N, and O,) for almost 50% compared
to neat PLA (Figure 5). For example, permeability of CO,
was reduced from 8.16x10 ™ to 5.45x10 " m’ Pa ' s "
for 0.2 wt.% of silica, and to 4.45x107*%, 4.14x10™* and

0,2 0,5

S

Figure 4. Tensile strength for pure PLA film and PLA film with (0.

1
ilica content %

2,0.5, 1, 2, 3and 5 wt.%) of silica.
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4.78x107® m? Pa™* st for 0.5, 1 and 2 wt. % silica,
respectively. For higher loadings (3 and 5 wt.%) perme-
ability of CO, was a little bit higher (6.1><10_18 and
6.25x10 ¥ m? Pa™" s, respectively) but still lower than
for neat PLA. Similar trend was observed for all mea-
sured gases. This behavior can be assigned to good
dispersion of filler. Silica nanoparticles with small pri-
mary particle size are evenly distributed through the
polymer matrix volume even for lowest loadings, caus-
ing permeability reduction. Besides, degree of crystal-
linity can also influence permeability reduction. Gas
transport behavior of semicrystaline polymers refers to
two phase model-impermeable crystalline phase, dis-
persed in permeable amorphous phase [25]. Lower gas
permeability values could also be assigned to increase
in degree of crystallinity for 0.2 and 0.5 wt.%.

9

Gas permeability [m*m?3/s*Pa*m?2*1018]
=

ting worse with respect to those of neat polymer by
increasing the silica content.
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Figure 5. Gas permeability (CO,, N,, O,and air) for pure PLA film and PLA film with (0.2, 0.5, 1, 2, 3 and 5 wt.%) of silica.

CONCLUSIONS

In this article, the properties of poly (lactic acid)
(PLA)/SiO, nanocomposites were investigated.

Neat PLA films and PLA films with different percent-
age of hydrophobic fumed silica nanoparticles (0.2, 0.5,
1, 2, 3 and 5 wt.%) were prepared by solution casting
method. The results of conducted investigations have
shown that the addition of the lowest silica content
(0.2 and 0.5 wt.%) has a significant influence on poly-
mer material behavior. In particular, PLA with 0.2 wt.%
of silica nanoparticles showed an increase in degree of
crystallinity, improvement in mechanical (the highest
improvement in tensile strength respect to other com-
positions) and barrier properties of PLA, which were
the drawbacks of neat polymer. The mechanical pro-
perties of the investigated nanocomposites were get-
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UTICAJ DODATKA HIDROFOBNIH NANOCESTICA SILICIJUM(IV)-OKSIDA NA SVOJSTVA POLI(MLECNE KISELINE)
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(Naucni rad)

Kljucne reci: Poli(mlecna kiselina) e Sili-
Poli(mle&na kiselina) (PLA) predstavlja jedan od najpopularnijih komercijalnih cijum(IV)-oksid e Nanocestice o Pakova-
biorazgradivih materijala. lako moZe da zameni neke od najcesce koriscenih sin- nje hrane
tetskih polimera, neke njegove osobine joS uvek predstavljaju prepreku u Siroj
primeni, posebno u pakovanju hrane. Poboljsanje osobina PLA moZe se postici
primenom nanotehnologija. U ovom radu ispitan je uticaj dodatka razli¢itih
koncentracija hidrofobnih nanodestica silicijum(IV)-oksida (od 0,2 do 5 mas.%) na
toplotna, mehanicka, i barijerna svojstva Ciste PLA. MorfoloSke karakteristike
uzoraka nanokompozita snimljene su pomocu skenirajuce elektronske mikro-
skopije (SEM). Toplotna svojstva poli(mlecne kiseline) i pripremljenih nanokom-
pozita proucavana su primenom diferencijalnog skenirajuceg kalorimetra (DSC),
dok je stepen kristalinicnosti odreden pomocu Sirokougaone difrakcije X-zracima
(WAXD). Mehanicka svojstva su ispitivana da bi se odredio uticaj dodatka nano-
Cestica SiO;, na PLA polimernu matricu. Disperzija nanocestica je izuzetno dobra za
koncentracije silicijum(IV)-oksida do 1%, nakon Cega dolazi do stvaranja manjih
aglomerata. Dalje uvecanje udela SiO, (do 5 mas.%) uzrokuje stvaranje vecih aglo-
merata i povrsinskih nepravilnosti unutar polimerne matrice. Uoceno je da se
dodatkom male koncentracije SiO, postizu znacajna poboljSanja mehanickih i bari-
jernih svojstava. Do povecanja stepena kristalinicnosti i temperature prelaska u
staklasto stanje T, dolazi samo za koncentracije od 0,2 i 0,5 mas.% SiO, dok za
ostale koncentracije dolazi do pada ovih vrednosti. Ovakvo ponasanje veovatno je
uzrokovano stvaranjem aglomerata za vece udele SiO,.
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Abstract

The aim of this study was to gain a better understanding of the feasibility of partial rep-
lacement of dichromate, Cr(VI), with phosphate buffer, focusing on the cathode reaction
selectivity for hydrogen evolution on mild steel and Fe—Mo cathodes in undivided cell for
chlorate production. To evaluate the ability of phosphate and Cr(VI) additions to hinder
hypochlorite and chlorate reduction, overall current efficiency (CE) measurements in labor-
atory cell for chlorate production on stationary electrodes were performed. The concen-
tration of hypochlorite was determined by a conventional potentiometric titration method
using 0.01 mol dm™ As,0; solution as a titrant. The chlorate concentration was deter-
mined by excess of 1.0 mol dm™ As,0; solution and excess of arsenic oxide was titrated
with 0.1 mol dm™ KBrOj3 solution in a strong acidic solution. Cathodic hypochlorite and
chlorate reduction were suppressed efficiently by addition of 3 g dm™® dichromate at both
cathodes, except that Fe—Mo cathode exhibited higher catalytic activity for hydrogen evol-
ution reaction (HER). The overvoltage for the HER was around 0.17 V lower on Fe—Mo
cathode than on mild steel at the current density of 3 kA m™. It was found that a dichro-
mate content as low as 0.1 g dm™ is sufficient for complete suppression of cathodic
hypochlorite and chlorate reduction onto Fe-Mo catalyst in phosphate buffering system (3
g dm™ Na,HPO, + NaH,P0Q,). The overall current efficiency was practically the same as in
the case of the presence of 3 g dm™® dichromate buffer (98%). However, for the mild steel
cathode, the overall current efficiency for the chlorate production was somewhat lower in
the above mentioned mixed phosphate + dichromate buffering system (95%) than in the
pure dichromate buffering solution (97.5%).

Keywords: chlorate production, current efficiency, Fe—-Mo cathode catalyst, phosphate
buffer.

Available online at the Journal website: http://www.ache.org.rs/HI/

Sodium chlorate, NaClO;, is mainly used for the
production of chlorine dioxide, ClO,, a bleaching agent
in the pulp and paper industry. In the electrolytic
sodium chlorate production, the main electrode reac-
tions are hydrogen and chlorine formation (reactions
(1) and (2)) similar to those in the chlor-alkali process.
As chlorate cells are undivided, chlorine undergoes
hydrolysis and disproportionates to form hypochlorous
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2H,0+2e” —H, +20H" (1)
2CI" —>Cly +2e” (2)
Cl, +H,0 > HCIO+H" +CI” (3)
HCIO & H' +cClo” (4)
2HCIO+ClIO™ — ClO; +2H" +2CI” (5)

The second and almost unavoidable path rep-

acid and hypochlorite (reactions (3) and (4)). Maximal
current yield in chlorate production is obtained when
the conversion of the hypochlorous species into chlo-
rate occurs only directly by the Foerster reaction of
chemical chlorate formation [1] (reaction (5)). The
optimum rate of reaction (5) takes place at pH of 6-7
and, accordingly, the electrolyte should be set in that
pH range.
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resents another Foerster reaction of further anodic
oxidation of hypochlorite to the final state:

6CI0™ +2H,0 — 2CIO; +4H" +4CI” +0, +6e” (6)

This is also known as the reaction of electrochem-
ical chlorate formation [2] and represents the corres-
ponding current losses.

In addition to the hydrogen evolution reaction, two
other reduction processes could theoretically take place
at the cathode and would lead to further current
losses:

ClO” +H,0+2e” —CI" +20H" (7)
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ClO; +3H,0+6e~ —CI” +60H" (8)

DSA® anode or platinum—iridium-coated titanium
are currently used as anodes and their high electro-
catalytic activity for chloride oxidation ensures that,
apart from the Foerster reaction of electrochemical
chlorate formation (Eqg. (6)), the current losses due to
anodic water oxidation can be completely neglected
because of the much more positive potential for this
reaction.

Cathodic current losses have so far been efficiently
suppressed by addition of small amounts of dichromate
(about 2-4 g dm), after Miiller [3], which also acts as
a pH buffer providing and maintaining the optimal pH
range for the chemical conversion of available chlorine
to chlorate, and alters the potential of the DSA® anode
[4]. In addition, the chromate may have a retarding
effect on the corrosion of steel cathodes [5]. During
cathodic polarization Cr(VI) becomes reduced to Cr(lll)
and forms a thin film of chromium(lll) hydroxide on the
cathode [6]. This film hinders the unwanted side reac-
tions (7) and (8), while hydrogen evolution can still take
place, though with changed kinetics [7]. The thickness
and growth rate of the chromium(lil) hydroxide film
depends on factors such as: the cathode material, the
electrode potential and the chromate concentration
[8]. Although low chromate concentrationas 0.1 g dm™
Cr2072' has been shown to efficiently hinder reduction
of Fe(CN)¢>~ on smooth platinum electrode [9], in the
chlorate production the concentration of dichromate
should be much higher (3-8 g dm™) [10]. However, a
higher overpotential for hydrogen evolution reaction
(HER) was obtained for iron and platinum in the pre-
sence of Cr(VI) [11]. The overpotential of the HER on
mild steel is quite high (about 500 mV) in the presence
of dichromate, which directly affects the specific power
consumption. It is estimated that power consumption
can be lowered by 10-15%, if the overpotential of the
HER is reduced by 100 mV [12]. The presence of
dichromate in addition to the chlorate crystals appears
to be undesirable in the chlorine dioxide generation
process, since both salts (chlorate and dichromate) are
highly soluble and it is difficult to separate them by
crystallization. Dichromate in the chlorate liquor must
be less than 0.5 wt.% during sodium chlorate crystal-
lization [13], otherwise the crystal product will exhibit a
characteristic yellowish color.

Many attempts have been made so far to replace,
or at least to reduce, the dichromate content in the
electrolyte of chlorate cells. The aim of the present
paper is to present some achievements in this respect.
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EXPERIMENTAL PROCEDURE AND APPARATUS

Determination of the hypochlorite and chlorate
concentrations using an improved potentiometric
titration method

In our experiments the following procedure was
found to give sufficiently accurate results: the sum of
the concentrations of available chlorine (hypochlorite,
hypochlorous acid, and dissolved molecular chlorine)
and the concentration of chlorate were determined
using an improved potentiometric titration method,
based on a procedure given by Norkus and Prokopchik
[14].

Solution for determination of the hypochlorite
concentration

The concentration of hypochlorite was determined
by a conventional potentiometric titration method
using 0.01 mol dm™ As,03 solution as a titrant. Reac-
tion between As,0; and active chlorine can be pre-
sented by the following equation:

As,0; +2Cl0~ — As,0, +2CI- (9)

Solution for determination of the chlorate
concentration

The chlorate concentration was determined by
excess of 1.0 mol dm™ As,03 solution and excess of
arsenic oxide was titrated with 0.1 mol dm™ KBrO;
solution in a strong acidic solution.

For potentiometric determination of chlorate it is
necessary to prepare the following solutions: 1.0 mol
dm As,03; 0.1 mol dm™ KBrO3; 37 wt.% HCl; 30 g dm™
NaBr.

The reactions between arsenic oxide and chlorate
and bromate are given as:

3As,0, +2CI0; — 3As,0, +2CI- (10)
3As,0, +2BrO; — 3As,0, +2Br~ (11)

The unknown concentration of chlorate can be cal-
culated by the following equation:
c(As,05)V(As,0;)
1.5

c(Clog) = c(BrO3 )V(BrO3) (12)
where: ¢(As,0;) — the concentration of arsenic oxide
solution added in excess, after reaching the hypochlo-
rite endpoint (1.0 mol dm™); V(As,0;) — the volume of
arsenic oxide solution added in excess, after reaching
the hypochlorite endpoint (2 cm®); ¢(BrOs) — the con-
centration of bromate solution for potentiometric titra-
tion of arsenic oxide excess (0.1 mol dm™); V(BrO;) —
the volume of bromate solution for potentiometric tit-
ration of arsenic oxide excess.
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Analytical

The sample of 1 cm® was taken from the electrolyte
solution at suitable intervals during the electrolysis.
The analytical procedure was carried on at room tem-
perature. After addition of some saturated solution of
sodium bicarbonate to the sample, available chlorine
was titrated potentiometrically with a solution of 0.01
mol dm™ As,0; in a 100 cm® beaker containing a pla-
tinum ring electrode and a calomel reference electrode
(SCE). Before each run the platinum electrode was
shortly immersed in a mixture of concentrated sulfuric
and nitric acids and thoroughly washed with distilled
water. After reaching the hypochlorite endpoint excess
arsenic oxide solution was added (2 cm® of 1.0 mol dm™®
As,03), some sodium bromide solution (about 30 mg,
or 1 cm® of 30 g dm > NaBr solution) and a volume of
chemically pure concentrated hydrochloric acid approx-
imately equal to the solution volume already present in
the beaker. The solution which contained now at least
20 wt.% HCI was then allowed to stand for 5—7 min.
After that time the excess As,03; was titrated potentio-
metrically with 0.1 mol dm> KBrOjs solution. The rel-
ative potential change was followed using a potentio-
meter. The shape of the potentiometric titration curves
is illustrated in Fig. 1. The accuracy of the chlorate con-
centration values determined by the described method
was better than +2%, for chlorate concentrations not
smaller than 0.001 mol dm™.
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Fig.1. Potentiometric titration curves for hypochlorite and
chlorate with As,0;.

Apparatus for simulation of chlorate production
process

The experimental set-up is shown schematically in
Fig. 2. The temperature throughout the whole volume
was maintained constant by circulating the thermo-
static liquid through a glass cooling coil situated in
back-mix flow reactor. The desired pH value within the

entire volume was controlled by adding 37 wt.% hyd-
rochloric acid from an automatic titrator. The electrical
set-up consisted of a constant d.c. supply, a multirange
Amper—Volt-meter with a high internal impedance.
Two types of cathodes (mild steel and Fe-Mo alloy
coated mild steel) and activated titanium DSA® anode
were used in the experiments. The electrodes had a
rectangular shape (4 cmx5 cm) with a projected surface
area of 20 cmz, and were placed face to face in a ver-
tical position with an interelectrode gap of 3 mm to
form the main part of the cell. Intensive electrolyte
flow within the cell was provided by the gas-lifting
effect of cathodically generated hydrogen. The high
recirculation rate led to a negligible difference in the
available chlorine and chlorate contents in the cell and
in the total volume of electrolyte.

T H; outlet
|

Thermostat

Thermostat 60 °C

Electrolyte 60 °C

H; bubbles

CATHODE AN ANODE

Outlet for electrolyte sampling

Fig. 2. The experimental set-up for continuous flow chlorate
cell process.

Working conditions

Starting solutions: A) 300 g dm™ NaCl + 3 g dm™
K,Cr,05; B) 300 g dm™ NaCl + 3 g dm™ (NaH,PO, +
Na,HPO,) + 0.1 g dm™ K,Cr,05; temperature 60+2 °C;
pH 6.3-6.6; total volume of electrolyte, 0.3 dm3; cur-
rent density, 2.5 kA m™> (active surface area = 20 cm’,
and total current | = 5 A); anode: activated titanium
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anode (35 mol.% RuO, + 65 mol.% TiO, with 10 g m~
Ru0,, home-made); cathode: 1) mild steel; 2) mild steel
coated with Fe—Mo alloy catalyst.

Preparation of Fe—Mo alloy coatings onto mild steel

The mild steel substrates were first degreased in
NaOH-saturated ethanol solution for 5 min. and then
etched by immersion in 25 wt.% HCI for 2 min. After
this procedure sample was washed with distilled water,
dried and weighted and then immersed in the solution
for Fe—Mo alloy deposition. After deposition samples
were washed, dried and weighted again to determine
the mass of the alloy. All solutions were made using
distilled water and analytical grade chemicals.

Fe—Mo alloys were deposited at a constant current
density of =100 mA cm™ from the plating bath with the
following composition: 9 g dm™ FeCl;, 40 g dm™
Na,Mo0,, 75 g dm™ NaHCO; and 45 g dm ™ Na,P,0; at
60 °C. A Pt mesh, placed parallel to the cathode, was
used as a counter electrode during the alloy deposition
and electrolyte was moderately stirred with the mag-
netic stirrer. Fe—Mo coating thickness was approx-
imately 20 um consisting of 47 mass% Mo and 53
mass% Fe (energy dispersive X-ray spectroscopy (EDS)
analysis was used to determine alloy composition). Cer-
tain amount of oxygen was also detected, but the con-
tent was calculated neglecting detected amount of
oxygen.
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Polarization curve measurements

Polarization curve measurements for mild steel and
Fe—Mo alloy coatings were performed with the poten-
tiostat Reference 600 and software DC 105 in a stan-
dard electrochemical cell. Potential was changed with a
rate of 1 mV s~ and was corrected for the IRq drop by
current interrupt technique. Silver/silver chloride elec-
trode (Ag/AgCl) was used as a reference electrode,
while Pt mesh was used as a counter electrode. Before
recording polarization diagrams electrodes were exp-
osed to hydrogen evolution in the same solution at j =
=-0.1 Acm™ for 10 min.

RESULTS AND DISCUSSION

Polarization measurements in the absence and
presence of phosphate and dichromate

Polarization diagrams for mild steel and Fe—-Mo
alloy coatings, recorded in the solution containing 300
g dm > NaCl + 150 g dm > NaClO; at 60 °C are presented
in Fig. 3a, while those recorded in the phosphate buf-
fering system (solution B) with addition of different
amounts of K,Cr,0; are shown in Fig. 3b. As can be
seen the addition of dichromate influences polarization
curves for both electrodes, changing (increasing) their
slopes at lower current densities. More pronounced
influence of the addition of phosphate buffer and

-1.0F

A1t

1.2+

13F

14}

10°
jlAcm?

Fig. 3. a) Polarization diagrams for mild steel and Fe—Mo alloy coatings recorded in the solution containing 300 g dm™ Nacl + 150 g
dm™ NaClO; at 60 <C. b) Polarization diagrams for mild steel (4—6) and Fe—Mo (1-3) alloy coatings recorded in the solution con-
taining 300 g dm™ NaCl + 150 g dm™ NaClO; at 60 C in the phosphate buffering system (3 g dm™> (NaH,PO, + Na,HPO,)) with
addition of dichromate: 1 and 4-0.05 g dm™> K,Cr,0,; 2 and 5 — 0.10 g dm ™ K,Cr,05; 3 and 6 — 1.00 g dm™ K,Cr,0,.
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dichromate on the potential has been detected for the
Fe—Mo cathode (increasing overvoltage for about 0.1
V). It is interesting to note that with increasing amount
of dichromate catalytic activity of both electrodes dec-
reases, indicating that the addition of very small
amount of dichromate (0.05 g dm_a) would be satisfact-
ory for preventing hypochlorite and chlorate reduction
on the cathode surface in the investigated system.

Chlorate cell process with dichromate buffer
(commercial electrolyte)

The values of the hypochlorite and chlorate concen-
trations during the electrolysis of solution A with the
mild steel and with Fe—Mo cathodes, obtained in the
apparatus schematically presented in Fig. 2, are given
in Tables 1 and 2, respectively.

As can be seen from Tables 1 and 2, significant dif-
ference is recorded for the cell voltage, being for about
0.15 V lower for the Fe—Mo cathode, while other para-
meters are very similar.

The corresponding faradaic yields for chlorate cell
process are presented in Fig. 4a. Slightly better faradaic

yields have been achieved with Fe—Mo cathode. The
results presented in Tables 1 and 2 (cell voltage) and in
Fig. 4a (faradaic yield, 77) clearly indicate higher catal-
ytic activity for the hydrogen evolution reaction on the
Fe—Mo alloy coating (lower amount of the CIO™ could
be reduced at the cathode surface) in comparison with
that on mild steel cathode in the presence of dichrom-
ate buffer.

The voltage vs. current characteristics for the cell
with the mild steel and the Fe—Mo alloy coating as
cathodes are presented in Fig. 4b. As can be seen the
difference between the cell voltage with mild steel and
Fe—-Mo alloy coating becomes more pronounced at
higher current densities, reaching the value of about
0.17 V at the current density of 3 kA m .

Chlorate cell process with phosphate buffer

As already mentioned cathodic current losses during
chlorate production have so far been efficiently sup-
pressed by small addition of dichromate (3-5 g dm™)
[2]. In fact, dichromate provides several benefits for the
electrochemical process of chlorate production: a)

Table 1. Hypochlorite and chlorate concentrations, pH, temperature and cell voltage during chlorate cell process: starting solution

300 g dm™ NaCl + 3 g dm™ K,Cr,05; | = 5 A; mild steel cathode

7/h pH t/°C Cell voltage, V ¢(Cl07) / mol dm™ ¢(Clos7) / mol dm™
0.0 6.41 61.0 3.17 - -
1.0 6.48 61.5 3.15 0.070 0.098
1.5 6.46 61.0 3.16 0.06 0.148
2.0 6.58 61.3 3.16 0.06 0.200
3.0 6.50 62.0 3.14 0.06 0.299
3.5 6.59 62.0 3.14 0.06 0.350
4.0 6.6 61.8 3.15 0.06 0.400
5.0 6.59 61.4 3.16 0.06 0.491
6.0 6.48 60.8 3.15 0.06 0.600
6.5 6.6 61.0 3.15 0.06 0.650
7.0 6.52 61.2 3.16 0.06 0.700
8.0 6.47 61.4 3.16 0.065 0.798

Table 2. Hypochlorite and chlorate concentrations, pH, temperature and cell voltage during chlorate cell process: starting solution

300¢g dm™ NaCl +3 g dm= K ,Cr,05 1 =5 A; Fe—Mo coating cathode

7/h pH t/°C Cell voltage, V ¢(Cl07) / mol dm™ ¢(Clos7) / mol dm™®
0.0 6.42 61.0 3.01 - -
0.25 6.48 61.5 3.02 0.055 0.024
0.67 6.18 61.0 3.02 0.06 0.067
1.0 6.42 61.3 3.01 0.06 0.100
2.0 6.36 62.0 3.01 0.06 0.202
3.0 6.37 62.0 3.02 0.06 0.304
4.0 6.58 61.8 3.01 0.06 0.405
5.3 6.52 61.4 3.02 0.06 0.537
6.0 6.58 60.8 3.01 0.06 0.607
7.0 6.24 61.0 3.01 0.055 0.709
8.0 6.39 61.2 3.02 0.06 0.810
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Fig. 4. a) Faradaic yields for chlorate cell process with dichromate buffer (3 g dm> K ,Cr,05) for different cathode materials. b) Cell
voltage vs. current density for chlorate cell process with dichromate buffer (3 g dm~> K ,Cr,0;) for different cathode materials.

completely suppresses the hypochlorite reduction at
the cathode; b) provides and maintains the optimal pH
region for the chemical conversion of available hypo-
chlorite to chlorate; c) prevents the corrosion of the
steel cathode. However, the presence of dichromate in
addition to chlorate crystals appears to be undesirable
in the chlorine dioxide generation process, and since
both salts (chlorate and chromate) are highly soluble it
is difficult to separate them by crystallization. Thus,
many attempts have been made to replace, or at least
to reduce, the dichromate content in the electrolyte of
chlorate cells. The aim of the present investigations is
to present the experimental results for chlorate pro-
duction for two types of cathode materials for the fol-
lowing buffering system: a proper mixture of primary
and secondary phosphate buffer (3 g dm™ in total) +
0.1 g dm™ dichromate. For above maintained buffering
system dichromate is in an almost negligible amount,
for 12-15 times lower than the content in normal
industrial practice.

The values of the hypochlorite and chlorate concen-
trations during the electrolysis of solution B with the
mild steel and the Fe—Mo alloy coating cathodes are
presented in Tables 3 and 4, respectively.

Considering the results presented in Tables 3 and 4
the same conclusion, as in the case of the commercial
electrolyte (Tables 1 and 2), can be made. The obtained
results can be explained by different competitive phos-
phate and dichromate ions adsorption onto mild steel
and Fe—Mo electrodes.

Figure 5 shows the experimentally achieved depen-
dence of the faradaic yields of chlorate production
during the electrolysis for both cathodes in phosphate
buffering system. It was found in the present inves-
tigation that a dichromate content aslow as 0.1 g dm™
is adequate for complete protection against cathodic
hypochlorite reduction onto Fe—Mo catalyst and farad-
aic yields are practically the same as in the case of the
presence of 3 g dm™ dichromate buffer. However, for
the mild steel cathode, the faradic yields for the chlor-

Table 3. Hypochlorite and chlorate concentrations, pH, temperature and cell voltage during chlorate cell process: starting solution
300 g dm™ NaCl + 3 g dm™ (Na,HPO, + NaH,PO,) + 0.1 g dm™ K,Cr,05; | = 5 A; mild steel cathode

7/h pH t/°C Cell voltage, V ¢(Cl07) / mol dm™ ¢(Clos7) / mol dm™
0.0 6.42 60.0 3.17 - -

1.0 6.35 61.2 3.09 0.075 0.088

2.0 6.46 61.5 3.09 0.065 0.184

3.0 6.52 61.4 3.11 0.07 0.282

4.0 6.43 60.8 3.12 0.07 0.380

5.0 6.57 61.0 3.12 0.06 0.481

6.0 6.60 61.2 3.13 0.075 0.589

7.0 6.53 61.1 3.12 0.07 0.687

8.0 6.48 61.4 3.13 0.07 0.777
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Table 4. Hypochlorite and chlorate concentrations, pH, temperature and cell voltage during chlorate cell process: starting solution
300 g dm™ NaCl + 3 g dm™ (Na,HPO, + NaH,PO,) + 0.1 g dm™ K,Cr,0,; | = 5 A; Fe=Mo coating cathode

7/h pH t/°C Cell voltage, V ¢(clo”) / mol dm™ ¢(Cloz7) / mol dm™

0.0 6.40 60.0 3.00 - -

1.0 6.44 61.3 2.97 0.060 0.100

2.0 6.70 61.5 2.97 0.065 0.202

3.0 6.77 62.0 2.97 0.060 0.304

4.0 6.45 61.4 2.96 0.060 0.405

5.0 6.65 61.5 2.96 0.060 0.506

6.0 6.60 61.0 2.97 0.060 0.607

7.0 6.62 61.2 2.97 0.060 0.672

8.0 6.52 61.1 2.97 0.055 0.810
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Fig. 5. The variation of faradaic yields in the chlorate cell
process during electrolysis in phosphate buffering electrolyte
(3 g dm™ (Na,HPO, + NaH,PO,)) with addition of 0.1 g dm™
K,Cr,0; for mild steel and Fe—Mo cathode materials.
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Fig. 6. Cell voltage vs. current density for chlorate cell process with dichromate (3 g dm™ K,Cr,0,) and phosphate buffers (3 g dm™
(Na,HPO, + NaH,PO,) + 0.1 g dm™> K,Cr,0,) for different cathode materials.
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CONCLUSIONS

— Current efficiency experiments in pure dichro-
mate buffering solution for chlorate production
showed that high overall current efficiencies have been
achieved at both mild steel and Fe-Mo cathodes.

— When starting the electrolysis, the current effi-
ciency was initially low, but increased with time of elec-
trolysis with the both cathode materials.

— Fe—Mo cathode exhibited the higher catalytic acti-
vity for the HER than the mild steel cathode. The differ-
ence between the cell voltage with mild steel and Fe—
—Mo alloy coating becomes more pronounced at higher
current densities, reaching the value of about 0.17 V at
the current density of 3 kA m™.

— It was found that a dichromate content as low as
01lg dm~ is adequate for complete suppression of
cathodic hypochlorite and chlorate reduction onto Fe—
—Mo catalyst in phosphate buffering system (3 g dm™
Na,HPO, + NaH,PQ,). The overall current efficiency was
practically the same as in the case of the presence of 3
g dm~ dichromate buffer (98%).

— The overall current efficiency for the chlorate pro-
duction with mild steel cathode was somewhat lower in
the mixed phosphate + dichromate buffering system
(95%) than in the pure dichromate buffering solution
(97.5%).

— From the results obtained with stationary polar-
ization measurements and the results of testing the
process of chlorate production in the test cell (simul-
ation of the industrial process) it could be concluded
that the application of phosphate and dichromate buf-
fering system with Fe—Mo alloy as a cathode might be
promising technology for chlorate production.
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1ZVvOD

PREVLAKE OD Fe—Mo LEGURA KAO KATODE U PROIZVODNIJI HLORATA
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(Naucni rad)

Cilj ovih istrazivanja je bio da se ispita mogucnost delimi¢ne zamene dihro-
mata sa fosfatnim puferom u proizvodnji hlorata, razmatranjem pre svega njiho-
vog uticaja na selektivne osobine mekog celika i Fe—Mo katoda za izdvajanje vodo-
nika. Da bi se ispitala sposobnost fosfata i dihromata u sprecavanju redukcije
hipohlorita i hlorata kao sporednih reakcija, odredjivano je ukupno iskoris¢enje
struje u laboratorisjkoj ¢eliji za proizvodnju hlorata sa stacionarnim elektrodama.
Koncentracija hipohlorita je odredjivana standardnom potenciometrijskom titra-
cijom koriséenjem rastvora 0,01 mol dm™ As,03, kao titranta. Koncentracija hlo-
rata je odredjivana pri visku 1,0 mol dm As,0; rastvora, a neizreagovana kon-
centracija oksida arsena je titrisana sa 0,1 mol dm™ KBrO; rastvorom u koncen-
trovanom kiselom rastvoru. Pokazano je da se katodna redukcija hipohlorita i
hlorata moze uspesno spreciti dodatkom 3 g dm~® dihromata na navedenim ka-
todnim materijalima, s tim Sto je Fe-Mo katoda pokazala bolju kataliticku aktiv-
nost za reakciju izdvajanja vodonika. Prenapetost izdvajanja vodnika je bila oko
0.17 V manja na Fe—Mo katodi nego na mekom celiku, pri gustini struje od 3 kA m™.
Ispitivanja su pokazala da je veoma niska koncentracija dihromata od svega 0,1 g
dm™ dovoljna za potpuno suzbijanje nepozeljnih katodni reakcija redukcije hipo-
hlorita i hlorata na Fe-Mo katalizatoru u rastvoru sa fosfatnim puferom (3 g dm™
Na,HPO, + NaH,P0,). Postignuto je prakticno isto iskoris¢enje struje kao i u pri-
sustvu 3 g dm™ dihromata kao pufera (98%). Medjutim, iskoriSénje struje koris-
¢enjem mekog Celika kao katodnog materijala je niZze u prisustvu pomenutog
mesovitog fosfatno-dihromatnog pufera (95%) nego u rastvoru sa dihromatnim
puferom (97,5%).

Kljune reci: Proizvodnja hlorata e Isko-
ris¢enje struje ® Fe—Mo katodni katali-
zator e Fosfatni pufer
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Izvod

Jedan od najekonomicnijih nacina prerade surutke predstavlja proizvodnja napitaka kojom
se u okviru samo jednog procesa iskoriS¢avaju svi potencijali surutke kao sirovine. Funk-
cionalne i senzorne karakteristike napitaka na bazi surutke su kriterijum koji je od pre-
sudnog znacaja za plasiranje proizvoda na trziste i pridobijanje potrosaca. Cilj ovog rada je
bio odredivanje nutritivnih i funkcionalnih karakteristika fermentisanog napitka od surutke
i mleka dobijenog primenom komercijalne ABY-6 kulture. Rezultati su pokazali da se
primenjena starter kultura mozZe koristiti za proizvodnju fermentisanog napitka od surutke
i mleka sa zadovoljavajuc¢im nutritivnim svojstvima. Dodatak mleka bio je bitan ne samo za
nutritivni kvalitet nastalog proizvoda, nego je poboljSao i njegov ukus, homogenost i sta-
bilnost. Analiza hemijskog sastava fermentisanog napitka od surutke i mleka i nutritivna
informacija o njemu je pokazala da proizvod predstavlja dobar izvor proteina i kalcijuma.
Proizvedeni napitak je sadrzao 8,07 log (CFU/mL) starter bakterija, pokazao antioksidativnu
aktivnost od najmanje 38,1% i titracijsku kiselost od 28,2 °SH koja odgovara kiselosti proiz-
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voda iz ove kategorije.

Kljucne reci: fermentisani napitak na bazi surutke, probiotici, nutritivna vrednost.

Dostupno na Internetu sa adrese Easopisa: http://www.ache.org.rs/HI/

Surutka je tecni sporedni proizvod koji u velikim
koli¢inama zaostaje nakon proizvodnje sira i kazeina. U
zavisnosti od vrste sira koji se proizvodi, zapremina su-
rutke moze da se krece i do 90 L na 100 L koriS¢enog
mleka, sto je koli¢ina koja omogucava proizvodnju 10
kg sira [1].

Svetska proizvodnja surutke procenjuje se na 180—
—190 miliona tona godisnje, a samo 50% proizvedene
surutke se dalje obraduje i primenjuje u industriji. U
Srbiji je surutka i dalje jedan od nedovoljno iskoris¢enih
sporednih proizvoda prehrambene industrije. Usled
neiskoris¢avanja, surutka postaje i veoma veliki zaga-
divac¢, sto je u potpunom neskladu sa potencijalima
koje poseduje [2].

Surutka sadrZi viSe od 55% sastojaka koji su prisutni
u mleku, ukljucujuci proteine surutke (20% od ukupnih
proteina), laktozu, vitamine rastvorljive u vodi i mine-
rale. Proteini i peptidi surutke imaju vaina bioloska
svojstva u organizmu, tj. imaju uticaj na imuni, kardio-
vaskularni, nervni i gastrointestinalni sistem, kao i ose-
¢aj sitosti. Shodno tome, surutka se moZze smatrati
vrednim nusproizvodom mlekarske industrije sa Siro-

Prepiska: M.B. Rakin, Tehnolosko—metalurski fakultet, Univerzitet u
Beogradu, Karnegijeva 4, 11000 Beograd, Srbija.

E-posta: marica@tmf.bg.ac.rs

Rad primljen: 6. novembar, 2014

Rad prihvaéen: 3. mart, 2015

kom primenom u prehrambenoj i farmaceutskoj indus-
triji [3-5].

Poslednjih pedeset godina u svetu su razvijani bio-
tehnoloski postupci u kojima je surutka bila polazna
sirovina za dobijanje biogasa, etanola, jednodelijskih
proteina, fgalaktozidaze i mnogih drugih proizvoda.
Takode, jedan deo surutke koristi se za dobijanje bio-
loski vrednih proteina (koncentrat i izolat proteina su-
rutke) ili laktoze, a deo surutke moze da se koristi za
dobijanje funkcionalnih napitaka. Pri proizvodnji fun-
kcionalnih napitaka na bazi surutke neophodno je ispu-
njavanje nekoliko vaznih kriterijuma: ekonomicnost
proizvodnje, funkcionalnost (broj ¢elija, sadrzaj mle¢ne
kiseline i proteina), zadovoljavajuéa senzorna svojstva i
stabilnost tokom duzZeg perioda ¢uvanja. Novija istraZi-
vanja pokazuju da funkcionalni napici na bazi surutke
mogu prema svojim nutritivnim i bioloskim svojstvima
u potpunosti da zamene tradicionalne proizvode od
mleka, koje ée jednog dana postati i deficitarna sirovina
[6—-11].

Cilj ovog rada usmeren je na iskoriS¢enje surutke,
koja bi se uz dodatak mleka putem mlecno-kisele fer-
mentacije prevela u nutritivno vredan fermentisani
napitak zadovoljavaju¢ih senzornih karakteristika,
veoma sliénih jogurtu, i sa jedinstvenim funkcionalnim
karakteristikama. U cilju primene fermentisanog na-
pitka na bazi surutke u ishrani izvrsi¢e se njegovo dekla-
risanje i oznacavanje.
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EKSPERIMENTALNI DEO

Materijali

Surutka i mleko (sa 0,5% m.m.) iz mlekare AD Imlek
(Beograd, Srbija) u odnosu 70:30 (V/V) koriséeni su kao
materijal za mle¢no-kiselu fermentaciju.

Hemijski sastav 100 ml surutke: suva materija 9,8%;
belancevine 2,6%; masti 1,1% i laktoza 5,6%.

Hemijski sastav 100 ml mleka: suva materija 9,7%;
belancevine 2,9%; masti 0,5% i laktoza 5,6% .

Proizvodni mikroorganizam

Za proizvodnju fermentisanog napitka od surutke i
mleka korisSéena je komercijalna starter kultura ABY-6
pod nazivom Lactoferm (proizvodac Biochem, Italija).
Primenom ove starter kulture dobija se viskozan, blago
kiseo i umereno aromatic¢an fermentisani napitak.

Kultura ABY-6 je meSana starter kultura u ciji sastav
ulaze Cetiri vrste bakterija u slede¢em odnosu:

- Streptococcus salivarius subsp. thermophilus 80%,

- Lactobacillus acidophilus 13%,

- Bifidobacterium bifidum 6% i

- Lactobacillus delbrueckii subsp.bulgaricus 1%,

i koristi se u proizvodnji fermentisanih mleka i jogurta
sa probiotskim karakterom. Kultura ABY-6 je u liofili-
ziranom obliku ¢uvana na —20 °C do izvodenja eksperi-
menata. 1 g liofilizirane starter kulture ABY-6 sadrzi
preko 10™ Zivih ¢elija bakterija. Pre primene u procesu
fermentacije kultura je aktivirana pripremom 1% (w/V)
rastvora u mleku i inkubiranjem u trajanju od 30 min na
temperaturi 42 °C.

Metode rada
Postupak fermentacije

Surutka i mleko su pre izvodenja mlecno-kisele fer-
mentacije pasterizovani (60 °C, 60 min), pomesani u
odnosu 70:30 (V/V) i zasejavani kulturom ABY-6.

Mlecno-kisela fermentacija sa kulturom ABY-6 tra-
jala je 4 sata. Vreme fermentacije (4 h), temperatura
(42 °C) i koli¢ina inokuluma (6%) su izabrani na osnovu
nasih prethodnih istrazivanja [11].

Odredivanje pH vrednosti

pH vrednost uzorka tokom fermentacije odredivana
je pomocu pH metra (Inolab, WTW 82362, Wellheim,
Nemacka). Merenje je izvedeno pod apsolutno steril-
nim uslovima koji su obezbedeni sterilnim uzorkova-
njem fermentacionog medijuma.
Odredivanje sadrZaja mlecne kiseline

Sadrzaj mlecne kiseline je odredivan metodom po
Soxhlet—Henkel i izrazavan u °SH [12].
Odredivanje ukupnog broja bakterija

Ukupan broj bakterija u fermentisanom napitku od
surutke odredivan je metodom razblazenja [13]. Uzorci
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su razblaZivani u fizioloSkom rastvoru do reda veli¢ine
10", nakon Cega je po 1 mL odgovarajuéeg razblazenja
prenosSen u Petri Solje koje su prelivane sa oko 20 mL
rastopljenog M17 agara pri odredivanju broja ¢elija S.
thermophilus, odnosno MRS agara pri odredivanju
broja celija L. delbrueckii ssp. bulgaricus, L. acidophilus i
B. bifidum. Temperatura koriS¢enog agara bila je oko 55
°C. Petri Solje su inkubirane anaerobno 72 h, na tempe-
raturi od 37 °C, nakon Cega su brojane izrasle kolonije.
Rezultat je predstavljen kao ukupan broj zivih ¢éelija na
obe koriséene podloge i izraZzen je kao log (CFU/mL).

Odredivanje antioksidativne aktivnosti (%DPPH
inhibicije)

Za odredivanja antioksidativne aktivnosti kao slobo-
dan radikal koriséen je 0.1 mM rastvor 2,2-difenil-1-
-pikrilhidrazil (DPPH) u 95% metanolu, po metodi Lee i
saradnika [14].

Uzorci su centrifugirani na 12000 o/min u trajanju
od 30 min. Nakon centrifugiranja 500 pL supernatanta
je u epruveti mesano sa 1,5 mL metanola i 1,0 mL ras-
tvora DPPH. Sadrzaj epruvete je snazno promuckan i
ostavljen na sobnoj temperaturi, u mraku 30 min,
nakon toga je merena apsorbanca na 517 nm. Kao
kontrolni uzorak pripreman je rastvor 1,5 mL DPPH i 1,5
mL metanola.

Rezultati su izraZzeni kao procenat inhibicije, odnos-
no, neutralizacije slobodnih DPPH radikala u odnosu na
kontrolu i racunati su prema sledecoj jednacini:

Inhibicija DPPH radikala (%) =100(A, —A,) / A

gde su A, — apsorbancija kontrole i A, — apsorbancija
uzorka.

Odredivanje redukcione snage

Odredivanje redukcione snage izvedeno je po
metodi Oyaizi [15].

1 ml uzorka pomesan je sa 2,5 ml fosfatnog pufera i
2,5 ml kalijum-fericijanida i smesa je inkubirana na 50
°C 30 min. Smei je zatim dodato 2,5 ml 10% trihlor-
sircetne kiseline i izvrSeno je centifugiranje na 10000
o/min. Nakon centrifugiranja supernatant je pomesan
sa 2,5 ml vode i 0,5 ml gvozde (lll)-hlorida i izmerena je
apsorbancija uzorka na 700 nm.

Odredivanje hemijskog sastava surutke

Analiza hemijskog sastava fermentisanog proizvoda
vrsena je standardnim hemijskim metodama [16]. Ana-
liza hemijskog sastava obuhvatila je analizu suve mate-
rije, proteina, rastvornih Secera, masti, minerala (uku-
pan P, Ca, Mg, K, Na, Cu, Fe, Zn i Mn). Na osnovu
analize hemijskog sastava, fermentisani napitak je de-
klarisan u skladu sa srpskim [17,18] i evropskim pravil-
nicima [19] o deklarisanju, dok su nutritivne i zdravs-
tvene izjave izabrane na osnovu evropskih regulativa i
direktiva [20,21], jer je u Srbiji pripremljen samo Nacrt
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pravilnika o nutritivnim i zdravstvenim izjavama za pre-
hrambene proizvode. Nutritivni sastav fermentisanog
napitka dobijen je na osnovu analize hemijskog sastava
uz koris¢enje faktora za preraCunavanje energetskih
vrednosti za osnovne komponente u proizvodu. Faktori
za preracunavanje pojedinih komponenti hrane (sadrzaj
soli u uzorku na osnovu sadrzaja natrijuma) nalaze se u
pravilnicima o deklarisanju [17,19]. Odredivanje sadr-
Zaja masnih kiselina vrSeno je gasnom hromatogra-
fijom, a razdvajanje metilovanih masnih kiselina uzorka
izvodi se i na kapilarnoj koloni gasnog hromatografa [22].

Senzorna analiza

Ukus i konzistencija su najvaznije senzorne karakte-
ristike fermentisanih mlecnih napitaka. Ove karakteris-
tike analizirala je panel grupa sastavljena od 5 degusta-
tora dajuéi ocene od 1-5 [23]. Za ukus je koris¢ena
skala: 1 — neprijatan, 2 — nakiseo kupus, 3 — na surutku,
4 — na blagi jogurt i 5 — na jogurt. Za konzistenciju je
koris¢ena sledeca skala: 1- vodenasta, 3— kremasto-vo-
denasta koja se raslojava i 5 — kremasta.

Radi poredenja senzornih karakteristika, izvedena je
i fermentacija surutke, kao i mleka, pri istim uslovima
fermentacije, Cija senzorna ocena je takode navedena.

Statisticka analiza

Experimenti su izvedeni u triplikatu i rezultati pred-
stavljeni kao srednja vrednost + standardna devijacija.
Statisticka analiza je izvedena u programu Origin Pro 8
(Origin Lab Co., Northampton, USA). Podaci su analizi-
rani pomocu analize varijanse (One-Way ANOVA), a

e |

Tukey test je primenjen kao test za poredjenje srednjih
vrednosti sa nivoom znacajnosti od 0,05.

REZULTATI | DISKUSIJA

Osnovni parametri kvaliteta napitka na bazi surutke

Pri ¢uvanju fermentisanih proizvoda osnovni prob-
lem koji se moze javiti jeste post-acidifikacija koja do-
vodi do odumiranja bakterija ¢ime proizvod moze izgu-
biti svoj probiotski karakter [24]. Proces fermentacije
surutke uglavnom se vodi do postizanja pH vrednosti
priblizno 4,6. Ova vrednost je kriticna tacka fermen-
tacije, jer vrednosti pH ispod 4,6 uticu negativno na sta-
bilnost fermentisanih mlecnih proizvoda. Vodenjem
fermentacije do pH ~4,6 ispunjavaju se kriterijumi ve-
zani za postizanje i zadrzavanje stabilnosti, funkcional-
nosti i optimalnih senzornih svojstava tokom duzeg pe-
rioda ¢uvanja [2].

Na slici 1 prikazana je promena osnovnih parame-
tara kvaliteta (pH, titracijska kiselost i ukupan broj Zivih
Celija) napitka na bazi surutke nakon fermentacije i
tokom 28 dana ¢uvanja.

Neposredno pre pocetka izvodenja procesa fermen-
tacije pH vrednost mesavine surutke i mleka je iznosila
6,23, dok je titracijska kiselost u istom trenutku iznosila
3,9 °SH (slika 1).

Nakon inokulacije pocetni broj celija u uzorku su-
rutke i mleka je iznosio 6,81 log (CFU/mL). Kao sto je
prikazano na slici 1, tokom procesa fermentacije dolazi
do pada pH vrednosti koji je pracen porastom vrednosti
titracijske kiselosti. Nakon fermentacije (nulti dan) pH
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Slika 1. pH vrednost, titracijska kiselost i ukupan broj ¢elija nakon fermentacije i tokom 28 dana c¢uvanja fermentisanog napitka na
bazi surutke. Vertikalni barovi predstavljaju standardnu devijaciju tri uzastopna merenja (n = 3) za svaku tacku.

Fig. 1. pH value, titratable acidity and total number of cells after fermentation and during 28 days of storage of fermented
whey-based beverage. Vertical bars represent the standard deviation (n = 3) for each data point.
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vrednost uzorka je iznosila 4,43, dok je shodno tome
vrednost titracijske kiselosti iznosila 22,8 °SH. Dobijeni
rezultat je nesto veci od rezultata navedenih u literaturi
[25] dobijenih pri fermentaciji rekonstituisane surutke
sojevima Lactobacillus acidophilus La-5 i Bifidobacte-
rium lactis BB-12. Razlika u vrednostima titracijske kise-
losti se moze objasniti prisustvom dodatnih sojeva (S.
thermophilus i L. delbrueckii ssp. bulgaricus) u ABY-6
kulturi.

Tokom procesa fermentacije broj celija u uzorku
raste za oko 1,3 log jedinice, tako da nakon 4h broj zZivih
¢elija u fermentisanom uzorku iznosi oko 8,14 log
(CFU/mL). Porast broja Zivih celija od 1.3 log jedinice
tokom 4h moZe se smatrati visokim obzirom da se radi
o relativno kratkom vremenu trajanja fermentacije i
¢injenici da surutka u svom sastavu ima veoma mali
sadrzaj nutrijenata neophodnih za rast BMK [26,27].
Postignuta vrednost broja celija je u skladu sa pret-
hodnim istrazivanjima [10,11] koja se odnose na rast
bakterija u surutki.

Tokom 28 dana skladiStenja pH vrednost uzorka rav-
nomerno opada da bi 28. dana ta vrednost iznosila
4,17. Istovremeno sa padom pH vrednosti dolazi do
porasta kiselosti, tako da nakon 28 dana Cuvanja titra-
cijska kiselost uzorka iznosi 30,8 °SH. U prvih 7 dana
dolazi do blagog pada broja zZivih celija koji se nastavlja
do 28. dana kada je broj Zivih celija iznosio 6,86 log
(CFU/mL). Porededi rezultat sa navodima u literaturi,
prema kojim nakon 14. dana dolazi do znacajnog pada
broja bakterija (< 6,0 log (CFU/mL) u napitku koji je
proizveden fermentacijom rekonstituisane surutke [25],

moze se reci da je rezultat ovog rada znacajno unapre-
den proizvod. Zaklju¢no sa 14. danom broj Zivih ¢elija u
fermentisanom napitku na bazi surutke i mleka iznosi
8,07 log (CFU/mL). Na osnovu svega navedenog, moze
se zaklju¢iti da u periodu od dve nedelje napitak
poseduje probiotski karakter, $to je prihvaéeno kao
zadovoljavajudi rok trajanja proizvoda ove vrste.

Antioksidativna aktivnost napitka na bazi surutke

Slobodni radikali su glavni uzrok nastanka mnogih
degenerativnih bolesti Coveka: ateroskleroze, raka, kar-
diovaskularnih bolesti, zapaljenja creva, starenja koze i
artritisa. Brojna istrazivanja i epidemioloski podaci uka-
zuju na vaznost antioksidanasa kada je re¢ o prevenciji
nastanka raka ili kardiovaskularnih bolesti. Za razliku od
prehrambenih antioksidanasa koji samo sprecavaju
oksidativne procese u masnim materijama tokom proiz-
vodnje i €uvanja hrane, prirodni antioksidansi se svrsta-
vaju u ,bioaktivne materije” i imaju vainu ulogu u
metabolizmu celija [28].

Kao sto je prikazano na slici 2, tokom procesa fer-
mentacije procenat inhibicije DPPH radikala raste sa
pocetne vrednosti 15,0% na vrednost 46,0% koja je
zabeleZena nakon zavrSetka fermentacije. Porast pro-
centa inhibicije DPPH radikala praéen je porastom vred-
nosti redukcione snage koja je nakon 4 h fermentacije
iznosila 0,356. Tokom procesa skladistenja, u prve dve
nedelje, dolazi do pada vrednosti procenta inhibicije
DPPH radikala, nakon cega antioksidativna aktivnost
napitka raste verovatno kao posledica lize ¢elija [29].
Dobijeni rezultati o porastu antioksidativne aktivnosti
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Slika 2. % Inhibicije DPPH radikala i redukciona snaga nakon fermentacije i tokom 28 dana cuvanja fermentisanog napitka na bazi
surutke. Vertikalni barovi predstavljaju standardnu devijaciju tri uzastopna merenja (n = 3) za svaku tacku.

Fig. 2. DPPH scavenging activity and reducing power after fermentation and during 28 days of storage of fermented whey-based
beverage. Vertical bars represent the standard deviation (n = 3) for each data point.
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nakon 14 dana skladistenja su u saglasnosti sa opa-
danjem broja Zivih celija tokom procesa skladistenja
(slika 1). Na osnovu dobijenih rezultata se moze zaklju-
¢iti da lizom celija dolazi do oslobadanja intracelularnih
metabolita i enzima sposobnih da doprinesu stvaranju
produkata proteoliticke razgradnje koji ispoljavaju
odredenu antioksidativnu aktivnost. Porast antioksida-
tivne aktivnosti napitka praéen je istovremenim pora-
stom vrednosti redukcione snage. Dobijeni rezultati su
u saglasnosti sa rezultatima ranijih istrazivanja [30] koja
se odnose na antioksidativnu aktivnost jogurta a prema
kojima antioksidativna aktivnost nakon 14 dana skla-
distenja raste i dostize slicne vrednosti.

Najvise vrednosti antioksidativne aktivnosti i reduk-
cione snage su zabeleZzene neposredno nakon fermen-
tacije kada su iznosile 46,0% i 0,356, redom. Sa druge
strane, najniZe vrednosti antioksidativne aktivnosti i
redukcione snage su zabelezene 14. dana skladistenja i
iznosile su 38,1% i 0,269, redom, uz naglasavanje Cinje-
nice da su ¢ak i u tom trenutku obe vrednosti bile sta-
tisticki znacajno (P < 0.05) viSe od vrednosti zabeleZzenih
u nefermentisanom uzorku.

Senzorna svojstva napitka na bazi surutke

Na trziStu mlecnih proizvoda u Srbiji ne postoji veliki
broj napitaka na bazi surutke, a narocito nisu prisutni
proizvodi dobijeni mle¢no-kiselom fermentacijom su-
rutke, za razliku od trzista Nemacke, Austrije i Svajcar-
ske, gde postoji duga tradicija u konzumiranju ove vrste
napitaka. Usled toga, senzorna analiza je bila usmerena
na karakteristike na koje su domadi potrosaci vec
naviknuti.

Kao $to se moze uoditi na slici 3, dodatak mleka
utie na ocenu senzornih karakteristika napitka na bazi
surutke. Ukus napitka koji u svom sastavu osim surutke
sadrzi i mleko je bio, tokom ¢itavog procesa skladis-

0. dan
6
4
28.dan 7. dan
0
21. dan 14. dan
—Mleko
—Surutka

Surutka:mleko 30:70

a) ukus

napitaka koji je sadrzao samo surutku. U prvih 14 dana
ovaj napitak je po ukusu bio veoma slican jogurtu.
Nakon 14. dana ukus fermentisanog napitka od surutke
i mleka je ocenjen nesto nizom ocenom (ocena 4) u
odnosu na fermentisano mleko (ocena 5), da bi se 21.
dana skladistenja senzorne ocene oba napitka izjed-
nacile (ocena 5). Bez obzira na uoceno variranje, napi-
tak dobijen fermentacijom surutke uz dodatak mleka
do kraja procesa skladistenja zadrzava znacajno (P <
0.05) vecu ocenu ukusa u odnosu na napitak dobijen
fermentacijom surutke. Konzistencija fermentisanog
napitka na bazi surutke i mleka je u prvih 7 dana skla-
distenja potpuno ista kao konzistencija fermentisanog
mleka. (ocena 5). Tokom citavog procesa skladiStenja
konzistencija napitka od surutke i mleka je nesto loSija
(ocena 4) nego konzistencija fermentisanog mleka (oce-
na 5) ali sa druge strane znacajno bolja od konzistencije
napitka proizvedenog fermentacijom surutke (ocene 3,
2 i 1). Na osnovu svega gore navedenog, moZe se za-
kljuciti da dodatak mleka u surutku dovodi do pobolj-
Sanja kako ukusa tako i konzistencije fermentisanog
napitka.

Hemijski sastav napitka na bazi surutke

Sastav i svojstva surutke zavise od kvaliteta mleka i
tehnologije proizvodnje sira tj. nacina koagulacije
mleka. Proteini surutke u celosti prelaze u surutku jer
su neosetljivi na dejstvo kiselina i primenjenih enzima u
proizvodnji sira, dok su znadajna variranja moguca u
sadrzaju minerala, narocito kalcijuma i fosfora.

Analiza hemijskog sastav dobijenog fermentisanog
proizvoda od surutke i mleka prikazana je u tabeli 1.

Sadrzaj suve materije u fermentisanom napitku je
iznosio oko 9,8%, Sto je u skladu sa sadrzajem suve
materije polaznih sirovina. Zanimljivo je napomenuti da
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Slika 3. Poredenje senzornih karakteristika napitaka proizvedenih fermentacijom surutke, mleka i mesavine surutke i mleka tokom

28 dana cuvanja.

Fig. 3. Comparison of sensory characteristics of beverages produced by fermentation of whey, milk and mixtures of whey and milk

during 28 days of storage; a) taste, b) consistency.
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je polazna sirovina imala nesto vedi sadrzaj suve mate-
rije od uobicajenih vrednosti za surutku navedenih u
literaturi koje se krecu u intervalu 6-8%. Povecan sadr-
Zaj suve materije uslovljen je sadrzajem proteina u
surutki, koji je oko 2,5 puta veci od uobicajenih vred-
nosti u literaturi [4] koje iznose oko 1%. Ovako visok
sadrzaj proteina ukazuje da su tokom procesa prerade
mleka i nastanka surutke primenjeni tehnoloski pos-
tupci koji nisu znacajno uticali na smanjenje sadrzaja
proteina. Visok sadrzaj suve materije surutke rezultirao
i visokim sadrzajem minerala, pre svega kalcijuma, u
proizvedenom fermentisanom napitku od surutke i
mleka.

Tabela 1. Hemijski sastav fermentisanog napitka na bazi
surutke

Table 1. The chemical composition of fermented whey-based
beverage

Parametar Vrednost
pH vrednost 4,610,1
Suva materija, % 9,8+0,1
Proteini, % 2,310,03
Masti, % 1,05+0,04
Seceri, % 3,3+0,04
Natrijum, mg/I 450,0+0,3
Kalijum, mg/I 1400,040,3
Kalcijum, mg/I 1945+0,2
Magnezijum, mg/I 53,75+0,01
Ukupan fosfor, mg/| 710,0+0,02
Gvozde, mg/I 0,50+40,2
Cink, mg/I 0,18+0,5
Mangan, mg/I <0,0210,01
Bakar, mg/| <0,05+0,01

Deklarisanje proizvedenog napitka na bazi surutke

Zbog kvalitetnog hemijskog sastava, deklaracija
napitka na bazi surutke moze da sadrzi veliki broj nut-
ritivnih i zdravstvenih izjava. Uslov za navodenje nutri-
tivnih i zdravstvenih izjava je da se na ambalazZi proiz-

voda nalazi nutritivni sastav. Na osnovu rezultata prika-
zanih u tabeli 1 i na slici 1 moZe se predstaviti nutritivna
informacija o fermentisanom proizvodu, koja je data u
tabeli 2. Energetska vrednost u tabeli 2 izraunata je na
osnovu konverzionih faktora datih u Prilogu 8 Pravilnika
o deklarisanju [17].

Sadrzaj proteina u 100 ml fermentisanog napitka
iznosio je 2,3 g. Prema vazec¢im pravilnicima o hrani i
evropskim regulativama [20], proizvod koji ima naj-
manje 20% energetske vrednosti koja potice od pro-
teina, moze da ima nutritivhu izjavu ,Bogat protei-
nima“.

U 100 ml proizvoda se nalazi 194 mg kalcijuma, Sto
zadovoljava 24,2% dnevnih potreba za ovim mine-
ralom. Prema vazeéim standardima za hranu [20], pro-
izvod koji ima vise od 15% dnevnih potreba na 100 ml
moze poneti nutritivne i zdravstvene izjave [21]. Od
nutritivnih izjava za kalcijum biramo izjavu ,Prirodan
izvor kalcijuma“, a od zdravstvenih izjava ,Kalcijum je
potreban za odrzavanje normalnih kostiju“.

Zbog koli¢ine proteina, ovaj proizvod moze da ima i
zdravstvenu izjavu koja se odnosi na proteine: ,Proteini
doprinose normalnom odrzavanju kostiju”. Prema EU
Direktivi [21] uslov za ovu izjavu je da fermentisani
napitak ima vise od 12% energije koja potice od pro-
teina. Napitak ima ¢ak 29% energije koja potic¢e od pro-
teina.

Ukoliko proizvod sadrzi najmanje 10° (CFU/g ili
CFU/ml) Zivih mikroorganizama (Lactobacillus delbru-
eckii ssp. bulgaricus i Streptococcus thermophilus), a
fermentisani napitak ispunjava ovaj zahtev nakon fer-
mentacije i do 14 dana ¢uvanja — proizvod mozZe na
deklaraciji da ima i zdravstvenu izjavu ,Zive kulture u
jogurtu ili fermentisanom mleku poboljSavaju probavu
laktoze kod osoba koje imaju problem sa probavom
laktoze” [21].

Takode, ukoliko na proizvodu postoji bar jedna
zdravstvena izjava, mora se navesti i izjava ,Proizvod
treba koristiti kao deo uravnotezene ishrane i zdravog
nacina Zivota“ [20].

Tabela 2. Nutritivni sastav fermentisanog napitka na bazi surutke
Table 2. Nutritional composition of fermented whey-based beverage

a

Hranljiva vrednost 100 ml Porcija, 250 ml PDU® po porciji, %
Energetska vrednost 100 kJ / 32 kcal 335 kJ / 80 kcal 4.00
Masti, 1.05g 262g 3.70
od toga zasi¢ene masne kiseline 0.79g 197g 9.80
Ugljeni hidrati, 3.30¢g 8.25¢g 3.10
od toga seceri 3.30g 8.25¢g 9.20
Proteini 230g 575g 11.5
So 0.11g 0.27¢g 4.50
Minerali
Kalcijum 194 mg 485 mg 60.0

aPorcija: 250 ml; broj porcija u pakovanju: 1; bPDU — preporuceni dnevni unos za prose¢nu odraslu osobu (8400 kJ/2000 kcal)
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ZAKLJUCAK

Fermentacijom surutke uz dodatak mleka sa komer-
cijalnom jogurtnom kulturom znacajno se uti¢e na kva-
litet fermentisanog proizvoda. Dodatak mleka je bitan
ne samo za nutritivni kvalitet nastalog proizvoda, nego
je poboljsao i njegov ukus, homogenost fermentisanog
proizvoda i njegovu stabilnost.

Postignuti rezultati su pokazali da se primenjena
starter kultura moze koristiti za proizvodnju i razvoj
funkcionalnog fermentisanog napitka od surutke i mle-
ka sa zadovoljavaju¢im nutritivnim svojstvima. Analiza
hemijskog sastava fermentisanog napitka od surutke i
mleka i nuritivna informacija o njemu je pokazala da
proizvod predstavlja izvor proteina, izvor kalcijuma, a
sadrzi i Zive celije probiotske kulture u broju koji moze
pozitivho delovati na probavu laktoze u organizmu.

Kao rezultat ovog rada proizveden je napitak koji do
14. dana ima zadovoljavaju¢ ukus, konzistenciju i broj
Zivih bakterija. Proizvedeni napitak sadrzi 8,07 log
(CFU/mL) ¢ime je ispunjen kriterijum funkcionalnosti i
omogucéeno da napitak bude deklarisan zdravstvenom
izjavom ,Zive kulture u jogurtu ili fermentisanom mleku
poboljSavaju probavu laktoze kod osoba koje imaju
problem sa probavom laktoze“. Dobijeni napitak ispo-
ljava antioksidativnu aktivnost od najmanje 38,1% i
kiselost od 28,2 °SH koja odgovara kiselosti proizvoda iz
ove kategorije.

Rezultati istrazivanja ukazuju da bi prerada surutke
u fermentisani napitak uz dodatak mleka otvorila pro-
stor za razvoj novih nekonvencionalnih mlec¢nih proiz-
voda u Srbiji, koji danas u svetu predstavljaju kategoriju
proizvoda koja je u ekspanziji.
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SUMMARY

QUALITY OF FERMENTED WHEY BEVERAGE WITH MILK

Marica B. Rakinl, Maja Lj. Bulatovic'l, Danica B. Zariéz, Marijana M. Stamenkovic¢ Dokoviés, Tanja Z. Krunic’4,
Milka M. Bori¢', Maja S.Vukaginovi¢ Sekuli¢*

lFaculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia

%IHIS Tehno Experts Ltd., Batajnicki put 23, 11000 Belgrade, Serbia

%IHIS Science and Technology Park Zemun, Batajnicki put 23, 11000 Belgrade, Serbia

*Innovation center, Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade,
Serbia

(Scientific paper)

One of the most economical ways of whey processing is the production of Keywords: Fermented whey-based beve-
beverages, which represents a single process that exploits all the potential of rage ® Probiotics ® Nutritive value
whey as a raw material. Functional and sensory characteristics of whey-based
beverages are a criterion that is crucial to the marketing of products and win over
consumers. The aim of this study was to determine nutritional and functional
characteristics of fermented whey beverage with milk and commercial ABY-6
culture. The results showed that the applied starter culture can be used for the
production of fermented whey based beverage with satisfactory nutritional pro-
perties. Addition of milk was important not only in the nutritional quality of the
resulting product, but also improved the taste, the homogeneity and stability.
Analysis of the chemical composition of fermented whey based beverage and nut-
ritional information about it indicates that the product is a good source of protein
and calcium. Fermented beverage contained 8.07 log (CFU/mL), showed antioxi-
dant activity of at least 38.1% and the titratable acidity of 28.2 °SH corresponding
to the acidity of the product in this category.
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Abstract

The antioxidant activity and total phenolic and flavonoid content of ethanolic, acetone and
ethyl acetate extracts of Ruscus hypoglossum L. and Ruscus aculeatus L. (aerial parts) from
Serbia were investigated in this paper. The best total antioxidant capacity (23.329 ug AA g_l)
and the highest DPPH scavenging activity (/Cso = 182.54 ug mL_l) were found in acetone
and ethyl acetate extract of R. aculeatus L. Ethanolic extract of R. hypoglossum L. showed
the highest ABTS radical cation scavenging activity (/Csq = 3.04 pg mL™), as well as reducing
power (ICso = 143 pg mL™). The best inhibitory activity against lipid peroxidation
(ICso = 651 pg mL_l) and the best ferrous ion chelating ability (/Csq = 110 pg mL_l) were
found in acetone and ethyl acetate extract of R. hypoglossum L. The highest total phenolic
(8.569 mg GAE g) and flavonoid contents (0.136 mg RU g™) were found in ethanolic and
acetone extract of R. hypoglossum L. and R. aculeatus L, respectively.

Keywords: free radical scavenging, reducing power, chelating ability, lipid peroxidation, total
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Different plant species are the subject of numerous
studies throughout the world in order to obtain natural
products with their potential application in medicine,
pharmacy and food industry in recent two decades.
From ancient times, the plants have been using as rich
source of effective and safe medicines. About 80% of
world population is still dependent on traditional
medicines. Bioactive compounds and antioxidant
activity are important parameters that regulate the
therapeutic effects of a plant [1]. The most important
bioactive phytochemical constituents are alkaloids,
essential oils, flavonoids, tannins, saponins, lactones
and terpenoids [2]. Phenolics are widely distributed in
medicinal plants and they have multiple biological
effects, including antioxidant, anti-inflammatory, anti-
cancer, anti-viral, anti-bacterial and cardio-protective
activity [3]. An antioxidant is any substance that, when
present at low concentrations, significantly delays or
prevents oxidation of cell content like proteins, lipids,
carbohydrates and DNA [4]. It can interfere with the
oxidation process by scavenging reactive oxygen spe-
cies (SOD removing O, ), by binding transition metal
ions and preventing formation OH and/or decompo-
sition of lipid hydroperoxides, by repairing damages
(e.g., a-tocopherol repairing peroxyl radicals and so
terminating the chain reaction of lipid peroxidation) or
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by any combination of the above [5-7]. According to
these abilities, numerous methods are applied for test-
ing antioxidative activity of plants, such as the oxygen
radical absorption capacity (ORAC), ferric reducing anti-
oxidant power (FRAP), 2,2-diphenyl-1-picryl-hydrazil
(DPPH) radical scavenging and inhibition of the form-
ation of thiobarbituric acid reactive substances (TBARS)
[8]. Thus, antioxidant and phytochemical screening of
different plants are essential to provide valuable inf-
ormation in the search of new pharmaceuticals.

Ruscus hypoglossum L. and R. aculeatus L. are two
of the three species from genus Ruscus (fam. Liliaceae,
order Asparagales) which grow in Serbia. The native
range of Ruscus hypoglossum L. extends from Western
Europe to Iran. Common names include Mouse Thorn,
Spineless Butcher’s Broom and Horse Tongue Lily. Rus-
cus aculeatus L. (Butcher’s Broom) is originally from
Mediterranean Europe and Africa [9]. The rhizomes of
European species of Ruscus are used in herbal medi-
cines due to their anti-inflammatory and vasocons-
triction properties. Flavonoids from Ruscus species
strengthen blood vessels, reduce capillary fragility and
support healthy circulation. Many chemical consti-
tuents have been isolated from these plants. Species
from Ruscus genus are recognizing for ruscogenin and
flavonoids, especially R. aculeatus L. The aerial parts of
these two Ruscus species contain several flavonoid
glycosides and phenolic acids [10]. However, R. acu-
leatus L. rhizome contains p-coumaric acid and amides
of hydroxycinnamic acids, but it has no flavonoids. Rec-
ently, Hadzifejzovic et al. [11] have found that ethyl
acetate and butanol fraction of methanolic extract of

99



V.D. JAKOVUEVIC et al.: ANTIOXIDANT ACTIVITY OF Ruscus SPECIES FROM SERBIA

Hem. ind. 70 (1) 99-106 (2016)

herb and rhizome of R. aculeatus L. and herb of R.
hypoglossum L. have antimicrobial and antioxidant
activity. The authors showed, in mentioned results,
that there is a relatively strong correlation between the
total phenolic content and the antioxidant capacity of
plants’ extracts.

In literature there is no data related to the study of
antioxidant activity of Ruscus species from the territory
of Serbia. Therefore, the aim of this study was designed
for the evaluation of antioxidant activity of aerial parts
of two Ruscus species from Serbia in order to inves-
tigate the relationship between antioxidant properties
and total phenolic and flavonoid content. These data
will provide some useful information for healthier
living, as well as the further screening of plants as
potential sources of new natural antioxidants.

EXPERIMENTAL

Chemicals

2,2-Diphenyl-1-picrylhydrazyl (DPPH), gallic acid,
ascorbic acid, quercetin, butylated hydroxytoluene,
ammonium molybdate, sodium phosphate, sulphuric
acid, ferrous sulfate heptahydrate, Folin—Ciocalteu
reagent, aluminum chloride, potassium ferricyanide,
trichloroacetic acid, ferric chloride, linoleic acid, sodium
acetate, Tween-20, ammonium thiocyanate, hydro-
chloric acid, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-
-p,p’-disulfonic acid monosodium salt hydrate, 2,2-
-azino-bis(3-ethylbenzothiazoline6-sulfonic acid) (ABTS),
sodium carbonate, potassium sodium tartrate tetra-
hydrate, rutine, were obtained from Sigma-Aldrich, St.
Louis, MO, USA; ethanol, methanol, acetone and ethyl
acetate were obtained from Fluka Chemie AG Buchs,
St. Louis, MO, USA.

Plant materials

Aerial parts of Ruscus hypoglossum L. were col-
lected from mountain ZeZelj, near Kragujevac (Serbia),
whereas aerial parts of Ruscus aculeatus L. were col-
lected from Ov&ar—Kablar gorge, near Cacak (Serbia), in
late September, 2012. The species were identified
according to Systematic key at the Institute for biology
and ecology, Faculty of Science, University of Kragu-
jevac, Serbia. Voucher specimens of R. aculeatus L.
(17074 BEOU) and R. hypoglossum L. (17075 BEOU)
were deposited in the Herbarium of Institute of Botany
and Botanical Garden “Jevremovac”, University of
Belgrade, Serbia.

Solvent extraction

The air-dried aerial parts of plant (30 g) were
broken into small pieces (2—6 mm) and extracted with
ethanol (96%), acetone and ethyl acetate (150 mL)
using a Soxhlet apparatus. The extracts were filtered
through a filter paper (Whatman No. 1) followed by

100

evaporated on rotary vacuum evaporator at 40 °C. The
resulting extracts were dried at room temperature to
constant dry weight mass. The dark greenish residues
were stored in a dark glass bottle at 4 °C to prevent
oxidative damage until the further analysis.

Antioxidative methods
Total phenolic content

The total phenolic compounds in the extract were
determined according to the Folin—Ciocalteu method
by Singleton and Rossi [12] with some modifications. To
1 mL of each extract dissolved in methanol, 2 mL of
7.5% (w/V) sodium carbonate solution was added and
vortexed vigorously. After 5 min, 1 mL of 1:10 diluted
Folin—Ciocalteu’s phenol reagent was added and vor-
texed again. Same procedure was repeated for the
standard solution of gallic acid. All the tubes were
incubated at room temperature for 30 min and then
the absorbance was measured at 765 nm. The total
phenolic content in the extracts was calculated from
the standard curve and values are expressed as gallic
acid equivalent (GAE) in mg g of dry weight (DW)
extract.

Total flavonoid content

The aluminum chloride method was used for the
determination of the total flavonoids content of the
sample extracts [13]. Aliquots of extract solutions were
taken and made up to volume 3 mL with methanol.
Then 0.1 mL AICl; (10%), 0.1 mL potassium sodium
tartrate and 2.8 mL distilled water were added sequen-
tially. The test solution was vigorously shaken. Absor-
bance at 415 nm was measured after 30 min of incub-
ation. A standard calibration plot was generated at 415
nm using known concentrations of rutine. The concen-
tration of flavonoids in the test samples was calculated
from the standard curve and values are expressed as
rutine (RU) equivalent in mg g~* of DW extract.

Total antioxidant capacity

The total antioxidant capacity was determined by
phosphomolybdenum method according to Prieto et al.
[14]. To 1 mL of samples or standard at different con-
centration performed from stock solutions (1 mg mL™Y),
2 mL reagent solution (ammonium molybdate 4 mM,
sodium phosphate 28 mM and sulphuric acid 0.6 M)
was mixed vigorously. All the reaction tubes were
incubated at 95 °C for 90 min. The absorbance was
measured at 695 nm against blank (methanol) after
cooling at room temperature. Ascorbic acid (AA) was
used as standard and total antioxidant capacity of ext-
racts is expressed as mg AA g_1 of DW extract.

DPPH radical scavenging assay

DPPH radical scavenging activity was done accord-
ing to the method by Takao et al. [15] with slight modi-
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fication. Working solution of extracts was carried out
by dilution stock solution (2 mg mL™") of extracts. DPPH
was dissolved in methanol to obtain a concentration at
8 ug mL™. To 1 mL of DPPH solution, 1 mL of various
concentrations of the extracts or the standard solution
was added separately. The reaction mixtures were
incubated at 37 °C for 30 min, following by absorbance
measured at 517 nm using methanol as blank refer-
ence. The DPPH scavenging activity (%) of extracts and
standards AA, gallic acid, butylated hydroxytoluene
(BHT), a-tocopherol, quercetin were determined using
the following equation:

% Inhibition = 100(Ac-As)/Ac (1)

where Ac was absorbance of control reaction and As
the absorbance in presence of the sample.

2,2’-Azino-di(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) decolorization assay

The ABTS™ decolorization assay is spectrophoto-
metric method widely use for determination of the
antioxidative activity of substances. The ABTS™ scav-
enging activity was measured according to the method
of Re et al. [16]. In brief, ABTS™ was first produced by
reacting ABTS stock solution (7 mM) with potassium
persulfate (2.45 mM). The mixture was then placed in
the dark at room temperature for 12 tol6 h before
using. Under this condition, ABTS™* can be stable in this
form for more than 2 days. The ABTS solution was
diluted with double-distilled water to obtain an absorb-
ance of 0.70£0.02 at 734 nm. Aliquots of 30 pL of the
sample extracts of different concentrations (from 2 mg
mL™ to 3.91 pg mL™") were then added to 2.7 mL
diluted ABTS™ solution, and mixture was incubated at
room temperature for 30 min. Absorbance was deter-
mined spectrophometrically at 734 nm. For the control,
1.0 mL of methanol was used instead of extract. AA
was used as a positive control. The percentage of inhi-
bition was calculated using the Eq. (1) and results are
expressed as /Csy value.

Determination of inhibitory activity against lipid
peroxidation

Antioxidant activity was determined by the thio-
cyanate method of Hsu et al. [17]. Serial dilutions were
carried out with the stock solution (2 mg mL™) of the
extracts, and 0.5 mL of each solution was added to
linoleic acid emulsion (2.5 mL, 40 mM, pH 7.0). The
linoleic acid emulsion was prepared by mixing 0.2804 g
linoleic acid, 0.2804 g Tween-20 as emulsifier in 50 mL
40 mM phosphate buffer and the mixture was then
homogenized. The final volume was adjusted to 5 mL
with 40 mM phosphate buffer, pH 7.0. After incubation
at 37 °C in the dark for 48 h, 72 and 96 h, a 0.1 mL
aliquot of the reaction solution was mixed with 4.7 mL
of ethanol (75 %), 0.1 mL FeSO, (20 mM FeSO, was

diluted in 3.5% HCI) and 0.1 mL ammonium thiocyanate
(30%). The absorbance of the mixture was measured at
500 nm and the mixture was stirred for 3 min. Ascorbic
acid was used as reference compound. To eliminate the
solvent effect, the control sample, which contained the
same amount of solvent added to the linoleic acid
emulsion in the test sample and reference compounds
(AA, GA, BHT, a-tocopherol and quercetin) was used.
Inhibition percent of linoleic acid peroxidation was also
calculated using Eqg. (1), and results are expressed as
ICso value.

Reducing power assay

The reducing power assay was determined accord-
ing to the method described by Oyaizu [18]. Serial
dilutions were carried out with the stock solution (1 mg
mL™) of each extract. To 1 mL sample extract at dif-
ferent concentrations, 2.5 mL 0.2 M phosphate buffer
pH 6.6, and 2.5 mL 1% potassium ferricyanide were
added followed by mixed vigorously. After incubation
at 50 °C for 20 min, 2.5 mL 10% trichloroacetic acid was
added to mixture followed by centrifugation at 3000
rpm for 10 min. Subsequently, 2.5 mL of upper layer of
mixture was added to 2.5 mL distilled water and 0.5 mL
0.1% ferric chloride, and absorbance of resulting sol-
ution was read at 700 nm against a blank. AA was used
as standard. The reducing capacity of extracts was cal-
culated using Eq. (1), and results are expressed as /Csy
value.

Measurement of ferrous ion chelating ability

The ferrous ion chelating activity extracts was mea-
sured by the decrease in absorbance at 562 nm of the
iron (ll)—ferrozine complex according to Carter [19] and
Yan et al. [20]. One mL of 0.125 mM FeSO, was added
to 1 mL sample extract at different concentrations
(from 2 mg mL™" to 3.91 ug mL™"), followed by 1 mL
0.3125 mM ferrozine. The test tubes were allowed to
equilibrate at room temperature for 10 min. The abs-
orbance was measured at 562 nm against blank. AA,
BHT, a-tocopherol and quercetin were used as positive
control. The ability of the extract to chelate ferrous ion
was calculated using Eq. (1), and results are expressed
as ICsq value.

Statistical analysis

All the results are expressed as means (MS) + stan-
dard deviation (SD) of three independent measure-
ments. For tested the normality of distribution, means
and standard deviation, Student t-test at the level of
significance 0.05 and 0.01 was used. Correlation coef-
ficient was analyzed through Pearson’s and Spearman’s
correlation coefficient. The IC5, values were calculated
by nonlinear regression analysis from the sigmoidal
dose-response inhibition curve. For statistical analysis,
the SPSS 13.0 software program was used.
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RESULTS AND DISSCUSION

According to traditional usage of these plants in
herb medicine, the antioxidant capacity of different
extracts of R. hypoglossum L. and R. aculeatus L. (aerial
parts) from Serbia was systematically investigated by
different assays. In addition, the total content of phe-
nols and flavonoids was determined in each extracts, as
well as the correlation between these phytochemicals
and the antioxidant activity.

Generally, the antioxidant activity of plants is
mainly associated to their bioactive compounds, such
as phenolics, flavonols and flavonoids [21]. Phenolics
are compounds possessing one or more aromatic rings
with one or more hydroxyl groups. The results of total
phenolic content (TPC) determined in the different
plants extracts are presented in Fig. 1. The TPC in all
tested extracts of R. hypoglossum L. was higher than
TPC in extracts of R. aculeatus L. The content of total
phenolics in EtOH, EtOAc and AcOH extract of R. hypo-
glossum L. were 8.569, 8.175 and 8.036 mg GAE g ',
respectively. However, the significant lesser TPC was
found in extracts of R. aculeatus L. in following order:
AcOH extract > EtOAc extract > EtOH extract. Sta-
tistically significant differences in TPC between AcOH
and EtOH (p < 0.05, R’ = 0.612), as well as between

EtOAc and EtOH extracts (p < 0.05, R® = 0.548) of R.
aculeatus L. were found. The highest TPC was deter-
mined in EtOH extract of R. hypoglossum L., whereas
the highest TPC was found in AcOH extract of R. acu-
leatus L. Obviously, these plants contain phenolics by
different polarity, which are involved in their anti-
oxidant activity. The least polar solvents are generally
considered to be suitable for extracting lipophilic phe-
nols, and polar solvents are used for hydrophilic phe-
nols [22].

Flavonoids are the most abundant polyphenols. The
basic flavonoid structure is the flavan nucleus, con-
taining 15 carbon atoms arranged in three rings (C6-C3-
-C6). The results of total flavonoid content (TFC)
determined in the different plants extracts are also
given in Fig. 1. The greatest quantity of TFC was found
in ACOH extract of R. aculeatus L. (0.136 mg RU g ')
whereas the lowest quantity was found in EtOH extract
of same plant (0.113 mg RU g™). The R. hypoglossum L.
extract with the greatest quantity of TFC was AcOH
(0.129 mg RU g '), followed by EtOH (0.125 mg RU g ™)
and EtOAc (0.121 mg RU g™). Among all tested ext-
racts, the AcOH extracts of both plants contain the
highest quantity of TFC. However, the AcOH extract of
R. aculeatus L. has higher flavonoid content than R.
hypoglossum L. Our dates are in accordance with those
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Fob-Ruscus aculaatis L., RH-Ruscus ypoglossim L, EtOH-ethanolic extract, AcOH-acetone extract, EtO4c-ethyl acetate extract,

BHT-butylated hydrozytoluene GA-gdlic acid, Ad-ascorbic acid, nd-not determined. Reasults are mean values + 5D fom

three experiments.

Fig. 1. Total antioxidant activity, total phenolic and flavonoid content of plants extracts.
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reported in the literature, which revealed that acetone
is the best solvent for the extraction of phenols and
flavonoids [23-25].

The total antioxidant potential (TAP) of extracts
from both plant species and standard (AA) was inves-
tigated (Fig. 1). The AcOH extract of R. aculeatus L.
showed the highest antioxidant potential (23.329 ug AA
g "), two fold higher than the same extract of R. hypo-
glossum L. (14.976 ug AA g™). The EtOAc extracts of R.
aculeatus L. and R. hypoglossum L. showed some lesser
TAP with 21.330 and 13.491 pg AA g, whereas the
EtOH extracts of R. aculeatus L. and R. hypoglossum L.
were the least active extracts with 20.027 and 13.092
ug AA g, respectively. Obviously, the aerial parts of R.
aculeatus L. possess much stronger antioxidant poten-
tial than R. hypoglossum L. Results of this study showed
that AcOH extract of both plants has the highest anti-
oxidant potential followed by EtOAc and EtOH extracts.
The significant differences in total antioxidant capacity
between these two plants can be explained by differ-
ences in morph-physiological characteristics of plants,
their natural habitat and ecological factors [26].

The results of DPPH scavenging activity of different
plants extracts, as well as some synthetics antioxidants,
are shown in Fig. 2. The best anti-DPPH activity was
found in EtOAc extract of R. aculeatus L. This extract
produced 50% of DPPH scavenging activity in concen-
trations of 182.54 ug mL . However, slightly lower
scavenger activity of R. aculeatus L. was found in AcOH
(ICso = 227.17 pg mL™), but about three times lower
activity was found in EtOH extract (/Cso = 502.03 pg mL ™).
All examined extracts of R. hypoglossum L. showed
significantly lower free radical scavenging activity, com-
pared to R. aculeatus L. The extract of R. hypoglossum
L. with the best anti-DPPH activity was also EtOAc with
ICs = 278.37 ug mL™, followed by AcOH and EtOH with
ICso = 538.78 pug mL ™" and ICsy = 1632.33 pg mL™,
respectively. All tested extracts of R. aculeatus L. have

significantly higher free radical scavenging activity,
compared to R. hypoglossum L. The EtOAc extracts of
both plants possess the best DPPH scavenging activity.
This result is in accordance with report by Hadzifejzovic
et al. [11] who found that EtOAc extract of R. aculeatus
L. shows the best DPPH scavenging activity, with ICs5y =
157.83 pg mL". However, same authors investigated
only DPPH activity of R. hypoglossum L. methanolic
extract. The authors determined /Csq value as 518.19 ug
mL™". The results of this study confirmed that this plant
contains double higher free radical scavenging activity
in EtOAc than in methanolic extract.

ABTS™" scavenging capacities of extracts and refer-
ence compound (AA) were also determined in this
study (Fig. 2). All examined extracts showed significant
ABTS™" scavenging activity. The EtOH extract of R. hypo-
glossum L. showed the greatest ABTS™ scavenging act-
ivity, with ICso = 3.04 ug mL ™", followed by AcOH (/Cso =
=3.09 pug mL™) and EtOAH (ICs = 3.14 pg mL™). Slightly
lesser ABTS™" scavenging activity showed the extracts of
R. aculeatus L. The extract of R. aculeatus L. with the
greatest ABTS"" scavenging activity was AcOH, with /Csy =
=3.32 pg mL™, followed by EtOAc (ICso = 3.43 pg mL ™)
and EtOH (/Csp = 3.45 pg mL ™). This study shows that
the aerial part of R. hypoglossum L. has better ABTS™”
scavenging activity than R. aculeatus L. The EtOH and
AcOH are the solvents with best properties for the
extraction of antioxidants, which are responsible for
the best ABTS " scavenging activity of R. hypoglossum L.
and R. aculeatus L, respectively. In literature, the inf-
luence type of alcohol used for extraction on the esti-
mation of antioxidant activity of phenolic compounds
in ABTS assay is well discussed. According to Oszmi-
anski et al. [27], the antioxidant activity of plants
against ABTS is correlated with the concentration, che-
mical structures, and polymerization degrees of organ
antioxidants.

Total anticxidant

Total phenolic Total flavonoid

FPart of

Flant extract activity conitent content
plant 1 1 -1

g bh o mg GAE g mgRU g
FAELOH Aerial 20027148 5800 £ 065 0112 £002
EAEtOAC Aerial 21.330+£1.39 6£.275+£082 0127 +£0.11
EAAOH Aerial 23.329+£1.85 6510 £053 0136 +£0.14
EHELOH Aerial 12082 +£122 B.569 £ 094 0125018
EHEtOA: Aerial 12491 £1.35 8175091 0121015
EHAOH Aerial 14,976 £1.86 BO36£1.03 0125 £ 0,10

EA-R acwleatus L, EH-R. lopoglossum L, EtOH-ethanolic extract, AcOH-acetone extract,

EtOAc-ethyl acetate extract. Feasults are mean values £ 3D from three experiments.

Fig. 2. The values of ICs, of the plants extracts and some synthetics antioxidants.
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Many researchers reported that phenolic and flavo-
noid compounds have play an important role in sta-
bilizing lipid oxidation in biological systems [28]. The
inhibiting activity of each plant extracts against lipid
peroxidation was determined at different incubation
times (Fig. 2). The extract of R. hypoglossum L. with the
greatest inhibiting activity was AcOH, with /Csy =651 pg
mL ™, followed by EtOH (ICso = 765 pg mL™) and EtOAc
(ICso = 989 pg mL™"). However, the EtOH extract of R.
aculeatus L. showed the greatest activity in inhibiting
oxidation of linoleic acid (/Cso = 790 pg mL™), followed
by EtOAcC (/Cso = 810 pg mL™) and AcOH (/Cso = 849 pg
mL™"). Obviously, the aerial part of R. hypoglossum L.
exhibits better inhibitory activity than R. aculeatus L.
The AcOH of R. hypoglossum L. and EtOH of R. acu-
leatus L. are the extracts with greatest activity in inhi-
biting oxidation of linoleic acid.

Results of reducing power of tested plants extracts
and standard (AA) are presented in Fig. 2. All tested
plants’ extracts showed very significant reducing power
with ICso values in the range from 143 to 239 pg mL ™.
These values were more powerful than the synthetic
antioxidant AA (/Cs, = 881 pg mL™). The EtOH extract of
R. hypoglossum L. showed the highest reducing power,
with ICso = 143 pg mL ™", followed by EtAOc (/Cso = 160
pg mL™") and AcOH (ICso = 162 pug mL ™). The reductive
potential of R. aculeatus L. was as follow: EtOH (/Csq =
= 209 pg mL™), EtOAc (ICso = 223 pg mL™") and AcOH
(ICso = 239 pug mL™). The results of this study showed
that R. hypoglossum L. has the better reductive poten-
tial than R. aculeatus L. The EtOH is the best solvent for
the extraction of antioxidants with the best reductive
potential of both plants.

Ferrous ion chelating ability of each plant extracts
was determined and results are given in Fig. 2. Among
all tested extracts of R. hypoglossum L., the EtOAc
extract showed the greatest ferrous ion chelating
capacity, with the lowest ICs, = 110 pg mL™, followed
by EtOH with ICs, = 130 pg mL™ and AcOH with the
greatest ICso = 230 pg mL ™. Ferrous ion chelating ability
of R. aculeatus L. was the greatest in EtOH, with ICs, =
= 150 ug mL ™", followed by EtOAc and AcOH extracts
with ICso = 165 pg mL ™" and ICso = 170 pg mL ™", respect-
ively. All tested extracts of both plants demonstrated
high ferrous ion chelating capacity and much better
compare to synthetic compounds (Fig. 2). Presented
results showed that R. hypoglossum L. has better fer-
rous ion chelating capacity than R. aculeatus L.

The correlation between total phenolic and flavo-
noid content and antioxidant activity of plants was also
evaluated, and results are given in Fig. 3. The results
show very strong correlation between TPC and TOA
(R2 = 1.000), as well as between TFC and TOA (R2 =
= 1.000) in aerial parts of R. aculeatus L. Very strong
positive correlation was also found between TPC (or
TFC) and antioxidant activity by using the ABTS cation
scavenging capacity (R2 = 1.000) and reducing power
(R2 = 1.000). However, very strong negative correlation
was found between TPC (or TFC) and metal chelating
activity (R2 = —1.000) of R. aculeatus L. These results
show the importance of TPC and TFC in the antioxidant
activity when measured through the methods men-
tioned above. For DPPH scavenging activity and inhi-
bitory activity toward lipid peroxidation, no correlation
between their ICs, and TPC (or TFC) was found. This
finding is consistent with results of other authors [29],

ABTSE Inhibitory
Total DFFH Ifetal
cation Eeducing achvity
anticxidant scavenging chelating
scavenging power against lipad
activity activity activity
actvity peroxidation
. lvpoglassum L.
TP -1.000% - - - 1.000* -
TFC - - -1.000% - - 1.000%
B aculeatz L.
TR 1.000* - -1.000% 1.000* 1.000% -
TFC 1.000* - -1.000% 1.000% 1.000% -

*Corelation iz significant at the 0.01 lewvel

Fig. 3. The correlation coefficient (Rz) between antioxidant activities, total phenolic and flavonoid content of plants.

104



V.D. JAKOVUEVIC et al.: ANTIOXIDANT ACTIVITY OF Ruscus SPECIES FROM SERBIA

Hem. ind. 70 (1) 99-106 (2016)

and suggests on the possible presence of non-ionic
compounds in extracts.

In the extracts of R. hypoglossum L., very strong
negative correlation was found between TPC and TOA
(R2 =-1.000), but no correlation between TFC and TOA
was found. These results suggest that the antioxidant
activity of R. hypoglossum L. might be attributed to the
presence of some non-phenolic compounds or some
individual phenolic, which act in synergism with flavo-
noids. Very strong positive correlation was also found
between TPC and reducing power (R2 = 1.000) of R.
hypoglossum L. From this result, it was clear that phe-
nols play an important role in reducing power. This
result is in accordance with results of Boulanour et al.
[30]. For inhibitory activity toward lipid peroxidation
and metal chelating activity, very strong positive (R2 =
1.000) and very strong negative correlation (R2 =
—1.000) between their ICsy and TFC was found,
respectively. Obviously, flavonoids are correlated with
antioxidant activity when measured through the inhi-
bitory activity toward lipid peroxidation. The men-
tioned authors [30] have also reported that flavonoids
are correlated well in the protection of biological mem-
branes. However, for DPPH scavenging activity, ABTS
cation scavenging activity and reducing power, no cor-
relation between their /Cs, and TFC was found.

CONCLUSIONS

This is the first report about the antioxidant activity
of Ruscus hypoglossum L. and R. aculeatus L. from Ser-
bia. Acetone extract of R. aculeatus L. showed the best
total antioxidant capacity whereas the highest DPPH
scavenging activity was found in ethyl acetate extract.
Ethanolic extract of R. hypoglossum L. showed the high-
est ABTS radical cation scavenging activity as well as
reducing power. Acetone extract of this plant showed
the best inhibitory activity against lipid peroxidation
whereas the best ferrous ion chelating ability was
found in ethyl acetate extract. The highest total phe-
nolic content was found in ethanolic extract of R. hypo-
glossum L., but the highest total flavonoids content was
found in acetone extract of R. aculeatus L. Both plant
species had significant higher total phenolic than flavo-
noid content. Probably, some non-phenolic compounds
are also involved in antioxidant activity of plants. This
preliminary study provides data for supporting the use
of these plant species as natural antioxidant agents,
and confirms that these extracts represent a significant
source of phenolic compounds. The further investi-
gation will be focused on the chemical composition and
biological activity of selected plants in order to apply
them in pharmaceutical and food industry.
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1ZVvOD

ANTIOKSIDATIVNA AKTIVNOST VRSTA Ruscus I1Z SRBIJE: POTENCIJALNI IZVORI NOVIH PRIRODNIH ANTIOKSIDANATA

Violeta D. Jakovljeviél, Jasmina M. Milic'evic’l, Gorica T. Deliél, Miroslav M. Vrvi¢®

YInstitut za biologiju i ekologiju, Prirodno—matematicki fakultet, Univerzitet u Kragujevcu, Radoja Domanovica 12,

34000 Kragujevac, Srbija

zDepartman za Biohemiju, Hemijski fakultet, Univerzitet u Beogradu, Studentski trg 12—16, 11000 Beograd, Srbija

(Naucni rad)

Antioksidativna aktivnost etanolnog, acetonskog i etil-acetatnog ekstrakta
nadzemnih delova biljaka Ruscus hypoglossum L. i Ruscus aculeatus L. poreklom iz
Srbije, kao i ukupan sadrzaj fenola i flavonoida u ekstraktima, ispitivani su u ovom
radu. Acetonski ekstrakt R. aculeatus L. pokazao je najveci ukupni antioksidativni
kapacitet (23.329 ug AA g_l), a etil-acetatni ekstrakt najbolju sposobnost neutrali-
zacije slobodnih DPPH radikala (ICs, = 182,54 pug mL™). Etanolni ekstrakt R.
hypoglossum L. pokazao je najbolju sposobnost neutralizacije ABTS™ (/Cso = 3,04
pg mLY) i Fe3+—redukujuc’i kapacitet (/Csp = 143 pg mL ™). Acetonski ekstrakt biljke
pokazao je najbolju sposobnost inhibicije pri lipidnoj peroksidaciji (/Cso =651 pg
mL™), a etil-acetatni ekstrakt najbolju Fe’"-helatacionu aktivnost (ICsp = 110 pg
mL_l). Najveca kolicina ukupnih fenola (8,569 mg GAE g_l) izmerena je u etanol-
nom ekstraktu R. hypoglossum L., dok je najveca koli¢ina ukupnih flavonoida
(0,136 mg RU g_l) izmerena u acetonskom ekstraktu R. aculeatus L. Na osnovu
prikazanih rezultata, obe vrste Ruscus koje Zive na teritoriji Srbije predstavljaju
znadajne izvore novih prirodnih antioksidanata sa mogu¢om primenom u farma-
ceutskoj i prehrambenoj industriji.
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Dr Vesna lli¢

Dr Zeljko Kamberovi¢
Dr Marica Rakin

Dr Dejan Skala

Dr Irena Zizovi¢

Dr Porde Janacékovié¢
Dr Zlatko Rakocevié¢
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Ime i prezime

Tema

Mentori

Doktorske disertacije

16. BRANISLAV (Srbo) TODIC

17.ZELjKA (Sasa) PURDEVIC

18. SONjA (Zoran) MILICEVIC

19. SANjA (Ostoja) JEVTIC

20. JELENA (Vojislav) MILOJKOVIC

21. JELENA (Miroslav) MIRKOVIC

22. MARIJA (Radomir) RANIC

23. DANIELA (Vitomir) BRKOVIC

24. NATASA (Miroslav) MARJANOVIC

25. ANA (Dragan) KRAMAR

26. IVANA (Dragi$a) SREDOVIC IGN]ATOVIC

27. ALEKSANDAR (Radule) MLADENOVIC

28.JASMINA (Jovan) STOJKOVSKA

29. MILUTIN (Uubodrag) SMILJANIC

30. NIKOLA (Vidan) ZIVKOVIC

31. MILENA (Milorad) KNEZEVIC

32. MARINA (Aleksandar) MIHAJLOVIC

33. SAN]A (Borislav) CULUBRK

MODELOVANjE HEMIJSKE KINETIKE |
OPTIMIZACIJA REAKTORA SA PAKOVANIM SLOJEM
ZA Fischer-Tropsch SINTEZU

NANOKOMPOZITI SREBRO/POLI(N-VINIL-2-
PIROLIDON) | SREBRO/ALGINAT DOBIJENI
ELEKTROHEMIJSKIM POSTUPCIMA

ADSORPCIJA JONA BAKRA 1Z RUDNICKIH
OTPADNIH VODA NA RAZLICITIM MINERALNIM
ADSORBENTIMA

SINTEZA | KARAKTERIZACIJA MATERIJALA
NASTALIH MODIFIKACIJOM PRIRODNOG ZEOLITA
(KLINOPTILOLITA) | MIKROPOROZNIH FOSFATA SA
STRUKTUROM ZEOLITA

BIOSORPCIJA ODABRANIH TESKIH METALA
KOMPQOSTOM Myriophyllum spicatum
STRUKTURNE | SOLVATOHROMNE
KARAKTERISTIKE 5-ARILAZO-3-CIJANO-6-
HIDROKSI-4-METIL-1-SUPSTITUISANIH-2-
PIRIDONA: EKSPERIMENTALNA | KVANTNO-
HEMIJSKA PROUCAVANjA

ANTIOKSIDATIVNA AKTIVNOST EKSTRAKATA KAFE
| OTPADNE KAFE I NjIHOV UTICAJ NA AKTIVACIJU
TROMBOCITA

UTICAJ RAZLICITIH POSTUPAKA MODIFIKACIJE
POVRSINE UGLJENICNIH NANOMATERIJALA NA
NjIHOVA SVOJSTVA | MOGUCNOSTI PRIMENE
SINTEZA | KARAKTERIZACIJA VEZIVNIH
MATERIJALA NA BAZI ALKALNO AKTIVIRANOG
ELEKTROFILTERSKOG PEPELA TERMOELEKTRANA |
ZGURE

VISOKE PECI

MODIFIKOVANjE POVRSINE CELULOZNIH
VLAKANA PRIMENOM DIELEKTRICNOG
BARIJERNOG PRAZN]ENjA

RAZVOJ METODA ZA ANALIZU HALOGENIH
ELEMENATA U CVRSTIM UZORCIMA U ATMOSFERI
KISEONIKA

PROUCAVANIE STABILNOSTI DONEPEZIL-
HIDROHLORIDA RAZLICITIM ANALITICKIM
METODAMA

DOBIJANjE | KARAKTERISANjE
NANOKOMPOZITNIH HIDROGELOVA NA BAZI
ALGINATA | NANOCESTICA SREBRA ZA PRIMENU U
BIOMEDICINI

ELEKTROHEMIJSKA KATALIZA REAKCIJE
IZDVAJANjA VODONIKA NA MODIFIKOVANIM
POVRSINAMA ZLATA, PLATINE | PALADIJUMA
REGENERATIVNI POSTUPCI UKLANjANjA SUMPOR-
DIOKSIDA 1Z DIMNIH GASOVA-IZBOR |
ODREDBIVAN]E TERMOFIZICKIH SVOJSTAVA NOVIH
RASTVARACA | NjIHOVIH SMESA | MODELOVAN]E
PROCESA

UKLANjANjE AZOTNIH JEDINJENjA 1Z OTPADNIH
VODA U DISPERZNIM SISTEMIMA

SMAN;jENjE EMISIJA LAKOISPARLjIVIH ORGANSKIH
JEDINJENjA U INDUSTRIJI PRERADE NAFTE
PRIMENOM CISTIJE PROIZVODNjE

SINTEZA, OPTICKA | TERMOMETRIJSKA SVOISTVA
NANOCESTICA GADOLINIJUM-TITANATA |
LUTECIJUM-TITANATA DOPIRANIH JONIMA
RETKIH ZEMALjA

Dr Nikola Nikacevi¢

Dr Dragomir Bukur

Dr Vesna Miskovi¢-Stankovic¢

Dr Dragan Povrenovi¢

Dr Nevenka Raji¢

Dr Mirjana Risti¢

Dr Dusan Mijin

Suzana Dimitrijevi¢ Brankovi¢

Dr Aleksandar Marinkovi¢

Dr Rada Petrovi¢
Dr Miroslav Komljenovié¢

Dr Mirjana Kosti¢

Dr Ljubinka Rajakovi¢

Dr Slobodan Petrovié¢

Dr Bojana Obradovi¢

Dr Branimir Grgur

Dr Slobodan Serbanovié¢

Dr Dragan Povrenovic¢

Dr Miéa Jovanovic

Dr Dorde Janackovié¢
Dr Miroslav Dramicanin
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34. MINA (Milan) MEDIC MULTIFUNKCIONALNE NANOCESTICE Dr Porde Janackovié
MAGNEZIJUM-ORTOTITANATA DOPIRANOG Dr Miroslav Dramiéanin
JONIMA RETKIH ZEMALjA | PRELAZNIH METALA

35. MARIJA (Dragan) PAVLOVIC IZOLOVAN;E BIOAKTIVNIH JEDINJENjA IZ OTPADNE  Dr Slavica Siler-Marinkovi¢
KAFE | NJENO POTPUNO ISKORISCENjE KAO
ADSORBENTA

36. OLIVERA (Stanoje) GLAVASKI PROUCAVAN;E DEGRADACIJE DIMETENAMIDA-P U  Dr Slobodan Petrovi¢

VODENOJ SREDINI PRIMENOM RAZLICITIH
FIZIEKO-HEMIJSKIH METODA
37. NIKOLA (Dugan) GROZDANIC EKSPERIMENTALNO ODREDIVANE | Dr Slobodan Serbanovié¢
MODELOVAN;jE RAVNOTEZE TECNOST-TECNOST
VISEKOMPONENTNIH SISTEMA ZELENIH
RASTVARACA

Magistarske teze

1. MARIJA (Slobodan) STEVANOVIC ANTIOKSIDATIVNA | ANTIINFLAMATORNA Dr Slavica Siler-Marinkovié
AKTIVNOST EKSTRAKATA NEVENA

TEHNOLOSKI FAKULTET, UNIVERZITET U NOVOM SADU

Doktorske disertacije
1. ROBERT REKECKI ISTRAZIVANJE DOBIJANJA | KARAKTERIZACIJA prof. dr Jonjaua Ranogajec

BIORAZGRADIVIH KOMPOZITNIH FILMOVA NA
BAZI BILINIH PROTEINA

2. JOVANA KOS AFLATOKSINI: ANALIZA POJAVE, PROCENA prof. dr Marija Skrinjar
RIZIKA | OPTIMIZACIJA METODOLOGIE dr Jasna Mastilovi¢
ODREDPIVANIJA U KUKURUZU | MLEKU

3. DAMIJAN VUCUROVIC MODEL BIOPROCESA PROIZVODNJE ETANOLA 1Z  prof. dr Sinia Dodi¢
MEBU- | NUSPROIZVODA PRERADE SECERNE REPE

4. JELENA PRODANOVIC PRIRODNI KOAGULANTI IZ ZRNA PASULIA prof. dr Marina S¢iban
(Phaseolus vulgaris) U OBRADI VODE

5. ELIZABET JANIC HAJNAL MOGUCNOSTI REDUKCIJE SADRZAJA ALTERNARIA  prof. dr Marija Skrinjar
TOKSINA U PSENICI PRIMENOM ODABRANIH dr Jasna Mastilovi¢
TEHNOLOSKIH POSTUPAKA

6. UROS MIUIC PROIZVODNJA | OCENA KVALITETA VOCNOG VINA  prof. dr Vladimir Puska$
OD SORTI DOMACE SUIVE (Prunus domestica L.)

7. BILLANA LONCAR HEMOMETRIJSKI PRISTUP ANALIZI OSMOTSKE prof. dr Ljubinko Levi¢
DEHIDRACIJE SREBRNOG KARASA (Carassius
gibelio)

8. IVANA CABARKAPA SPOSOBNOST FORMIRANJA BIOFILMA RAZLICITIH  prof. dr Marija Skrinjar

SOJEVA Salmonella enteritidis | INHIBITORNI
EFEKAT ETARSKIH ULJA NA INICUALNU ADHEZIJU |
FORMIRANI BIOFILM

9. STRAHINJA KOVACEVIC HEMOMETRIJSKO MODELOVANJE prof. dr Sanja Podunavac
HROMATOGRAFSKOG PONASANJA | BIOLOSKE Kuzmanovié¢
AKTIVNOSTI SERIJE ANDROSTANSKIH DERIVATA

10. TANJA RADUSIN PRIPREMA | KARAKTERIZACIJA NANOKOMPOZITA  prof. dr Branka Pili¢
POLIMLECNE KISELINE I SILICIJUM(IV)-OKSIDA
NAMENJENOG ZA PAKOVANJE HRANE

11. NEVENA HROMIS RAZVOJ BIORAZGRADIVOG AKTIVNOG prof. dr Vera Lazi¢
AMBALAZNOG MATERIJALA NA BAZI HITOZANA:
SINTEZA, OPTIMIZACIJA SVOISTAVA,
KARAKTERIZACIJA | PRIMENA

12. DAJANA HRNJEZ BIOLOSKA AKTIVNOST FERMENTISANIH MLEENIH  prof. dr Spasenija Milanovi¢
NAPITAKA DOBIJENIH PRIMENOM KOMBUHE |
KONVENCIONALNIH STARTER KULTURA
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13. ACA JOVANOVIC

14. DURO VUKMIROVIC

15. IVANA NIKOLIC

16. LUBISA SARIC

17. SANJA OSTOJIC

18. DRAGANA ILIC-UDOVICIC

19. RANKO ROMANIC

SIMULACIJA PROCESA KRETANJA CESTICA PRI
TRANSPORTU U STATICKIM MESALICAMA |
MODIFIKOVANIM PUZNIM TRANSPORTERIMA
PRIMENOM METODE DISKRETNIH ELEMENATA
UTICAJ PARAMETARA MLEVENJA | PELETIRANJA
NA GRANULACHU | FIZICKE KARAKTERISTIKE
PELETIRANE HRANE ZA ZIVOTINJE

FIZICKE | SENZORSKE KARAKTERISTIKE
FUNKCIONALNIH PREHRAMBENIH NAMAZA NA
BAZI CELULOZNIH HIDROKOLOIDA | BRASNA
POGACE ULJIANE TIKVE

ANTIBAKTERIJSKA AKTIVNOST MLEKA MAGARICE
BALKANSKE RASE

TERMALNA SVOJSTVA PROTEINA MESA U
PROCESU OSMOTSKE DEHIDRACIE U MELASI
SECERNE REPE

OPTIMIZACIJA TEHNOLOSKOG PROCESA
PROIZVODNJE NAPITAKA OD ENZIMSKI
HIDROLIZOVANOG PERMEATA MLEKA
HEMOMETRIJSKI PRISTUP OPTIMIZACUI
TEHNOLOSKIH PARAMETARA PROIZVODNJE
HLADNO PRESOVANOG ULJA SEMENA
VISOKOOLEINSKOG SUNCOKRETA

prof. dr Ljubinko Levi¢

prof. dr Aleksandar Fistes
dr Jovanka Levi¢

prof. dr Ljubica Doki¢

prof. dr Dragoljub Cvetkovi¢

prof. dr Ljubinko Levi¢
dr Branislav Simonovi¢

prof. dr Spasenija Milanovic¢
prof. dr Spasenija Milanovic¢

prof. dr Sanja Podunavac
Kuzmanovié

TEHNOLOSKI FAKULTET U LESKOVCU, UNIVERZITET U NISU

Doktorske disertacije

1. VESNA SAVIC

2. NENAD CIRKOVIC

3. NEBOJSA MILOSAVLEVIC

4. SASA SAVIC

L HEMISKI SASTAV | FARMAKOLOSKE AKTIVNOSTI
VODENOG EKSTRAKTA KORENA GAVEZA
(Symphytum officinale L.)“

ANALIZA DEFORMACIONIH KARAKTERISTIKA
SAVOVA U ZAVISNOSTI OD STRUKTURNIH
PARAMETARA PRIMENjJENIH KONACA | TKANINA
BAKTERIE MLECNE KISELINE PIROTSKOG
KACKAVALjA

ENZIMSKA MODIFIKACIJA KVERCETINA SA
CISTEINOM POMOCU PEROKSIDAZE 1Z RENA

Vesna Nikoli¢

Jovan Stepanovié

Dragisa Savi¢

Zivomir Petronijevi¢

TEHNICKI FAKULTET U BORU, UNIVERZITET U BEOGRADU

Ime i prezime

Tema

Mentor

Doktorske disertacije

1. MILOS PAPIC

2. IVAN MIHAJLOVIC

3. ALEKSANDRA MITOVSKI

4. MILENA PREMOVIC

5. VESNA CONIC

6. NENAD MILUIC

VISEKRITERIJUMSKA ANALIZA KVALITETA
ZEMLjISTA CACANSKE KOTLINE

RAZVOJ ALGORITMA ZA SELEKCIJU ADEKVATNOG
MODELA PROCESA NA OSNOVU STRUKTURE
ULAZNIH PODATAKA

KARAKTERIZACIJA NESTANDARDNIH
KONCENTRATA BAKRA | MOGUCNOSTI NjIHOVE
PRERADE

EKSPERIMENTALNO ODREDIVANE |
TERMODINAMICKO MODELOVANjE
RAVNOTEZNIH DIJAGRAMA STANjA TROJNIH
SISTEMA GE-SB-AG | GE-SB-IN

BIOTEHNOLOGIJA ZA TRETMAN KOMPLEKSNIH
SULFIDNIH KONCENTRATA

MODELOVAN;E UTICAINIH FAKTORA RADNOG
MESTA NA BEZBEDNOST RADA U PROIZVODNIM
KOMPANIJAMA

dr Milovan Vukovié, red.
profesor
dr Zivan Zivkovi¢, red. profesor

dr Nada Strbac, red. profesor

dr Dragan Manasijevic¢, van.
profesor

dr Mirjana Rajci¢-Vujasinovic,
red. profesor

dr lvan Mihajlovi¢, van.
profesor
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7. MILAN GORGIEVSKI

8. MARIJA SAVIC

9. MAJA TRUMIC

10. STEVAN DIMITRUEVIC

11. MLADEN MIRIC

ADSORPCIJA JONA TESKIH METALA 1Z VODENIH
RASTVORA KORISCENJEM PSENICNE SLAME KAO
ADSORBENSA

VISEKRITERIJUMSKA OPTIMIZACIA SASTAVA
SARZE ZA HIDROMETALURSKI PROCES DOBIJANJA
CINKA

MODEL KINETIKE 1ZDVAJAN]A CESTICA TONERA 1Z
VODENE SUSPENZIJE PAPIRA

ELEKTROHEMIJSKA | POVRSINSKA
KARAKTERIZACIJA TROKOMPONENTNIH LEGURA
SISTEMA AG—CU—-ZN U BLISKO NEUTRALNIM
HLORIDNIM RASTVORIMA

UTICAJ REZIMA PRERADE LEGURA ZLATA NA
SVOISTVA POLUFABRIKATA ZA IZRADU NAKITA

dr Nada Strbac, red. profesor

dr Zivan Zivkovi¢, red. profesor

dr Milan Antonijevi¢, red.
profesor

dr Mirjana Rajci¢-Vujasinovic,
red. profesor

dr Dragoslav Guskovic, red.
profesor

Magistarske teze

1. LjILjANA AVRAMOVIC

2. SANjA DORDEVIC

ELEKTROHEMIJSKO PONASAN]E PALADIJUMA,
ZLATA | SREBRA U RASTVORU SREBRO NITRATA
UTICAJ SVETSKE EKONOMSKE KRIZE NA TREND
POTRAZNjE BAKRA NA SVETSKOM TRZISTU

dr SneZana Urosevi¢, van.
profesor

dr lvan Mihajlovi¢, van.
profesor
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