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TECHNO-FUNCTIONAL PROPERTIES OF PEA (Pisum sativum) PROTEIN
ISOLATES- A REVIEW

Miroljub B. Baraé'*, Mirjana B. Pesi¢', Sladana P. Stanojevic', Aleksandar Z. Kostic'
and Slavica B. Cabrilo’

' University of Belgrade, Faculty of Agriculture, Nemanjina 6, 11080 Beograd-Zemun, Serbia
% High Technical School of Vocational Studies, 12000 Pozarevac, Nemanjina 2, Serbia

Due to high nutritive quality, good techno-functional properties and low cost, legume
protein products are becoming the most appropriate alternative to protein products of
animal origin. In food industries, these products are usually used as techno-functional
additives which provide specific characteristics of final food products. Legume proteins are
commonly used as flour, concentrates, and isolates. The greatest application on industrial
scale has soy proteins, and to a lesser extent, in the past 20 years, pea protein isolates. The
modest use of pea protein is partly a result of insufficient information relating to their
techno-functional properties. This paper is an overview of techno-functional properties of
pea proteins and their isolates. Also, the paper deals with the possible use of limited enzy-
matic hydrolysis as a method for the improvement of their techno-functional properties.

KEY WORDS: pea protein isolates, techno-functional properties, limited hydrolysis

INTRODUCTION

For a long time, legumes have been recognized as a valuable and low cost source of
high quality protein products such as flour, concentrates and isolates. Nevertheless, the app-
lication on an industrial scale has only soybean proteins, whereas other vegetable proteins
are less used. Over the last 20 years, especially in Canada and European countries, pea pro-
teins are becoming a viable alternative to soy protein products because of techno-functional
and nutritive characteristics (1), which can be as good as those of soybeans. Furthermore,
pea seed have a lower content of anti-nutritive components, such as proteinase inhibitors
and phytic acid (2) and caused less frequent allergic reactions in humans than soybean (3).
In addition, they also contain good quality starch and fibers.

The most promising alternative to soy protein products are pea protein isolates. As in
the case of soy protein isolates, techno-functional properties including solubility, emulsi-
fying, foaming and gelling properties of pea isolates are well documented (4-10). In the cur-
rent literature, opposite results were reported concerning techno-functional properties of pea
and soy protein isolates. Some researches (11, 12) obtained better functionality of soy pro-

* Corresponding author: Miroljub B. Bara¢, University of Belgrade, Faculty of Agriculture, Nemanjina 6,
11080 Beograd-Zemun, Serbia, e-mail: baracm@agrif.bg.ac.rs
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tein isolates, whereas some other (5, 13, 14) pointed out better properties of pea isolates.
Variations in the results among different studies could be due to the differences in the pro-
tein purity of the studied samples, method of protein isolation, the specific conditions used
for the tests, as well as the different processing conditions (7, 15). Furthermore, significant-
ly different functionalities among pea isolates were observed. Maninder et al. (16) and Ba-
rac et al. (6, 17) attributed this to the different ratio of the major proteins, which is in turn
influenced by genotype characteristics, environmental conditions, and processing conditi-
ons (10, 18-20). To avoid the difference caused by different processing conditions, Barac et
al. (15) prepared and compared pea, soybean and adzuki isolates under the same conditions.
The results of this investigation showed that techno-functional properties of the isolates pre-
pared from different species depended on several factors such as: choice of species and va-
rieties, preparation conditions, and the pH value at which specific properties were tested.

STORAGE PEA PROTEINS

Pea seeds contain about 22-23% proteins. The majority of pea proteins are globulins and
albumins, which represent about 80% of total seed protein content. Albumins represent 18-
25% and globulins 55-65% of total proteins (21). All globulins and some of albumins are
storage proteins, which are used as nitrogen sources for the new embryos after seed germi-
nation (22).

Major pea storage proteins, legumin, vicilin and convicilin are globulins and represent
65-85% of total proteins (23). According to sedimentation properties these proteins are
classified into two fractions, 7S (vicilin, convicilin) and 11S fraction (legumin). Molecular
forms of the three major proteins are presented in Figure 1.

Legumin

I‘ﬁ? = basic subunit o ;

. +disulphide bond
« acidie subunit

legumin unit pair -60-80 kDa  legumin trimer -180 kDa legumin hexamer - 360 kDa

Convicllin

Vieilin

vicilin trimer -150 kDa convicilin trimer -210 kDa

Figure 1. Molecular forms of legumin, vicilin and convicilin (22)
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Legumin

Legumin is a protein with compact quaternary structure stabilized via disulphide, elec-
trostatic and hydrophobic interactions. It is a hexamer with a molecular weight (Mw) ~320
to 380 kDa and with beta-sheet-rich structure (24). The mature proteins consist of six sub-
unit pairs that interact non-covalently. Each of these subunit pairs consists of an acidic sub-
unit of ~40 kDa and a basic subunit of ~20 kDa, linked by a single disulphide bond (25). As
there are a number of legumin precursors originating from several gene families, different
legumin polypeptides have been identified, e.g., 4-5 acidic (o)) and 5-6 basic () polypep-
tides. The sizes of these polypeptides range from 38 to 40 kDa for the acidic polypeptides
with the isoelectric point (pI) 4.5-5.8, and from 19 to 22 kDa for the basic polypeptides with
the plIs of up to 8.8 (26). According to Gueguen et al. (25), more hydrophobic basic poly-
peptides are placed in the interior of the legumin molecule, whereas acidic polypeptides are
oriented towards the outside of the molecule.

Due to its compact quaternary structure, legumin is a heat-stable protein. Thermal tran-
sition point of legumin is above 90°C. On the other hand, the quaternary structure of the le-
gumin is more sensitive to pH and salt concentration. Pea legumin is present as a hexamer
at the pH 7.0 and high ionic strength (0.1 M), but dissociates at, e.g., the pH 3.35 and 10.0,
and, depending on the ionic strength, into a mixture of trimers, dimers, and monomers. Aci-
dic conditions seem to be more drastic than alkaline ones, thus the native legumin is com-
pletely dissociated to monomers at the pH 2.4 (25).

As a food protein, legumin is recognized for its sulphur containing amino acid resi-
dues. It has been reported to contain approximately two cysteine and three methionine re-
sidues per 60-kDa subunit (27).

Vicilin

Vicilin is a trimeric protein of 150-170 kDa that lacks cysteine residues and hence
cannot form disulphide bonds (27). The composition of vacilin subunits varies mostly beca-
use of post-translation processing. Mainly, vicilin consists of ~47 kDa, ~50 kDa, ~34 kDa
and ~30 kDa subunits (28). Pea vicilin heterogeneity is more complex than the heteroge-
neity of legumin. Its heterogeneity derives from a combination of factors, including produc-
tion of vicilin polypeptides from several small gene families encoding different primary
sequences, differential proteolytic processing, and differential glycosylation (29). Thermal
denaturation temperature of vicilin depends on ionic strength conditions. At low ionic
strength conditions (¢ =0.08) the thermal denaturation temperature is 71.7, whereas at
higher (1 =0.5), it is 82.7°C (30).

Convicilin

A third major storage protein, distinct from legumin and vicilin, is convicilin. This pro-
tein has a distinctively different amino acid profile and unlike the 7S vicilin, contains very
little carbohydrate and has a subunit molecular weight of 71,000 Da. The molecular weight
of its native form is 290,000 Da including an N-terminal extension (8). Convicilin is not
known to undergo any post-/co-translational modifications other than removal of the signal
peptide, and it is not glycosylated. In opposite to vicilin, the residues of sulphur-amino
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acids are presented in primary structure of convicilin. However, O’Kane et al. (31) denoted
this protein as a-subunits of vicilin. According to these authors, convicilin has an extensive
homology with vicilin along the core of its protein, yet is distinguished by the presence of a
highly charged, hydrophilic N-terminal extension region consisting of 122 or 166 residues.
The homologies of convicilin and vicilin are shown schematically in Figure 2.

Convicilin 7 123-613]

60% charged 29% charged
8% hydrophobic 29% hydrophobic
Vicilin 1-450|

22% charged

32% hydrophobic

Figure 2. Schematic diagram of the highly charged N-terminal extension region
(residues 1-122) present in convicilin molecules. The core of convicilin
(residues 123-542) is highly homologous to vicilin, as shown by
the percentages of charged and hydrophobic residues (40).

Pea protein content and composition vary among genotypes (32, 33). Also, these para-
meters are influenced by environmental factors (32-34). As a result of genotype and envi-
ronment-induced variations, the ratio of vicilin to legumin varies and may range from 0.5 to
1.7, with a mean of 1.1 (35). Barac et al (6) investigated protein composition of six different
genotypes and showed that the ratio of the sum of vicilin and convicilin to legumin content
ranged from 1.30 to 1.78.

The differences in content, composition and structure between vicilin and legumin are
exhibited in both nutritional and techno-functional properties. Legumin contains more sul-
phur containing amino acids than vicilin per unit of protein (27), and its more available
fraction from a nutritional point. Furthermore, different techno-functional properties of pure
legumin, vicilin and convicilin are well documented (1, 30,36-38).

PEA PROTEIN PRODUCTS

As a techno-functional ingredient, pea proteins are usually used as flour, concentrates,
and isolates. Pea flour is prepared from dehulled and milled seeds. The average composi-
tion of pea seeds/flour, concentrate and isolate are given in Table 1.

Table 1. The average composition of pea seeds/flour, concentrate and isolate (39)

Composition (%) | Whole seed/Flour Concentrate Isolate
Protein 25 50 85
Starch 50 17 0

Fat 5-6 4 <3
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Commonly, protein concentrates are produced by air-classification of the pea flour
(obtained from the milled seeds), which is a dry processing method that blows away the
lighter starch granules, thus removing them from the protein. Concentrates have ~50%
content of protein. Protein isolates instead undergo a wet processing in which low mole-
cular weight water-soluble components and the salt soluble proteins are extracted from
the flour and then the globular proteins are subsequently isolated by a selective precipita-
tion step at the isoelectric point, neutralized and dried (Figure 3). Final protein content of
isolates prepared by isoelectric precipitation is approximately about 85%. Protein extrac-
tion can be done under alkaline or acidic conditions. The schematic diagram of the most
frequently used method based on aqueous alkaline extraction followed by isoelectric pre-
cipitation is presented in Figure 3.

Pea seeds
[

| Grinding/Milling

Flour suspension
Flour:water:1:5- 1:20

Alkaline extraction
pH 8-11, 30-180 min, 25-60 °C

Centrifugation
4-25°C

ALKALINE EXTRACT

Isoelectric precipitation
pH 4.5

Centrifugation
4-25°C

Spray drying

|
PROTEIN ISOLATES

Figure 3. Schematic diagram of alkaline extraction and isoelectric precipitation process
for production of pea protein isolates (8)
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Alternatively, the isoelectric precipitation step can be substituted by ultrafiltration.
The use of ultrafiltration increases the yield of isolates and change their composition. Iso-
lates prepared by ultrafiltration contain 90-94% of protein (40). Besides globulins, these
products contain other protein fractions and polysaccharides.

TECHNO-FUNCTIONAL PROPERTIES OF PEA PROTEINS
AND THEIR PROTEIN PRODUCTS

In general, techno-functional properties of a protein are affected by numerous factors
which can be classified into two groups, intrinsic and extrinsic factors. The intrinsic fac-
tors are: amino acid composition and sequence, shape, size, the ratio between hydropho-
bicity/hydrophilicity, conformation and reactivity. The extrinsic factors which can affect
techno-functional properties of pure protein include pH, ionic strength, temperature, con-
formation, the ratio between hydrophobicity/hydrophilicity, method of extraction. Besi-
des these factors, in the case of protein products, such as flour, concentrate and isolate,
several additional factors, including the ratio of major proteins and processing conditions
may have crucial effect on their techno-functional properties and consequently on their
applicability in food systems.

Table 2. Techno-functional properties performed by functional proteins

in food systems (41)
Techno-functional property Mode of action Food system
Solubility Protein solvation Beverages
. L Hydrogen bonding of water; Meat, sausages
Water absorption and binding Entrapment of water (no drip) Breads, cakes
Viscosity Thickening; water binding Soups, gravies
Gelation Protein matrix formation and setting Meats, curds, cheese
Cohesion-adhesion Protein act as adhesive material Meats, sausaﬁ;;af)aked goods,

Hydrophobic binding in gluten;

Elasticity Disulfide links in gels Meats, bakery
Emulsification Formation and sta‘b1llzat10n of fat Sausages, bologna, soups, cakes
emulsions
Fat absorption Binding of free fat Meats, sausages, doughnuts
Flavor-binding Adsorption, entrapment, release Simulated meats, bakery etc.
Foaming Form stable film to entrap gas Whipped toppings, chiffon

desserts, angel cakes

Techno-functional properties required for a protein product vary due to its specific
application in food and food systems (Table 2). In general, a good protein product has to
possess multiple functionalities in order to perform well in food systems. The most im-
portant techno-functional properties of protein products are solubility, emulsification,
foaming, and gelation.

Solubility of pea protein products

Good solubility of proteins is desired for optimal functionality in food processing ap-
plications (6). It is well known that other functional properties such as emulsification,
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foaming, and gelation are dependent on the solubility of proteins. Solubility of proteins is
variable and is influenced by the number of polar and apolar groups and their arran-
gement along the molecule (42). Solubility of protein depends on the pH and ionic
strengths, whereas processing history of protein products has a great influence on this
property (8, 15). Furthermore, the ratio of the major proteins in flour as starting material
could affect the solubility of legumes protein product (6, 15, 44)

Major pea proteins are globulins with minimum solubility near the isoelectric point
(pl 4.5), high solubility above and moderate below the isoelectric point (6, 11, 15, 46).
The maximum value is observed in the pH range of 8-9 (11), whereas less than 20% of
proteins are soluble at the pl value. Consequently, native pea proteins and their native
products show U-shape of pH-solubility dependence, which is also typical for the other
legume proteins (46, 15). However, the variations of solubility of pea protein isolates
were observed. It is well known that native as well as thermally-treated proteins from le-
gumes tend to form pH-induced aggregates (47, 48). So, Barac et al. (6, 44) attributed
these variations to protein composition of pea isolate and different nature of complexes
formed during the processing of the isolate (during isoelectric precipitation) and/or du-
ring the solubilization of the isolates at a specific pH.

Thermal treatments reduce the solubility of pea isolates (49). However, thermally trea-
ted pea protein products showed similar U-shape dependence (15). The effect of thermal
treatment (90°C, 3 min) on pea protein isolate solubility is presented in Figure 4.

100
%
90

80

70

60

S0

BNT.

40 BTT.

30

20

10

0

pH3,0 pH5,0 pH7,0 pH8,0

Figure 4. The influence of thermal treatment (90°C, 3 min) of neutralised suspensions of
pea protein isolates on solubility at different pH values (15).
TT - thermally-treated, N.T. - non-treated
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Emulsifying properties

Emulsions are disperse systems of immiscible liquids which are stabilized by emulsi-
fiers — compounds which form interface films and thus prevent the disperse phases from
flowing together. Proteins as surface-active and amphiphilic compounds can be used as
emulsifying agents on a large scale during the production of food systems. Emulsifying
properties of proteins are usually characterized as emulsifying ability or activity and emul-
sion stability. The emulsion stability is a measure of the stability of the emulsion over a
certain time span and emulsion activity is a measurement of how much oil a protein can
emulsify per unit protein (7).

Suitability of a pure protein and protein isolate as an emulsifier depends on the rate at
which proteins diffuse into the interface and on the deformability of its conformation
under the influence of interfacial tension (surface denaturation). A protein with ideal qua-
lities as an emulsifier for an oil-in-water emulsion would have a relatively low molecular
weight, a balanced amino acid composition in terms of charged, polar and non-polar
residues, good water solubility, well-developed surface hydrophobicity, and a relatively
stable conformation (42).

Different emulsifying properties of pure solutions of vicilin and legumin are docu-
mented. Results of several researchers (30, 36, 37, 50) showed that, in the native form,
vicilin had better emulsifying properties than legumin. This could be attributed to the less
compact and less rigid native structure of vicilin. Furthermore, due to conformational
changes, emulsifying properties of vicilin and legumin are pH-dependent. Namely, the
minimum emulsifying activity and stability the major pea proteins showed in the range of
pl (4-5). Also, at the pl values their emulsions are extremely unstable. Above and below
pl value, emulsifying properties increase due to intensive dissociation, which is more pro-
nounced in the case of legumin (21). Due to this, besides the processing history of the
isolate, the vicilin to legumin ratio has significant influence on the emulsifying pro-
perties.

Gharlsallaoui et al (51) investigated the emulsifying characteristics of acid-treated pea
protein isolates. They showed that acid treated pea proteins adsorb faster on the water-oil
interface at the pH 7.0 than at an acidic pH (pH 2.4). But, fast adsorption leads to the
formation of more inhomogeneous film structures. In opposite to this, a slower adsorption
is regular and slow but it leads to a higher surface viscoelasticity. Due to this, pea-pro-
tein-stabilized emulsions are more stable to creaming at acidic pHs, and their particle-size
distributions are more homogeneous in these conditions.

Kimura et al. (30) investigated the emulsifying properties of pure 7S and 11S frac-
tions of different legumes at the different pH and ionic strength. These authors showed
that 7S fraction of pea had a slightly lower emulsifying ability and stability than 7S frac-
tion of other legumes, whereas no significant differences were observed in the case of
118 globulins.

Several researchers compared the emulsifying properties of pea and soy protein isola-
tes and opposite results were obtained. Earlier work of McWatters and Cherry (52) show-
ed that the emulsifying properties of pea protein are minor compared to soy protein, but it
is still able to produce both semi-thick and thick mayonnaise-like emulsions at different
pH values. Vose (53) reported that pea isolate had similar or better emulsifying properties
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than soy protein isolates. Also, Tomdsskozi et al. (46) found that pea isolates had quite
good emulsifying capacity but low emulsion stability in comparison to soy protein iso-
late. Aluko et al. (45) and Adebiyi and Aluko (54) showed that pea protein isolate had
better emulsifying capacity than soy protein isolate when emulsions were prepared at dif-
ferent concentrations of isolate and at the pH 5.0 and 7.0. The better emulsifying capacity
these authors attributed to the higher level of sugar in pea protein isolates than in soy pro-
tein isolates. Namely, a higher content of sugar may contribute to the increased protein
solubility and emulsifying capacity. To avoid processing induced differences between
soy and pea protein isolate, Barac et al. (15) compared these isolates prepared under the
same conditions and showed that pea isolates in general had slightly lower emulsifying
properties than those of soybean. However, they were quite usable in the food industry.
Furthermore, this investigation clearly showed that the comparison of protein isolates
from different species, even if they are prepared and used under the same conditions is
difficult, as it is related to the selection of genotypes within species.

Foaming properties

In food systems (such as in baked goods, sweets and desserts), proteins function as
foam-forming and foam-stabilizing components. Different proteins have different abili-
ties to form and stabilize foams, and just as in the case of proteins and their different
emulsifying properties, this is related to the different physico-chemical properties of the
proteins. (6, 15, 55). The ideal foam-forming and foam-stabilizing protein is characteri-
zed by a low molecular weight, high surface hydrophobicity, good solubility, a small net
charge in terms of the pH of the food, and easy denaturability (42). Foaming properties of
proteins are usually characterized as foaming capacity (FC) and foaming stability (FS).
FC is measured in volume (%) when whipped, while the volume of the foam over time
(normally 0-30 min) gives the protein’s FS (8).

Several authors investigated foam properties of pea protein isolates (6, 11, 55-57).
According to these investigations, foaming properties of pea isolates are pH- and concen-
tration-dependents. Furthermore, protein level and protein composition of starting seed,
processing method used for their production affect foaming properties of pea protein
products (7, 8, 20, 57, 47, 55).

Aluko et al. (45) compared foaming properties of soy and pea protein isolates. They
showed that pea protein isolates were foaming agent with a more flexible polypeptide
conformation at the pH 3.0 and 7.0 when compared to soy protein isolate. Similar obser-
vation was reported by Sosulski et al (14), whereas Tomoskozi et al. (46) showed poorer
foaming ability of pea protein isolate when compared to soy protein isolate. The opposite
results of these authors could be attributed to numerous factors including processing con-
ditions and different protein composition of the investigated isolates. To avoid the influ-
ence of processing conditions, Barac et al. (15) compared foaming properties of native
and thermally treated soy and pea protein isolates prepared under the same conditions.
They reported that pea protein isolates had slightly lower foam activity than soy protein
isolates in a wide range of pH (3.0-8.0), but foams formed with pea protein isolates at the
investigated pHs were more stable.
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Gelling properties

Gel is a dispersed system of at least two components in which dispersant forms a co-
hesive network. It is characterized by the lack of fluidity and elastic deformability. Glo-
bular proteins, such as legume proteins, under specific conditions (after heating and de-
naturation), can form gel. Usually, this type of gel is characterized as aggregated disper-
sion (42). Namely, after the denaturation and further heating, the proteins will aggregate
and interact with other proteins and form either a gel or a coagulum. Which type will be
formed it depends on the conditions such as molecular weight, heating time and protein
concentration (58). Gel formation is complicated and affected by the concentration of
protein, amount of water, ionic strength, time and temperature, as well as by the pH and
interaction with other components in the food system (58). These process conditions can
be manipulated for gel formation.

Only a few authors investigated gelling properties of pure pea proteins and pea iso-
lates. Shand et al (59) showed that both globulins and albumins of pea protein isolates
contribute to gel formation. Studies on the gelation properties of mixed pea globulins,
vicilin and legumin have been reported by Bora et al. (38) and O’Kane et al. (31, 1). It
was found by Bora et al. (38) that pea globulin underwent heat-induced gelation, whereas
pure legumin did not gel under the same conditions. According to these authors, the rela-
tionship between protein (globulin) concentration and log gel hardness was linear. Fur-
thermore, at all protein concentrations studied, as proportion of legumin decreased, the
gel hardness increased. In contrast to their findings, O’Kane et al. (1) and O’Kane (39)
indicated that both pea vicilin and legumin could form gels. This was probably caused by
a difference in pea cultivars since O’Kane et al. (1) indicated that the contribution of
legumin to the pea protein gels was cultivar specific and related to its disulphide bonding
ability rather than the absolute amount of legumin protein present. Furthermore, these
authors showed that the third pea globulin can hinder the gel formation of pea protein
isolates when present in sufficient quantity. In large amounts, this protein increases the
minimum gelling concentration of purified pea proteins at a near-neutral pH, and causes
formation of transparent heat-induced gels. This behaviour was attributed to the repulsive
forces on the N-terminal extension region at a near-neutral pH, and was supported by the
fact that no difference in the gelation behaviour of vicilin and convicilin fractions was
observed at low pH values, where the repulsive charges would have been neutralised.

Most of the previously cited investigations were based on isolates prepared by iso-
electric precipitation. Sun and Arntfield (12) showed that processing conditions signi-
ficantly changed gelling properties of pea protein isolates. These authors investigated the
heat-induced gelation properties of salt-extracted pea protein. They showed that the salt-
extracted and freeze dried isolates formed gel at much lower concentrations than those
prepared by isoelectric precipitation and spray drying. The minimum gelation concen-
tration of salt-extracted pea protein isolate was 5.5%, while that of commercial pea pro-
tein isolate was 14.5%. Furthermore, Taherian et al. (10) showed that gelling tempera-
tures of pea isolates prepared by water and KCI extraction and subsequent diafiltration at
the pH 6.0 trimmed down to 75.7 £0.63°C and 81.6 +0.55°C, in contrast to that of com-
mercial isolate at above 90°C. Similarly, the formation of firm gels, after 1 h of heating at

10



APTEFF, 46, 1-269 (2015) UDC: 633.35:577.112:543.645
DOI: 10.2298/APT1546001B BIBLID: 1450-7188 (2015) 46, 1-18
Review paper

90°C, was associated with membrane processed isolates, whereas commercial isolates did
not develop any gel.

Pea protein form weak, heat-induced gels. The gelation of pea protein is temperature-
dependent, and primarily influenced by the degree of protein denaturation. If the degree
of denaturation is lower, a stronger gel is formed. Protein concentration also plays an im-
portant role in gelation properties. Higher concentrations generally produce stronger gels.

However, the gelling point was concentration independent. Heating and cooling rates
are minor factors influencing the gelation properties of pea protein. The heating rate
influenced the gelling point in the way that higher heating rates resulted in delayed
gelling (higher gelling temperatures). Higher heating and cooling rates caused a weake-
ning effect on gel elasticity.

O’Kane et al., (1) and Shand et al. (59) compared gelling properties of pea and soy
protein isolates. Both groups of authors concluded that pea protein isolates formed more
unstructured gel than soy protein isolates and thus their gelling properties are not that as
good as those of soy. For example, Shand et al (59) showed that the optimal conditions
for formation of strong heat-induced gels from the pea isolate were 19.6% (w/w) protein
content, pH 7.1, 2.0% (w/w) NaCl, and heating at 93°C. The gels prepared with soy pro-
tein isolates under the same conditions were stronger and more elastic than those prepa-
red with pea protein isolates. However, Nunes et al. (60), by studying pea protein as a re-
placer of dairy and egg proteins in a gelled vegetable dessert showed that pea proteins
produced good gels that were highly applicable as a food product.

LIMITED PROTEOLYSIS AS A METHOD FOR IMPROVEMENT OF
TECHNO-FUNCTIONAL PROPERTIES OF PEA PROTEIN ISOLATES

Techno-functional properties of pea protein isolates can be improved by chemical,
physical and enzymatic treatments. From the standpoint of safety, the most appropriate
method for modification of legume protein properties is limited proteolysis (61). Peptides
produced by partial proteolysis have smaller molecular size and less compact structure
than the original proteins. Such peptides contribute to the improvement of techno-functio-
nal properties compared to those of the native proteins (60). To obtain desirable techno-
functional properties of pea protein hydrolysates, hydrolysis must be done under strictly
controlled conditions to a specified degree of hydrolysis (DH). A limited DH usually
improves solubility, as well as emulsifying and foaming capacities, whereas excessive
hydrolysis often causes decline in some of these functionalities (62, 63, 44).

Partial enzymatic hydrolysis of plant proteins has been the subject of extensive re-
search by various authors. Most of these studies have been conducted on soy protein pro-
ducts, including soy flour, concentrates and isolates (63-67). Less attention has been paid
to pea proteins (44, 69-72). These studies have been conducted on pure proteins and pea
isolates and showed that, as well as in the case of soybean proteins, 7S and 11S protein
expressed different susceptibility to the enzyme-induced hydrolysis (70,73-75). Proteases
preferentially hydrolyze vicilin over legumin (75). This is due to their different structu-
res; the compact structure of legumin makes it difficult protease to act. Braudo et al. (77)
compared susceptibility of pea legumin and soy glycinin and concluded that pea 11S
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protein was more resistant to proteolysis than soy 11S protein. The differences between
these two proteins were attributed to the differences in their primary structures.

In most of the studies reported in the literature, commercial proteases, such as trypsin,
alcalase, papain and chymosin have been used for pea protein hydrolysis. In general,
these investigations showed that the hydrolysis up to 10% significantly improved solubi-
lity, foaming, emulsifying and other properties. For example, the hydrolyzates (characte-
rized with DH of 8%) prepared with trypsin had improved solubility, especially in the
range of pH of 4-7 which was 90-98.6% (78). Furthermore, a linear dependence between
the degree of hydrolysis and solubility of pea protein hydrolysates were registered. The
later work of Huminski and Aluko (71) showed that trypsin isolates with higher DH
values (18.28%) had better emulsifying properties than pea protein hydrolyzates obtained
with papain, a-chymotrypsin, Alcalase and Flavourzyme. However, most of these studies
were focused on the relationship between the action of one or several proteases and
techno-functional properties of commercial or laboratory-prepared isolates of one variety.
The influence of protein composition in the initial isolate on these properties was less
investigated. Barac et al. (44) compared techno-functional properties of pea isolates from
two different genotypes and those of modified with two different proteases (Streptomyces
griseus protease and papain). They suggested that proper selection of pea variety (besides
other factors) could result in the production of enzymatically—modified pea protein iso-
lates with excellent functional properties.

CONCLUSION

This paper clearly showed that pea protein isolates can be a very useful substituent for
soy protein products as techno-functional additives. Pea protein isolates could find appli-
cation in a wide range of food products, but their proper selection and preparation condi-
tions could be of great importance. Furthermore, the studies reported in the current lite-
rature suggest that physico-chemical properties of pea proteins could be extensively im-
proved, and enzymatic hydrolysis is a good tool to achieve this.
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TEXHO-®YHKIIMOHAJIHE OCOBHUHE U30JIATA ITPOTENHA I'PAIIIKA

Mupony6 B. Bapah', Mupjana B. ITewwuh’, Crahana IT. Cmanojesuh’, Anexcandap K.
Kocmuh', Cnasuya B. Yabpuno®

' Vuugepsurer y Beorpany, ITossonpuspenun pakynrer, Hemamuna 6, 11080 Beorpan-3emysn, CpGuja
2 BuIlia TeXHHYKA IIKOJIa CTPYKOBHHUX cTyauja, Hemamuua 2, 12000 Ioxapesan, CpGuja

3axBasbyjyhul BHCOKO] HYTPHUTHBHO] BPEJHOCTH, JOOPHM TEXHO-(DYHKIMOHATHUM Ka-
paKkTepHCTHKaMa U HACKO] IICHH, IPOTEHHH JISTYMHUHO3 [I0CTa]y HajIPUXBATIFHBH]a aITep-
HaTHBa 32 IPOTEHHCKE IPOM3BOJE AHUMAITHOT IOpeKiIa. Y MHIYCTPHjU XpaHE OBH IPOH3-
BOJM Hajuelhie ce KOPUCTE Kao TEXHO-PYHKIMOHAIHH aJUTHBU KOjuMa ce 00e30ehyje Heka
07l KapaKTepUCTHKa (UHAIHOTr mpou3Bona. [IporenHn nerymuHo3a Hajuemhe ce KopucTe
Kao MpOTEeHHCKa OpalliHa, KOHIEHTPATH U U30JaTH. Y MHAYCTPUjCKUM pa3Mepama Hajsehy
NpHMEHY MMajy NMPOTEHHH COje M y 3HATHO Marmboj MepH, y nocieawmux 20 roguHa, mpo-
TEMHCKH M30J1aTy rpaiika. Pehja ynmorpeba nmpoTenHa rpaiika JeinoM je MoCIeauIia join yBeK
HEJIOBOJFHO MH(pOpMalHja 0 BHXOBUM TEXHO-(QYHKLIHOHAIHUM Kapakrepucthukama. OBaj
pal mpeAcTaBiba Nperiiesl TeXHO-PYHKIMOHATHUX KapaKTePUCTHKA MPOTEMHA Tparika |
ETOBHX H30Jata. Takohe, y 0BOM paay paMarpa ce U AeIMMHYHA [TPOTE0IN3a Ka0 METO/
3a 0OOJBIIAE TEXHO-(PYHKIMOHATHNX KapaKTePHCTUKA IPOTEHHA IpallKa.

Kiby4He pedn: mpOTEMHCKN M30JIaTH TPAIIKA, TEXHO-(YHKIIMOHAIHE KAPAKTEPUCTHUKE,
OrpaHHYEHa IPOTEOIN3a
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REDUCTION OF CYANOGENIC GLYCOSIDES BY EXTRUSION -
INFLUENCE OF TEMPERATURE AND MOISTURE CONTENT OF THE
PROCESSED MATERIAL

Dusica S. Colovié*, Jovanka D. Levié, Radmilo R. Colovié, Liubinko B. Levi¢,
Vojislav V. Banjac, Sladana M. Rakita, Olivera M. Puragic¢

University of Novi Sad, Institute of Food Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

The paper presents results of the investigation of the influence of extrusion tempera-
ture and moisture content of treated material on the reduction of cyanogenic glycosides
(CGs) in linseed-based co-extrudate. CGs are the major limitation of the effective usage
of linseed in animal nutrition. Hence, some technological process must be applied for de-
toxification of linseed before its application as a nutrient. Extrusion process has demon-
strated several advantages in reducing the present CGs, since it combines the influences
of heating, shearing, high pressure, mixing, etc. According to obtained results, the incre-
ase in both temperature and moisture content of the starting mixture decreased the con-
tent of CGs in the processed material. HCN content, as a measurement of GCs presence,
ranged from 25.42 mg/kg, recorded at the moisture content of 11.5%, to 126 mg/kg, de-
tected at the lowest moisture content of 7%. It seems that moisture content and tempera-
ture had the impact on HCN content of equal importance. However, the influence of ex-
trusion parameters other than temperature and moisture content could not be neglected.
Therefore, the impact of individual factors has to be tested together.

KEY WORDS: Linseed, cyanogenic glycosides, extrusion, temperature, moisture, HCN

INTRODUCTION

Over fifty countries all over the world cultivate linseed (Linum usitatissimum) as a
commercial plant (1-3). It has been considered the third most productive oil crop, after
sunflower and winter oilseed rape (4, 5). It yields seeds whose maturity occurs 30-60 days
after flowering, and which are a rich source of both edible and non-edible oils (6, 7). In
addition to a large amount of oil, linseed contains approximately 20-30% of crude protein
(1, 8). Although linseed oil is mostly used in chemical industry, there has been a growing
interest in its usage as a food or feed, due to the high concentration of linoleic (LA, 18:2, n-
6) and especially a-linolenic acid (ALA, 18:3, n-3), representatives of omega-6 (n-6) and
omega-3 (n-3) polyunsaturated fatty acids (PUFAs) (9, 10). Moreover, linseed is the richest
oilseed source of ALA (11). Cereals and oilseeds, or meals commonly used in animal diet

* Corresponding suthor: Dusica S. Colovi¢, University of Novi Sad, Institute of Food Technology, Bulevar cara
Lazara 1, 21000 Novi Sad, Serbia, e-mail: dusica.ivanov@fins.uns.ac.rs
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predominantly contain low level of n-3 FAs (12). Therefore, intensive inclusion of linseed
in animal nutrition could have significant role in the improvement of FA composition of
feed.

The main limitation in the exploitation of linseed as a nutrient lies in the presence of
antinutritive components, which are cyanogenic glycosides (CGs) and antivitamin B6
(linatine). Negative effect of antivitamin B6 can be eliminated by adding vitamin B6 to the
diet (13), which cannot be said for CGs. CGs may be defined chemically as glycosides of
the a-hydroxynitriles, and are secondary metabolites produced by plants. They are amino
acid-derived plant constituents (14). The reason for their toxicity is the release of hydrogen
cyanide (HCN) due to the action of a -glucosidase enzyme (oxynitrilase), thus their level
in food or feed is expressed through the content of HCN (mg) per kg of examined material.

Different heat treatments, such as autoclaving, pelleting, extrusion or microwave roas-
ting are commonly used to reduce the content of CGs (15-17). Dry heating is not recom-
mended because the detoxification is based only on deactivation of glucosidase. Conse-
quently, CGs can be synthesised again after entering into animal gut, and HCN can be re-
leased under the action of enzymes of intestinal microflora. High temperature in com-
bination with moisture intensifies the hydrolysis of CGs, which results in intensive removal
of HCN (15). Extrusion has been considered a suitable process for the removal of HCN
from the material, because it combines a number of different processes: grinding, mixing,
heating under high pressure in the presence of moisture, friction and shearing. However, the
extrusion of oilseeds, such as linseed, is difficult achieve due to the lubrication and limited
expansion of the produced extrudates. Another disadvantage which is the separation of the
oil from the solid phase, thereby changing the nutritional composition of produced extruda-
te, as is the case with the extrusion (17). In order to overcome the aforementioned problem,
oil crops are often added to another raw material, usually a protein component, which
shows good ability of oil adsorption, such as pea or sunflower meal (18-20).

Bearing in mind all the above, the aim of the present study was to find out how extru-
sion parameters affect temperature changes in the extruder barrel, and furthermore to exa-
mine the influence of the process temperature on reduction of CGs in linseed-sunflower
meal co-extrudate. Since the presence of moisture highly influences CGs decomposition,
three levels of moisture content of starting material were applied.

EXPERIMENTAL

Material
Linseed and sunflower meal used for production of co-extrudate originated from Serbia.
Linseed indigenous sort “Ljupko” was cultivated in the valley of the river Beli Timok
(South-Eastern Serbia). Before processing, linseed was cleaned and impurities were remo-
ved. Sunflower meal was produced in the local oil factory in Vojvodina (northern Serbian
province), and it contained approximately 38% of protein expressed on dry matter (d.m.).

Extrusion process

All materials were milled on a laboratory hammer mill (ABC Engineering, Serbia) with
sieve openings of 4 mm. The two components were mixed in 50:50 (w/w) ratio in double-
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shaft paddle mixer - steam conditioner (Muyang SLHSJ0.2A, China). Water and steam
were added into material during conditioning, in order to adjust the initial moisture content
of the mixture at a desired level. Extrusion of the mixture was done on a single screw
extruder (OEE 8, AMANDUS KAHL GmbH & Co., KG Germany), with the L/D ratio
8.5:1. The extrusion parameters were set according to the levels determined in the applied
experimental design. The extruded product was dried in a fluid bed dryer/cooler (FB
500x200, AMANDUS KAHL GmbH & Co., KG Germany) for 10 minutes at the tempera-
ture of 25°C, and a material flow rate of 18 kg/h.

Determination of HCN in the co-extrudate

The determination of HCN was performed according to AOAC official method
915.03, part B, (alkaline titration method). Silver nitrate (AgNO;) standard solution was
used for titration. The volume of AgNO; standard solution consumed during the titration
was recorded (21). Equation (1) was used to calculate the HCN content in the sample:

dilution 1000 1
X —— [1]
aliguot  m

X =CxVx54x

where X is the content of cyanide (including HCN) in the sample (mg/kg); m is the mass
of the sample (g); C is the concentration of the AgNO; standard solution (mol/L); and V'
is the consumed volume of the AgNOj; standard solution (mL).

All measurements were done in triplicate.

Experimental design, temperature measurement and statistical analysis

The effects of the following extrusion parameters on the temperature in the extruder
barrel were examined: extrusion screw speed, moisture content of the starting mixture,
feeding rate and total area of the die openings. The experiment was planned according to
the Box-Behnken experimental design. The levels of independent parameters applied in
the experiment are shown in Table 1.

Table 1. Independent process variables and their levels

Independent variable 1 Varlal:]le level 1
Moisture content of the starting mixture (%) 7 11.5 16
Extrusion screw speed (rpm) 240 390 540
Feeding rate (kg/h) 16 24 32
Total area of the die openings (mm?) 19.8 39.6 59.4

For monitoring the temperature in the extruder barrel, temperature contact sensors
were used (produced by the Institute of Microelectronic Technologies and Single Crys-
tals, Serbia). Temperature was monitored at the point just next to the die, at the end of the

extruder barrel in seven replications.
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STATISTICA software version 12 (Statsoft, Tulsa, OK, USA) was used to analyze vari-
ations (analysis of variance — ANOVA) and for Tukey’s HSD comparison of the means of
measured temperatures and HCN content in the co-extrudates. Differences among means
with the probability p < 0.05 were accepted as indicators of statistically significant differ-
rences, and the differences among means with 0.05 < p < 0.10 were accepted as indicators
of differentiating tendencies.

RESULTS AND DISCUSSION

The single screw extruder which was used in the experiment did not have the possi-
bility of setting the temperature at a specific value. Thus, other extrusion parameters were
varied, which indirectly affected the working temperature. Table 2 shows all temperatu-
res measured in the experiment. As it can be seen, the process temperature ranged from
52.82to 116.02°C.

Table 2. Influence of extrusion parameters on the temperature in the extruder barrel

Extrusion parameter
Moisture content of Extrusion screw speed| Feeding rate Total area of the die t(°C)
starting mixture (%) (rpm) (kg/h) openings (mmz)

11.5 240 32 39.6 57.52
11.5 540 32 39.6 73.33
11.5 240 16 39.6 71.38
11.5 540 16 39.6 73.94
11.5 390 24 39.6 75.18
11.5 390 24 39.6 74.03
11.5 390 24 39.6 74.60
16 390 24 19.8 53.16
16 240 24 39.6 63.80
16 540 24 39.6 68.54
16 390 32 39.6 58.99
16 390 16 39.6 52.82
16 390 24 59.4 70.23
11.5 390 16 19.8 82.50
11.5 390 32 19.8 79.18
11.5 540 24 19.8 79.16
11.5 240 24 19.8 78.00
11.5 390 16 59.4 84.93
11.5 390 32 59.4 70.38
11.5 240 24 59.4 67.75
11.5 540 24 594 76.53
7 390 24 19.8 113.14
7 240 24 39.6 104.51
7 540 24 39.6 114.39
7 390 32 39.6 111.18
7 390 16 39.6 116.02
7 390 24 59.4 109.81

As it is evident from the obtained results, the increase in the moisture content in the
starting material resulted in a decrease of the temperature in the extruder barrel (Fig. 1 a),
which was caused by lowering the viscosity of the material and its fast passage through
the barrel of the extruder. The same trend was observed in the work of Abecassis et al.
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(1994). According to their results, the increased moisture content of materials lowered the
temperature, especially at the exit of the extruder barrel, while the effect was slightly
lower in the extruder zone close to the entrance (22).

On the other hand, the increase of the extrusion screw speed increased the tempera-
ture, which was expected, since the increase in the extrusion screw speed influences in-
tensification of the forces of shearing, torsion and friction, and consequently increase the
working temperature (Fig. 1 b). The highest working temperatures at the constant inter-
mediate levels of feeding rate and moisture content were achieved at the moisture content
of 7% and extrusion screw speed of 540 rpm.
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Figure 1. Influence of the process parameters on temperature in the extruder:
moisture content of starting material and total area of the die openings (a);
screw speed and total area of the die openings (b)

The lowest temperatures in the extruder barrel were achieved at the highest moisture
content of 16% and the minimum feeding rate. In this case, the material remained shortly
in the extruder and easily passed through the matrix, due to the compaction of the mate-
rial and absence of the accumulation. Hence, the measured temperatures were low.

As already mentioned, high temperature in combination with the presence of moisture
is the most important factor for the hydrolysis of CGs. Some authors have even reported
that dry heat processing did not change the HCN content (23). This could be due to the
fact that HCN formed after CGs hydrolysis remains in the linseed and its products, or de-
activated glucosidase in the plant tissue could be replaced by the glucosidase formed by
gut microflora (24). Effective linseed processing requires more than CGs hydrolysis and
deactivation of glucosidase alone. Beneficial effects of the increased temperature com-
bined with moisture remove permanently HCN from the material by evaporation (15, 18).
The highest HCN content in the experiment (126 mg/kg) was recorded under conditions
of the lowest moisture content of the starting material (7%) and temperature of 116.02°C,
while the lowest content of HCN (25.42 mg/kg) was measured at the moisture content of
11% and temperature of 70.2°C. This temperature was recorded when an intermediate
screw speed (390 rpm) and feeding rate (24 kg/h) were applied. Under such conditions,
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the material remained in the extruder barrel long enough so that the temperature of ap-
prox. 70°C was sufficiently high to accelerate the hydrolysis of CGs.

Content of HCN (mg/ kg) Content of HCN (mg/ kg)

Content of HCN (mg/ kg)

160

140

120

100

80 +

60

40 o

20

0

120

100

w0
®

©
1

o
@

©
@

w
B

w0
w

©
~

=1 §

A)

N

y =-0,0812x* +35,703x" - 5886,7x” + 431181x - 1£+07
R*=0,9884

103

105 107 109 111 113 115 117
Temperature (°C)

B)

y =0.0152x* - 3.3496x? + 239.83x - 5513.4 \_‘
R =0.9366

. r )
60 65 70 75 80 85
Temperature (°C)

Q)

y = -0,0064x3 + 1,1857x2 - 72,804x + 1581 .
R?=0,99

50

55 60 65 70
Temperature (°C)

Figure 2. Influence of temperature on the HCN content in the co-extrudate at a constant
moisture content of the starting material: 7% (A), 11.5% (B) and 16% (C)

Figure 2 shows the changes in the HCN content with increase in the temperature at the
same level of moisture content of the starting material. The HCN content ranged from 50.99
to 126 mg/kg at the moisture content of 7%, from 25.42 to 98.46 mg/kg at the moisture
content of 11.5%, and from 83.69 to 97 mg/kg at the moisture content of 16%.
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Based on the obtained results it can be concluded that the HCN content decreased with
the increase in temperature at constant moisture content. However, if we compare the
results for the different moisture contents, no regularity can be seen. The reason for that
could be that the other process parameters (pressure, friction, milling, etc.) influenced the
CGs reduction. It also seems that the influences of temperature and moisture content of the
material are equally important for the hydrolysis of CGs. Extrusion is considered to be very
suitable for detoxification of linseed because of the simultaneous effect of several factors on
the CGs. Milling and heating of the material in the presence of moisture accelerates the
process of hydrolysis and the formation of HCN. After the decrease in the operating
pressure at the exit of the material from the barrel of the extruder, the acid formed
evaporates rapidly together with water. At the same time, the high pressure in the extruder
barrel destroys molecules CGs, thereby preventing the release of HCN (15, 18).

CONCLUSION

The present study demonstrated how the temperature and content of moisture reduce
the content of CGs in linseed-based product during the extrusion process. The highest
HCN content in the experiment (126 mg/kg) was recorded at the lowest moisture content
of the starting material (7%) and temperature of 116.02°C, while the lowest content of
HCN (25.42 mg/kg) was measured at the moisture content of 11% and temperature of
70.2°C. It was found that the increase in the temperature decreased the HCN content, and
that increased moisture content positively affected the HCN reduction. However, the ef-
fectiveness of the HCN reduction varied depending on several process factors. Since ex-
trusion is a complex process, the impacts of individual factors cannot be considered
independently from the influence of other process parameters.
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PEAYKIIMJA HUJAHOTEHUX I''IMKO3UJIA EKCTPYIUPAIBEM - YTUIIAJ
TEMIIEPATYPE U BJIATE TPETUPAHOI' MATEPUJAJIA

Jhywuya C. Yonosuh, Josanka /. Jlesuh, Paomuno P. Yonosuh, Jbyounxo b. Jleeuh,
Bojucnase B. barvay, Cnahana M. Paxuma, Onusepa M. Bypaeuh

VYuusepsuretr y HoBom Cany, MacTHTYT 32 Ipexpambene TexHonoruje, bynesap napa Jlazapa 1,
21000 Hosu Cap, Cpbuja

YV 0BOM pajy IpeACTaBIbEHH CY PE3yJITaTH EKCIEPHMEHTa KOjU ce 0aBHO HCIUTHBABEM
yTUIaja TeMIlepaType eKCTPYAUpamka 1 IOYETHOT caapiKaja BJare MaTepHjaia Koju je Tpe-
THpaH Ha peayKuujy tujanorenux riukosuaa (LI') mpucyTHHX y Ko-eKcTpy/JaTy Ha 6a3u
nmaHeHor cemeHa. LII' mpezncTaBibajy INaBHY NMpENpeKy y MAcOBHH)jOj yNOTpeOW JIaHEHOT
CeMEHa Y UCXpaHU KHBOTHAa. CTora je, pe ynotpede, 00aBe3HO TPETHPATH JIAHEHO CEME
HEKUM TEXHOJIOIIKUM TporiecoM, kako Ou ce L[I" ykionunu, a oHo nerokcudukoano. Exc-
TPYIMpame je I0Ka3aJio YHTaB HHU3 MPEAHOCTH Y OJHOCY Ha JIpyre mpouece JeTOKCU(U-
Kalyje, HapouuTo y ropelemy ca CyBHM 3arpeBameM, jep KOMOMHYje yTHIaje HEKOJIHMKO
(akTopa: 3arpeBama, CMULIAKHA, MEIIaha, BUCOKOT MPUTUCKA, UTI. Ha ocHOBY no0ujeHHX
pe3yJrara, HOTBpHEHO je a MopacT TeMIIepaType U MPUCYTHE Bllare y TPETUPAHOM MaTe-
pyjaiy mocnemnryje u yop3aBa peakuujy xumponuse LI, mTo je eBHICHTHPaHO CMambCHEM
canpxaja HCN y mobujeroMm xo-ekctpynary, kao mepuna npucytaux L. Cagpxaj HCN
ce y ormeny kperao on 25.42 mg/kg, mto je 3abenesxeHO PH BPETHOCTHMA BIIare MaTepu-
jama ox 11.5%, no 126 mg/kg, mro je u3MepeHo npu Biasu MaTepujana ox 7% (MUHUMAaNHA
BJIara y eKcIepuMeHTy). Moxe ce pelin fa cy yTHLaju NpoLecHe TeMIepaType W Biare
MPUCYTHE y MaTepujaity OJl jeJHAKOT 3Hayaja 3a JIeTOKCU(UKalujy JlaHeHor ceMeHa. Mnak,
Kaja ce mocMatpajy aooujenu pesynrtatu caapxkaja HCN m3meljy Tpermana koju mojpa-
3yMeBajy PazIM4UT CaJpiKaj Bilare y3 paziM4uTy IMPOLECHY TeMIepaTypy, HE MOXe ce
YTBPIMTH HeKa MpaBHIHOCT. Pa3iior 3a To oriiena ce y yTuIlajy ocTajuxX MpOLECHUX Tapa-
MeTapa MpU eKCTpyauparwy. 300r CIOKEHOCTH CaMor Mpoleca, HajIoXKebHHjE je aHalH-
3UpaTH 3ajeTHAYKO JICjCTBO U HHTEPAKIIMje CBHX IapaMerapa rmporieca.

Kibyune peun: JlaHeHO ceMe, LIMJaHOTSHHU TIIMKO3H/IH, CKCTPYAUPahe, TEMIIEPATYPa,
pimara, HCN
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RHEOLOGICAL AND TEXTURAL PROPERTIES OF CRACKER DOUGH
WITH ADDITION OF PEA DIETARY FIBER

Ljubica Doki¢'*, Biljana Pajin', Aleksandar Fistes', Zita Seres’,
Dragana Soronja Simovi¢' and Veljko Krstonosi¢®

""University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, Novi Sad, Serbia
2 University of Novi Sad, Faculty of Medicine, Hajduk Veljkova 11, Novi Sad, Serbia

Consumers are becoming aware of health benefits of dietary fiber intake. In past years,
the development of products containing different fiber is increasing. The aim of this rese-
arch was to look into the effect of addition pea fiber to dough for crackers. Rheological and
textural properties were evaluated. In order to develop dough in which wheat flour was
partly substituted with pea fiber, it was necessary to increase water content. The addition of
5% and 10% of pea fiber affected intramolecular linkages of gluten and lowered elastic
properties of the dough. Dough with addition of 30% of fiber was brittle, grainy and impos-
sible to process.

KEY WORDS: dietary fiber, rheology, texture, dough
INTRODUCTION

Dietary fibers relate to a heterogeneous group of components with different functional
properties. The fibers swell in aqueous media of intestinal juices, absorb water and small
molecules. Between the fibers and the molecules that surround them, different types of
bonds are formed, such as ionic, hydrogen, weak hydrophobic bonds and dispersion
forces, which may influence the absorption of minerals and steroids (1,2).

Numerous studies show that the consumption of fibers protect against heart disease
and cancer, normalize the lipid content in the blood, affect the glucose level and insulin
secretion, prevent the constipation and digestive tract diseases (3,4). The enrichment of
food with dietary fibers aims to increase the dietary fibers intake. It is mainly done in
case if bakery products, cookies, crackers, and other products that may contain cereals
have been done. However, as a source of fibers, different by—products of milling of
wheat, maize, sorghum and other cereals can be used, as well as the products obtained by
wet milling of corn and wheat. There are many other potential sources of fibers, such as
fruits, vegetables, and infrequently used grains (5,6). Soluble dietary fibers, including
pectin and hydrocolloids are found in fruits, nuts, vegetables, legumes (7). Insoluble fi-
bers, including cellulose and hemicelluloses, may be found in whole grain cereals. Die-
tary fibers from cereals include 50% of all sources, 30-40 % is obtained from vegetables,

* Corresponding author: Ljubica P. Doki¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: ldbaucal@tf.uns.ac.rs
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about 16% are of the fruit, and the remaining 3% is from other sources of dietary fibers
(8).

The important technological characteristics of dietary fiber that determine the possibi-
lities for their application are water holding capacity, capacity of fat binding, viscosity,
gel forming ability, chelating capacity, and the influence on food texture. The water hol-
ding capacity is associated with the length and density of the fibers. Also, the pH of the
environment affects the water retention capacity. Capacity of fat binding is more depen-
dent on the porosity of the fibers, than the molecular affinity. Fibers such as pectin, gums
and B-glucan form solutions with large viscosity, and they are commonly used as thick-
eners (9). Viscosity of insoluble and some soluble fibers, such as inulin, is minimal. The
ability to form a gel is the most important feature in using fibers as a fat replacer. This
ability is provided by cross-linking of polymeric units and by retention of water or other
solvents in the gel structure. This characteristic depends on a number of factors, such as
concentration, temperature, the presence of certain ions, and the pH of the environment.

The objective of this study was to determine the rheological and textural properties of
dough for crackers with addition of pea dietary fibers.

EXPERIMENTAL
Materials

Materials used in cracker formulation were wheat flour (type T-500, Danubius, Novi
Sad, Serbia) pea dietary fiber (EF150, J. Rettenmaier & Son, Rosenberg, Germany),
vegetable fat (Dijamant, Zrenjanin, Serbia), yeast, leavening agent NaHCOj;, NaCl and
water.

Methods

Alkaline water retention capacity (AWRC) of wheat flour and wheat flour-pea fiber
mixtures was determined according to AACC 56-10 method (10).

Dough preparation: The control sample contained only wheat flour. The wheat flour
was substituted at the levels of 5, 10 and 30% by pea dietary fibers, to produce dietary
fibers containing samples.

The dough for crackers was prepared according to the long fermentation process. The
process includes two phases: mixing of the sour dough and mixing of dough in the verti-
cal spindle mixer. The dough for cracker is of soft consistency, with 30% of moisture.
The sour dough contained wheat flour (70% of total amount of flour), yeast (0.4%) and
water (30%). The mixing time was 10 min at 27°C, and the fermentation process was 18
h at relative humidity of 80-90%. The dough contained wheat flour (30% of total amount
of flour), vegetable fat (11%), NaCl (1.5%) and NaHCO; (1.0%). The ingredients for the
dough were added to sour dough and mixed for 5 min. The second fermentation process
was 5 h at 27-29°C and relative humidity of 80-90%.

After the second fermentation, rheological and textural measurements were performed.
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Rheological properties: Rheological properties of cracker dough were determined
using a rotational viscometer HAAKE RheoStress RS600 (Thermo Electron Corporation,
Karlsruhe, Germany) with plate—plate sensor PP60 Ti (plate diameter was 60 mm and gap
1 mm). The measurements were done at 27+0.1°C.

Viscoelastic properties of the dough, defined by storage modulus (G') and loss modu-
lus (G"), were determined by dynamic oscillatory measurements in the range of linear
viscoelastic regime (LVE). The moduli were observed during increased frequency from 1
to 10 Hz, and at constant shear stress of 10 Pa. The results were expressed as value tan o
=G"/G".

Viscoelastic response of the samples at a constant stress, as well as the sample beha-
vior after removing the stress, were determined by creep and recovery test. The test was
performed in the LVE regime in which the deformation amplitude was proportional to the
applied stress amplitude. The creep time with constant stress (6=10 Pa) was 150 s, and
the recovery period after removing the stress was 300 s.

The creep data were analyzed by the Burger's model [1].

J(t) =Jo +J; x (1-exp(-t/A)) + t/my [1]
For the recovery phase, the equation of the Burger's model is [2].

J(t) = Jyax = Jo = J1 X (1-exp(-t/A)) (2]

The value J, is the instantaneous compliance, J; is the retarded (viscoelastic) compli-
ance, Jn.x 1s the maximum compliance, A is the mean retardation time, and 1) is the New-
tonian viscosity. Also, the relative elastic part Jo/J...x and relative viscous part J,/J . of
the maximum creep compliance were determined from creep and recovery curves.

Textural properties: Textural properties of the dough for crackers were determined
on a Texture Analyzer TA.HD Plus (Stable Micro Systems, Godalming, U.K.).

Hardness of the dough was determined by penetration test using the cylindrical
element (P/6) 6 mm in diameter.

Extensibility was determined by the method specified by the device producer, Exten-
sibility of dough and measure of gluten quality. The load cell of 5 kg was used.

RESULTS AND DISCUSSION

Alkaline water retention capacity is a parameter by which quantity of water needed to
obtain optimal consistency of dough is calculated. For the control dough, 30.59g of water
was added. The AWRC values for the examined samples are given in Table 1. Since pea
flour is a typical hydrocolloid macromolecule its water retention capacity is high, and in-
creases the AWRC values of flour mixtures compared to wheat flour. Due to this effect,
the increase in water content in order to develop dough was necessary. Water quantities
added to flour mixtures were 45.51g, 50.44g and 73.47g for the mixtures containing 5%,
10% and 30% of pea dietary fiber, respectively. Even though water quantity was increa-
sed when wheat flour was replaced with 30% of pea fiber, the presence of fiber resulted
in so high colloidal bonding of water that the obtained dough was brittle, grainy and un-
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able to stretch, so that measurements were not possible to perform. Hence, the measure-
ments were done and rheological and textural properties determined only for the samples
containing 5% and 10% of pea fiber.

Table 1. AWRC of wheat flour, pea dietary fiber and flour-pea dietary fiber mixtures

Samol Wheat PF Mixture Mixture Mixture
amp’e flour 5%PF 10%PF 30%PF
AWRC (%) 70.59 600.01 88.29 101.04 160.59

PF-pea dietary fiber

The viscoelastic properties are presented in Figure 1. As expected, the elastic modulus
is higher than the viscous one, since the dough is a highly viscoelastic system. Due to the
hydrocolloid nature of the pea fiber and water bonding, the elastic modulus of the dough
with 5% of pea fiber was higher than of the control. On the contrary, the dough with 10%
of pea fiber had lower value compared to the control sample. Replacement of wheat flour
with pea fiber in the dough formulation resulted in a lower gluten content, which was
replaced with non-stretchable cellulose as the main component of the pea fiber.
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Figure 1. Elastic (G") and viscous (G'") moduli of dough

The calculated values of the tand were 0.432, 0.345 and 0.407 for the control, 5% PF
and 10% PF, respectively. Such values of tand are characteristic for amorphous polymer
systems.

The creep and recovery tests were performed, and the parameters are given in Tables 2
and 3. Under the constant stress, applied in the linear viscoelastic region, which does not
disrupt sample structure intermolecular bonds, are starched and deformed. The resulting
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value of J, (instantaneous compliance) is the result of elastic deformations, while retarded
compliance J; is a result of viscoelastic deformations. The control sample in which gluten
content was the highest had the highest elastic instantaneous compliance, i.e. elastic
deformation. The intramolecular disulfide bonds between the gluten molecules are highly
stretchable. Replacement of protein molecules with rigid cellulose ones resulted in a
significant decrease in J, When flour is replaced with pea fiber, the decrease in J ., implies
that the obtained material possesses greater resistance to deformation than the control. The
flour upon the addition of fiber becomes stronger. But, increased addition of water to the
dough with dietary fiber increased the viscous component 1.

Table 2. Creep phase parameters

Creep phase
Sample Jo J; Mo M Jnax r
(x10°) [Pa™"] | (x10%) [Pa'] | (x10P) [Pas] | [s] | (x10°) [Pa’]
Control 132.7 8.820 1.692 196.7 267.3 0.9995
5% PF 4.981 2.488 6.003 196.8 75.39 0.9992
10%PF 10.80 4.599 3.248 196.8 135.8 0.9981

After the removal of the stress, in the recovery phase, one part of deformation remains
to represent the viscous part (J,) of the maximum compliance, whereas the recovery repre-
sents the total elastic component (J.) of the maximum compliance. The values of the rela-
tive elastic part Jo/Jn.x and relative viscous part J,/J .« of the sample maximum compliance
were calculated from the recovery curve. The elastic recovery reflects the extent of bonding
between the structural elements of dough. The increase in the elasticity means less defor-
mation of the components network in the presence of the fiber, as noticed by other authors
with different fiber (11).

Table 3. Recovery phase parameters

Recovery phase
Sample J() J] No }\.1 r Je/Jm“
(x10%) [Pa”'] | (x10°) [Pa"] | (x10°) [Pas] | [s]
Control 260.1 75.55 0.3292 327.7 | 0.9865 | 14.36
5% PF 70.19 18.78 1.325 327.8 | 0.9611 | 24.51
10%PF 125.6 2.446 75.88 457.5 | 0.9899 | 49.39

Texture analysis was performed in order to determine the behavior of the dough in case
of large deformations. These tests are useful in getting information on the behavior in pro-
cessing under the real production conditions. The results are given in Table 4. The values of
the hardness, resistance to extension and extensibility, decreased with the addition of pea
fiber. Such behavior was also reported by other authors (12). Increased addition of water
did not improve the dough ability to stretch, since the excessive water was tightly bonded to
cellulose fibers. Such dough should be harder to laminate into thin dough sheets in creacker
production. This is the reason why the dough with 30% of pea fiber was unable to produce.

33



APTEFF, 46, 1-269 (2015) UDC: 664.681:633.5+547.9:633.35
DOI: 10.2298/APT1546029D BIBLID: 1450-7188 (2015) 46, 29-35
Original scientific paper

Table 4. Penetration and extensibility parameters

Sample Hardness (g) Resistance to extension (g) | Extensibility (mm)
Fmax (+SD F,. £ SD X, = SD
Control 48.417+43.118 21.22+2.37 16.99+0.74
5% PF 46.048+ 0.697 21.51+1.06 12.81+0.91
10%PF 23.609+ 0.530 13.30+0.59 12.07+1.17
CONCLUSION

Substitution of wheat flour with pea dietary fiber is possible, but dynamic oscillatory
parameters, creep recovery test and textural properties showed that the addition of pea
fiber increased the stiffness, resistance to deformation, flowability and elasticity of the
dough.
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PEOJIOHIKE U TEKCTYPAJIHE OCOBHUHE TECTA 3A KPEKEPE CA
JOIJATKOM BJIAKAHA I'PAIIIKA
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% Vuupepsurter y Hosom Cazy, Meaumuucku pakynter, Xajayk Bemskosa 11, Hosu Can, Cpouja

VY ckopuje BpeMe, CBECT MOTpollada O KOPUCHOM 3APAaBCTBEHOM JIEjCTBY IIpexXpam-
Oenux Biaka pacre. M3 tor pasnora ce Behu Opoj mpon3Bosia Ha TPXKUILTY KOjU Y CBOM
cactaBy MMajy moBehaH canpikaj BiakaHa. [locnenmux ToanWHA, IOYENa je MPOM3BOImbA
npexpaMOCHHUX BJIAKaHA U3 Mame MO3HATHX CHPOBHMMA, Kao LITO Cy MaxyHapke. Y OBOM
paxy WCIHTHBAH je YTHIA] NOJaTKa MpexpaMOCHHWX BIIakaHAa Tpallka Ha PEOJIONIKE U
TEKCTypaJlHe KapaKTepUCTHUKE TecTa 3a IIPOU3BOAKY Kpekepa. IlmeHudyHo OpairHo y
dbopmynanuju 3a kpekepe je 3amemeno ca 5%, 10% u 30% Biakana rpamika. Jla Ou ce
Moruio (opMUpaTH TecTo, Ha OCcHOBY ojpehene mohu 3anpkaBama Boje neduHKcana je
KOJIMYMHA BOJE KOjy je MoTpeOHO nonaru y 3amec. JlogaTkoM BiakaHa nmoTpedHoO je 1mo-
BehaTH KOJIMYMHY BOJE Y OJJHOCY Ha KOHTPOJIHU y30pak. Ha OCHOBY pEOJIOIIKUX U TEKC-
TYpaJIHUX Mepera YTBPHEHO je Jia ce eNacTUYHOCT TECTa ca J0/IaTKOM BIllaKaBa CMambHIa.
Tecto ca 30% BiakaHa ce JIaKO KMIajJo M OWJIO CHTHO3PHACTO, TAKO Ja C& HHje MOTIIO
pa3Byhu Te OBa KOJIMYKMHA BIIaKaHa HHje MMOTOIHA 32 IPOU3BOAY KpeKepa.
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Spelt wheat growing without use of pesticides is a suitable raw material for whole meal
products. The aim of this study was to enhance the fiber content in spelt pasta by adding
inulin HPX. Inulin HPX replaced the spelt farina in the quantity of 0%, 5%, 10% and 20%,
thus contributing to a decrease in the toughness, and improving color of the pasta. The
presence of inulin can be clearly distinguished from other polysaccharides components by
3C MAS NMR spectroscopy. A simultaneous increase in the area of the peaks at 81, 74, 64
and 58 ppm, obtained during the deconvolution analysis of the NMR spectra, is directly
associated with the increase in the inulin content. Inulin contributes positively to the nutri-
tive and technological characteristics of the pasta. Spelt pasta with 20 % of inulin is a new
functional product with modified nutritional properties and with decreased digestible
carbohydrates in the amuount of 43.2% and reduced energy of 27.2%.

KEY WORDS: pasta, inulin, nutritive value, texture color, 3C MAS NMR

INTRODUCTION

The relationship between food and health has an increasing impact on food innovation
due to the popularity of the concept of functional food. Dietary fibers in pasta are versatile
functional food ingredients, which are beneficial to human health (1-4). One of dietary
fibers used by food industry is inulin, a non-digestible fructio-oligosaccharide. It acts as a
prebiotic by stimulating the growth of healthy bacteria in the colon. Inulin is a linear po-
lydisperse carbohydrate material consisting mainly of D — fructose joined by B-(2/1) lin-
kages (1, 3, 5). Pasta containing inulin alters nutritive and sensory properties, has a positive
effect on certain functions in the organism, and improves psychical condition. The functio-
nality of the food with increased content of inulin can be seen in the positive effect of redu-
cing the risk from numerous non-infectious diseases (1, 2, 6). The aim of this study was to
investigate the quality of pasta with inulin, in an effort of obtaining new products with alte-

* Corresponding author: Jelena S. Filipovi¢, University of Novi Sad, Institute for Food Technology, Bulevar
cara Lazara 1, 21000 Novi Sad, Serbia, e-mail: jelena.filipovic@fins.uns.ac.rs
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red nutritional properties, to classify and discriminate the analyzed samples by principal
component analysis (PCA) using *C MAS NMR spectroscopy data and presented techno-
logical data. Pattern recognition technique was applied within assay descriptors, to charac-
terize and differentiate various samples.

EXPERIMENTAL
Material and methods

Wholemeal flour of spelt grown in the year 2012 in Serbia was used for pasta produc-
tion. Chemical analyses (protein, starch, lipid, sugar, cellulose, and total dietary fiber) of
pasta were determined according to the official methods of AOAC (7) and AOAC (8).
Inulin HPX is a commercial product obtained from the root of Jerusalem artichoke, pro-
duced by "ORAFTI Active Food Ingredients", Tienen, Belgium, with average DP>23.
Pasta with inulin HPX (0, 5, 10 and 20%) was made using the La Parmigiana D45 MAC
60 procedure discrebed by Filipovi¢ et al, (9). Textural properties of cooked pasta and
pasta color were measured using Texture analyzer TA.HD plus (Stable Micro System,
U.K.) and colormeter Chroma meter (CR-400, Konica, Minolta, Japan), respectively, as
described by Filipovié¢ et al, (9, 10). The *C MAS NMR spectra were recorded at
100.627 MHz using a Bruker MSL 400 NMR spectrometer with a TecMag console up-
graded (Texas, USA), according to the procedure described by Filipovi¢ et al, (11). Des-
criptive statistical analyses for all the obtained results were expressed as the mean + stan-
dard deviation (SD), one-way ANOVA and principal component analysis (PCA) analyses
were described by Filipovi¢ et al, (10). Furthermore, PVA was applied successfully to
classify and discriminate the different samples based on the NMR spectra (peak width)
and technological parameters.

RESULTS AND DISCUSSION

Quality of spelt pasta with different quantities of inulin. Based on chemical pro-
perties of the pasta with different quantities of inulin, ANOVA, coupled with Tukey’s
HSD test, were evaluated for a comparison of the parameters. These tests showed statisti-
cally significant differences in protein content among the values of pastas with 0 and 5%
inulin and pasta with 10% and 20% inulin (Table 1).

The addition of inulin (5%, 10% and 20%) to pasta also results in a statisically signi-
ficant difference in the starch content, because one part of flour is replaced by inulin and
the quantity of available starch is reduced. Tukey’s HSD test showed statistically signifi-
cant differences in the values of cellulose in pasta with inulin (5%, 10% and 20%) and
pasta without inulin, since inulin is a macromolecule with chemical structure containing
the same molecules as cellulose.

Table 1 shows that the increase in the inulin content indicates a statistically significant
increase in the sugar content and a statistically significant decrease of the lipid content.
Tukey’s HSD test indicates statistically significant differences in dietary fiber content in
pasta with 0%, 5%, 10% and 20% inulin, which confirms that inulin is one type of non-
digestible carbohydrates.
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Table 1. Chemical properties of pasta with different contents of inulin

. Content of inulin (%)

Chemical property 0 5 10 20
Protein content (% d. m) 15.87£0.21° [ 15.53+0.13° [ 14.56+0.10° [ 12.85+0.11°
Starch content (% d. m) 56.49++0.39" | 53.67£0.57° | 51.53+0.89° | 38.07+0.28"
Cellulose content (% d. m) 2.0£0.04° | 2.28+0.05° | 2.68+0.04° | 2.94+0.06°
Sugars content (% d. m) 2.42+0.02° | 2.53£0.02° | 2.55+£0.02° | 2.35+0.01"
Lipids content (% d. m) 2.70+0.02% | 2.54£0.07° | 2.42+0.07° | 2.35+0.05"
Dietary fibers content (% d. m) | 5.62+0.13% [ 8.21+0.17° | 10.81+0.08° | 16.0+£0.11¢

ab.¢.d yalues with the same letter are not statistically different at the p<0.05 level
(acording to post-hocTukey’s HSD test)

By increasing the quantity of inulin from 0 to 20, sugar, contents of lipid and dietary
fibers can be calculated as follows:

Sugars content = (2.42+0.00) + (0.030.00) x Inulin (r*=0.999, p<0.05)
Lipids content = (2.70+0.00) - (0.04:£0.00) x Inulin (r*=0.999, p<0.05)
Dietary fibers content = (5.62+0.22) + (0.52+0.0) x Inulin (r*=0.999, p<0.05).

Table 2 shows a significant reduction of digestible carbohydrates, which contributes
to the reduction of the energy value and increase in the functionality of food. By daily
average consumption of 100 g pasta with inulin 0% and 20% inulin, the intake of fiber is
7.7 and 18.9 g per day, respectively. Therefore, this kind of pasta can have positive long-
term effects in the prevention of non-infectious diseases caused by irregular diet (12). It
is worth to point out that pasta with 20% inulin is a product with a significant decrease of
digestible carbohydrates (by 43.2%) and significant reduction of energy (by 27.2%).

Table 2. Nutritive properties of pastas with different contents of inulin

. . Content of inulin (%)
Nutritive properties 0 5 10 20

Decrease of digestible carbohydrates (%) - 10.0£0.16° | 18.8+0.12° | 43.2+0.11°
Coqtent of non-digestible carbohydrates 77:021° | 10.92021° | 13.52021°¢ | 18.94021¢
(g) in 100 g of pasta
Enegy (kJ) 1373.9 1315.9 1258.8 1000.7
Decrease in the enegry of pasta (%) - 4.2 8.4 27.2

+b.¢.d yalyes with the same letter are not statistically different at the p<0.05 level
(‘acording to post-hocTukey’s HSD test)

For the increase of the inulin content from 0 to 20, the content of non-digestible
carbohydrates can be calculated as follows:

Non-digestible carbohydrates content = (7.75+0.18) + (0.6120.05) x Inulin (r*=0.999, p<0.05)
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The textural characteristics and color of pasta play an essential role in determining the
final acceptance by consumers (6). The ANOVA and the following post-hoc Tukey’s
HSD tests (Table 3) showed that the addition (5%, 10 % and 20%) of inulin satistically
significantly decreased the hardness and toughness of the pasta in comparison to pasta
without inuiln, which indicates that inulin weakens the structure of pasta dough, which is
due to the gluten dilution. Tukey’s HSD test showed that inulin statistically significantly
increased the adhesiveness of pasta, because inulin hydrates faster than the starch and
protein components of flour, in turn leading to starch and fiber fractions of the pasta
being less incorporated in the matrix. If the starch is not encapsulated within a protein
matrix, cooking contributes to a sticky layer at the surface of the product, resulting in
higher levels of adhesiveness (6, 13, 14) .

Table 3. Textural and color properties of pasta with different contents of inulin

Content of inulin (%)
Textural property 0 5 10 20
Hardness (g) 3117.5+13.1° | 2498.7+£27.9° | 2439.1+43.8° | 1860.7+20.0°
Adhesiveness (gsec) 2.02£0.05° | 2.59+0.04" | 6.37+0.12° | 9.15+0.097
Work of Shear - toughness 13.44+0.14° 8.9+0.12° 6.19+0.15° 4.35+0.10°
Pasta color
L Brightness 76.00+£0.32" | 76.41+0.12* | 76.90+0.24" | 79.36+43.8"
a*Share of red color 2.27+0.08" 2.12+0.02° 2.03+0.05% 1.54+0.02°
b* Share of yellow color 13.35+£0.00" | 13.23+0.09" | 13.16£0.12* | 12.744+0.13"
C* Differences in coloration | 13.35+0.14" | 13.41+0.10* | 13.50+0.19" | 12.83+0.18"

b.¢dyalues with the same letter are not statistically different at the p<0.05 level
(acording to post-hocTukey’s HSD test)

For the increase in the inulin content from 0 to 20, the toughness can be calculated as
follows:

Toughness = (13.39+0.17) - (1.0120.44) x Inulin + (0.030.00) x Inulin® (*=0.999, p<0.05)

The use of a tristimulus colormeter permits the simultaneous measurements of bright-
ness and yellowness, the most appreciated pasta attributes. Table 3 shows that there is a
statistically insignificant difference in the brightness, share of red color and yellow color,
and differences in the coloration in pasta with the addition of 20% of inulin and pastats
with 0%, 5% and 10% of inulin. The content of inulin increased the brightness, reduced
the proportion of red color and increased the differences in coloration of the product. The
share of yellow color decereased with the increased content of inulin in pasta, since one
part of wholemeal flour was replaced by inulin, so that the quantity of available flour was
reduced.

The *C MAS NMR characterization of spelt pasta with different qunantities of
inulin. As stated in our previous study (11), due to a similar chemical environment of de-
tectable groups, the NMR analysis of the most polysaccharides, shows that the shifts
overlap to a large extent. The positions of the peaks of inulin and spelt pasta samples,
reveal the possibility of obtaining discrimination of the inulin component from other pre-
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sent components in the spectrum. The distinction of the peak position of inulin compared
to other polysaccharides (such as starch) enables also the evaluation of their content in
the sample. This difference in the peak position of inulin in comparison to the position of
the dominant peaks originated from the starch is especially pronounced for peaks positio-
ned at 81, 64 and 58 ppm. Furthermore, based on the results of deconvolution analysis of
polysaccharides region in the 13C MAS NMR spectra, the peak at 75 ppm (basically ori-
ginated from the C(4) carbon in the starch structure) also provides the continual gain in
the values of the area ascribed to this peak, which is consistent with the added amount of
inulin. Generally, a continuous increase of the area for any of particular peak mentioned
above can be observed, which can be clearly correlated with the amount of added inulin
for each of the samples shown. During the deconvolution analysis, the peaks at 64 and 58
ppm are incorporated only in the case of the samples with inulin (samples 2 and 3), whe-
reas the peaks positioned at 81 and 74 ppm are overlapped to some extent with neighbo-
ring peaks belonging to the starch component. However, the results of deconvolution ana-
lysis were not affected substantially for that reason, indicating the same correlation de-
pendence as was observed for other mentioned peaks.
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Figure 1. PCA biplots for: chemical properties of pasta (a), nutritive properties of pasta
(b) textural properties and color of pasta (c), biplot for 13C MAS NMR spectra of
different samples of pasta (d)
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The PCA allows a considerable reduction in the number of variables and the detection
of the structure in the relationship between the measured parameters and different samples
that give complementary information. In this study, four different data sets were submited
to PCA: chemical properties of pasta (Table 1), nutritive properties of pasta (Table 2), tex-
tural properties and color of pasta (Table 3) and >C MAS NMR spectrum (peak width). For
visualizing the data trends and the discriminating the efficiency of the used descriptors, a
scatter plot of samples using the first two PCs resulting from the PCA of the data matrix is
obtained (Fig. 1).

As can be seen, there is a neat separation of samples according to chemical properties of
pasta, nutritive properties of pasta, textural properties and color of pasta and NMR spectra.
Chemical data showed that the first two PCs explained 99.63% of the total variability.
Protein, starch and cellulose content, as well as lipids and dietary fibers content contributed
almost equally to the calculation of the first PC, while sugars content contributed the most
to the second PC (75%). The first two PCs of the nutritive properties data (Table 2) accoun-
ted for 100% of the total variability. All variables contributed almost equally to the calcula-
tion of the first PCs, while the content of non-digestible carbohydrates contributed the most
to the second PC. The textural properties (hardness, adhesiveness and tougness) and color
of pasta (brightness, shares of red and yellow color and differences in coloration) explained
98.26% of the total variability. The first PC is explained almost equally by all variables
(both textural and color properties), while the second PC is mostly calculated by C and
toughness). The *C MAS NMR results showed that the first two PCs accounted for 87.18%
of the total variability.

CONCLUSION

Based on the investigation of the influence of inulin content on the nutritive and textural
properties of pasta and the possibility of inulin identification by *C MAS NMR spectrum it
can be concluded: that the pasta obtained by adding 5, 10 or 20% of inulin is characterized
by a significant decrease of digestible carbohydrates (10,0, 18.8 and 43.2%) and increased
content of non-digestible carbohydrates (10.9, 13.5 and 18.9%). An average daily consump-
tion of 100 g of pasta with 20% of inulin contributes to the fiber intake of 18.94 g per day.
The pasta with 20% of inulin is a new functional product with modified nutritional properti-
es, with reduced energy in the amount of 27.2%. The addition of inulin influenced adverse-
ly the pasta texture (decreased toughness) and positively the pasta color (increased bright-
ness, reduced share of red color and differences in coloration). The presence of inulin can
be clearly identified by °C MAS NMR spectroscopy. The increase in the area of the peak
positioned at 81, 74, 64 and 58 ppm, obtained during the deconvolution analysis of the
NMR spectra, was directly associated with the increase in the inulin content. PCA appeared
to be a useful tool for providing a neat separation of the samples according to chemical,
nutritive textural pasta properties, pasta color and *C MAS NMR spectra.
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TECTEHUHA O/l CIIEJITE CA HHYJIMHOM
KAO ®YHKIIMOHAJIHA XPAHA

Jenena C. @u/mnoeuhl, Jamo JI. ITe30’, Braoumup C. (Dwmnoeuh3,
Topoana H. JTyoajuh’

' Vuugepsurer y Hosom Cany, HcTHTYT 3a IpexpamGene TexHonoruje, bynesap napa Jlasapa 1,
21000 Hosu Caz, Cp6uja
? Vunugepsurer y Beorpany, MuctuTyT 3a omuty u dusmaky xemujy, Cryaentcku tpr 12 - 16,
11000 Beorpax, Cpbuja
* Vuupepsuter y Hosom Cajty, Texuonomku daxynrer, Bynesap mapa Jlazapa 1, 21000 Hou Can
4 Bucoka TexHHuUKa KO CTPYKOBHUX cTyauja, Bopha Crparumuposuha 23, 23000 3pemanum

Crnenra je morogHa CHpOBHHA 3a ITPOMU3BOJIE OJ1 LIEJIOT 3pHA jep ce y3raja 06e3 nmpuMeHe
necruipga. Ca mubeM J1a ce moBeha cajapkaj BlakaHa y OBOM Pajy je UCIUTAaH KBAIUTET
TeCTeHWHE Of cmenre ca noxatkoM mHynmuHa HPX. KonwmumHa wHynwHA je momaBaHa y
nHTepBaiy ox 0%, 5%, 10% n 20%, xao 3ameHa 3a OpamrHo, IPHU YeMy I0Ja3H JI0 CMa-
Beha KIIABOCTH U 1M000JbIIamka 00je TeCTeHHHE. Pe3ynraTu NCMTHBamkba Cy MMOKa3ain Ja
ce npucyctBo uHysimHa HPX y TecTeHnHM o1 criente MOXe jacHO J0Ka3aTu KopHihemeM
¥C MAS NMR criekTpockonuje. [Topact nmoBpiiMHe nMKkoBa NO3MIUOHKUPaHKX Ha 81, 74,
64 u 58 ppm, nobujene nekonsoayuujom NMR criekrapa, AupeKTHO je noBe3aH ca noseha-
BEM Cajip)Kaja MHYJIMHA Y oaroBapajyhum ysopuuma. MHyIMH MO3UTHBHO yTHYe Ha CEH-
30pHE U HYTPUTHUBHE 0coOMHe TecTeHuHe. TecTennHa of crenre ca 20% uHyIMHA TIpen-
CTaBJba HOB (DYHKIIMOHAJIHU IPOHM3BOJI Ca CMAEHUM CaJIPKajeM CBAPJbUBHX YTJbEHUX XH-
npata of 43,2% u cMambeHOM eHeprujoM o 27,2%.

K/byuHe pedn: TeCTeHMHA, HHYIIHH, HyTPUTHBHA BPEIHOCT, TeKCTypa, 60ja, "C MAS NMR
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PHYSICOCHEMICAL PROPERTIES OF HONEYBEE POLLEN ENRICHED
ACIDOPHILUS MILK AND PROBIOTIC YOGHURT
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and Dragica M. Purdevié-MiloSevié®
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The aim of this work was to examine the possibility of preparation of acidophilus milk
and probiotic yoghurt by processing of milk (1%, 2.8% and 3.2% w/w fat) enriched with
honeybee pollen (0.6% w/w). The quality of produced fermented milks was followed by
comparing pH value during fermentation and storage time, as well as of lactic acid con-
tent and sensory properties during 14 days of storage. Fermentation time was influenced
more the type of the starter culture than by honeybee pollen addition or fat level. The
addition of honeybee pollen increased the production of lactic acid, regardless of the fat
level. The effects of different starters (L. acidophilus LA-5, S. thermophilus and L. Del-
brueckii ssp. bulgaricus) on the production of lactic acid were also different, but not as
obvious as that due to pollen addition. The obtained results revealed that honeybee addi-
tion had positive effects on the physicochemical and sensory properties of produced aci-
dophilus milk and probiotic yoghurt.

KEY WORDS: acidophilus milk, probiotic yoghurt, honeybee pollen, physicochemical
characteristics

INTRODUCTION

Among many fermented dairy products, the most notable fermented milks are yoghurt,
kefir, kumiss, acidophilus milk, buttermilk, and Bulgarian buttermilk. Recently, acidophilus
milk is becoming one of the most desirable natural products for human nutrition due to its
beneficial health effects (1). Furthermore, Lactobacillus acidophilus is the most commonly
suggested organism for dietary use. All these positive findings have emerged for the
consumption of acidophilus milk. Traditional acidophilus milk is made from low-fat milk,
sterilized at 120°C for 15 minutes to stimulate growth of L. acidophilus. The high-heat
treatment of milk is used to denature and release peptides from milk proteins, which helps
the growth of L. acidophilus, due to its lack of a good proteolytic system for hydrolyzing
milk proteins (2). Original acidophilus milk is a highly acidic product with no balancing

* Corresponding author: Jovana R. Glusac, School of Applied Medical Sciences, Nikole Pasi¢a 4a, 79101
Prijedor, Bosnia and Herzegovina, e-mail: jovanaglusac@yahoo.com
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flavours. However, because of its acidic flavour, most consumers do not generally relish it
(3). Recently, honeybee pollen, as well as other apicultural products, has gained increased
attention for its high nutritive value. Honeybee pollen is a rich source of protein (25%);
essential amino acids; oil (6%), containing more than 51% polyunsaturated fatty acids
(PUFA), of which 39% of linolenic, 20% palmitic and 13% of linoleic acids; more than 12
vitamins; 28 minerals; 11 enzymes or co-enzymes; 11 carbohydrates (35-61%); flavonoids
and carotenoids; phytosterols (4). Honeybee pollen was found to have therapeutic properti-
es (5,0). It is considered a nutrient-rich perfect food, and is promoted as a commercially
available supplement (7).

In recent years, the physiological functionality of natural and functional foods has re-
ceived much attention due to the increasing interest in human health. As far as we know,
the use of honeybee pollen as a food supplement in dairy products is rare. Therefore, the
objective of the present work was to investigate the influence of the honeybee addition
and different starter culture (LA-5 and probiotic) on the physicochemical and sensory
properties of fermented milk products manufactured from milk with different fat content
(1%, 2.8% and 3.2% w/w fat) after the production and during 14 days of storage.

EXPERIMENTAL
Materials

The following milk samples: 1) 3.2 % fat content (3.2% proteins, 4.6% lactose, poly-
unsaturated fatty acids), obtained from ,,VITALIA, IMLEK®, d.d. Mlijekoprodukt (Ko-
zarska Dubica, Bosnia and Herzegovina); 2) 2.8% fat content (3.4% proteins, 4.6% lacto-
se pH 6.82 £0.02), obtained from MEGGLE Mljekara d.o.o. (Bihaé, Bosnia and Herzego-
vina; 3) 1% fat content obtained from the "d.d. Varazdin" (Croatia) were used for the pro-
duction of fermented milk. Physical, chemical and microbiological characteristics of milk
samples were entirely in accordance with the pertinent standards. Probiotic monoculture
Lactobacillus acidophilus LA-5 (Chr. Hansen, Denmark) was applied to achieve a con-
centration of 0.05g/l (w/v) in manufacturing fermented milks. Probiotic yoghurt contai-
ning: L.acidophilus LA-5 was made in combination with yoghurt starter culture YC-X16
(Streptococcus thermophilus and L. delbrueckii ssp. bulgaricus, Chr. Hansen, Denmark)
in the ratio of 4:1. Commercial polyfloral honeybee pollen (Prijedor, Bosnia and Herze-
govina) was powdered and used in the concentration of 0.6% w/w in manufacturing both
types of fermented milk products.

Fermented milks manufacturing

Milks with different fat content were heated at 95°C for 10 min. The milk and bacteria
mixture was incubated at 38°C for 4 hours and the fermented milk formed was stored at
4°C and used as a starter culture next day. Two series of yoghurt were made: 1) acidophi-
lus milk (LA-5) without and with addition of honeybee pollen, and 2) probiotic yoghurts
made with: LA-5 + yoghurt starter (YS) (LA-5 + YS-X16=4:1), without and with pollen
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addition. For each treatment, the pollen powder was dispersed in an aliquot of heat-trea-
ted milk, and then mixed thoroughly with the remaining milk to achieve the desired con-
centration. The milk was cooled to the optimal temperature (38°C), inoculated with the
yoghurt starter-mother culture (50 ml) and incubated at the same temperature until pH 4.7
to 4.6 was reached. Fermentations were stopped by rapid cooling to 20°C and the fermen-
ted milks were placed in a cold storage at 5°C +1. Each trial was repeated three times.

Methods

After manufacturing, fermented milks were analyzed by measuring the pH value, lac-
tic acid content and sensory properties. pH was measured using pH 510/mV Meter (Eu-
tech Instruments, England) during fermentation and during 14 days of storage. Lactic
acid content was calculated on the basic titratable acidity (8) during 14 days of storage.
Sensory evaluation of yoghurt was profiled after the 1% and 14™ day in the cold store. The
sensory properties of yoghurt were evaluated by 5 trained panellists using the Internatio-
nal Dairy Federation (IDF) method (9). The sensory attributes consisted of flavour, odo-
ur, general appearance, colour and consistency, and the coefficients of significance (Fv)
were: 2.4 for taste; 0.4 for odour; 0.2 for appearance and for colour and 0.8 for consisten-
cy. Maximum score was 20, and the sensory scores were awarded for each attribute using
a rating scale ranging between 1 and 5. The average value of 3 measurements was taken
for further analysis. Values of different tests were expressed as the mean =+ standard de-
viation (x = SD). All data were subjected to one-way ANOVA and means were compared
by the Holm-Sidak test (SigmaPlot 11.0, Systat Software, Inc. USA). The level of signifi-
cance was set at p < 0.05.

RESULTS AND DISCUSSION

Fermentation of all produced samples lasted between 3 and 10 hours (Fig. 1). The
shorter fermentation time (about 4 hours) resulted in probiotic yoghurt samples compa-
rable to acidophilus milks, regardless of the milk fat content. The addition of honeybee
pollen caused a slight decrease in the fermentation time of probiotic yoghurt samples
made from milk with the highest fat content (Fig. 2A), probably due to the presence of
various carbohydrates, mainly glucose, fructose and sucrose (4).

However, the fermentation time was influenced more by different types of starter cul-
ture than by honeybee pollen addition or fat levels. As is evident from Fig. 1A, acido-
philus milks had the longest fermentation time (9-10 hours), regardless of different fat
level. According to the results of Iancu et al. (10), the strain of L. delbrueckii ssp. bulga-
ricus is faster than the other lactobacilli in producing lactic acid, so this could explain the
observed shorter fermentation time of probiotic yoghurt samples.
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Figure 1. Fermentation time of acidophilus milk and probiotic yoghurt made of milk with
1% (A), 2.8% (B) and 3.2% fat (C) enriched with honeybee pollen (0.6%)
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Fiure 2. Changes in pH over the storage time of acidophilus milk and probiotic yoghurt
made of milk with 1% (B, E), 2.8% (C, F) and 3.2% fat (D, G)
enriched with honeybee pollen (0.6%)
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The pH value and lactic acid content (%) of all fermented milks changed slightly
during the storage period (Fig. 2). The highest pH value during 14 days of storage (ran-
ging from 4.81 to 4.15) had acidophilus milks, regardless of the different fat level. The
pH values were lower in the fermented milks enriched with honeybee pollen than in
samples without it, which was previously reported (11). The decrease in the pH value
was between 0.2 and 0.4 pH units in all fermented milks during 14 day of storage. The
highest decrease in the pH was observed in the fermented milks produced from milk with
the highest fat content (Fig. 2C).

The highest content of lactic acid on the 1* day of storage had the fermented milks
produced from 2.8% fat milk (Fig. 3). Lactic acid content ranged from 0.742 to 1.035%
for the samples made with 1% fat milk, from 0.675 to 1.008% for the samples made with
2.8% fat milk, from 0.765 to 1.026% for the samples made with 3.2% fat milk.

A) 1% day of storage

h
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A s
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Figure 3. Lactic acid content (%) of acidophilus milk and probiotic yoghurt depending of
milk fat content after 1 (A), 7" (B) and 14" storage days (C)

On the other days of storage, the production of lactic acid was not influenced by the
fat level. The previously reported results by Shakerian et al. (12) showed that different le-
vels of fat had significant effects on the acetic and lactic acid production in B. animalis
and L. acidophilus yoghurt, but the trend was not linear. Furthermore, it was observed
that the addition of honeybee pollen increased the production of lactic acid, regardless of
the fat level (Fig. 3), which is in agreement with the results obtained by Khider et al. (11)
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who found that different types of honeybee pollen induced an increase in the lactic acid
production in yoghurts.

—&— LAS

1.1 1 A) 1% fat 1.2 4 B) 2.8% fat o LA-5+pollen
--¥-- LA5+YS
AT T T T e A . — A —- LA-5+YS+pollen
z 1.0 1 e S
B 7 ° o 3> 1.0 /////»/A*‘**‘**ﬂ
X 09 - g I — ES o S**»— o
"C_)— lig ///,//// e 4 .é‘ 5 I 4
8 0.8 1 v/, 8 0.8
Q o —e— LAS £
© O LA-5+pollen o ./.’“.
2 o7 ——w—- LA5+YS °
/( —A—- LA-5+YS+pollen 0.6
0.0 0.0 1 : .
1 7 14 1 7 14
storage time (days) storage time (days)
—e— LAS
1.2 4 C) 3.2% fat o LA-5+pollen
--¥—- LA5+YS
. —A—- LA-5+YS+pollen
2
> 1.0 4
]S
il
S 0.8
L
©
®
0.6
0.0 1

1 7 14
storage time (days)
Figure 4. Lactic acid content (%) of acidophilus milk and probiotic yoghurt depending of
storage time and honeybee pollen addition (0.6%) in acidophilus milk

and probiotic yoghurt made from milk with different fat content: 1% fat (A),
2.8% fat (B) and 3.2% fat (C)

The effects of the addition of honeybee pollen on the production of lactic acid were
significantly higher (p<0.05) after the 7" and 14™ day of storage for all fermented milks
produced from 1% and 2.8% fat milk (Fig. 4.A,B). Furthermore, the effects of different
starters on the production of lactic acid were also different, but not as obvious as that due
to pollen addition. The production of lactic acid was in favour of probiotic yohgurt, res-
pectively addition of yoghurt starter (S. thermophilus and L. delbrueckii ssp. bulgaricus)
induced an increase in the production of lactic acid than L. acidophilus LA-5 alone. How-
ever, it is well known that L. acidophilus LA-5 with lactic acid content in range 1-2%
w/w is acid-tolerant in acidophilus milk (13). This is not observed in our studies, probab-
ly due to a low inoculation rate compared with the rate recommended in the literature (2-
5% inoculum) (13).
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The data presented in Table 1 show the values of total solids in the fermented milks.
There were significant differences (p<0.05) in the total solids between probiotic yoghurt
and acidophilus milk made with 2.8% fat milk, but no significant differences (»p>0.05)
were observed due to the honeybee pollen addition. Generally, it was noticed that the
lower values of total solids were recorded for probiotic yoghurt, which could be related to
better consumption of lactose by Sc. thermophilus and L. delbrueckii ssp. bulgaricus,
than by L. acidophilus LA-5, which was previously reported (14).

Table 1. Total solids of acidophilus milk, probiotic yoghurt, raw milks and honeybee
pollen (meantSD)

Dry matter (%, w/w)
Sample Milk fat content (%, w/w)

1% 2.8% 3.2%
LA-5 9.049+0.032° 10.600+0.127* 10.850%0.156"
LA-5+pollen 9.414+0.260° 10.895+0.078° 11.275%0.304°
LA-5+YS 8.884+0.005° 10.150%0.028° 10.870%0.042°
LA-5+YS+pollen 9.011£0.028" 10.45040.085* 11.03540.106°
Milk 9.000+0.033 10.79010.027 11.00510.054
Pollen 76.952+0.999

®¢ Means in a column with different letters differ significantly (p < 0.05, Holm-Sidak test)

Sensory evaluation scores of fermented milks after 14™ day of storage are presented in
Fig. 5. The appearance, colour, odour, and consistency had the highest scores for all sam-
ples at the begging (data not shown) and at the end of the storage.

25 +
W Colour M Consistency MAppearance EOdour O Flavour
20 ~
15 -
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5
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Figure 5. Sensory evaluation scores of fermented milks products after 14™ day of storage
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The best average flavour scores at the end of storage had acidophilus milk made from
1% fat milk. The addition of honeybee pollen caused slightly bean-like flavour but accep-
table, which was previously reported also for date palm pollen (11). The effects of differ-
rent starters (L. acidophilus LA-5, Sc. thermophilus and L. delbrueckii ssp. bulgaricus) or
different fat levels did not influence the taste of the fermented milks or flavour scores.

CONCLUSION

The obtained results showed that the addition of honeybee pollen had a positive ef-
fects on the physicochemical and sensory properties of produced acidophilus milk and
probiotic yoghurt. The results indicate that honeybee pollen may encourage the growth of
lactic acid bacterial starters used and subsequently increase the lactic acid production,
which also led to a slight decrease in the pH values during the storage. The knowledge
obtained from this study could be applied for the development of a novel formulation for
functional food enriched with honeybee pollen.

Acknowledgement

The authors would like to thank MTC-SO, Sombor, Serbia, for supplying free samp-
les of starter culture.

REFERENCES

1. de Vrese, M.; Kristen, H.; Rautenberg, P.; Laue, C.; Schrezenmeir, J. Probiotic lacto-
bacilli and bifidobacteria in a fermented milk product with added fruit preparation re-
duce antibiotic associated diarrhea and Helicobacter pylori activity. J.Dairy Res.
2011, 78 (4), 1-8.

2. Kosikowski, F.V. and Mistry, V.V. Fermented milks. /n Cheese and Fermented Milk
Foods. Vol. 2. 3, Eds., F. V. Kosikowski, F.V., Westport, CT; 1997; pp 57-75.

3. Vedamuthu, E.R. Other fermented and culture-containing milks. In Manufacturing
Yogurt and Fermented Milks, Eds. Chandan, R.C., and Kilara, A.; Wiley-Blackwell,
New Jersey, 2013; pp 404-406.

4. Xu, X.; Sun, L.; Dong, J., Zhang, H. Breaking the cells of rape bee pollen and conse-
cutive extraction of functional oil with supercritical carbon oxide. Innovat. Food Sci.
Emerg. Tech. 2009, 10, 42—-46.

5. Carpes, S.T.; Mourao, G.B.; Alencar, S.M.; Masson, M.L. Chemical composition and
free radical scavenging activity of Apis mellifera bee pollen from Southern Brazil.
Brazilian J. Food Technol. 2009, 12, 220-229.

6. Graikou, K.; Kapeta, S.; Aligiannis, N.; Sotiroudis, G.; Chondrogianni, N.; Gonos, E.;
Chinou, I. Chemical analysis of Greek pollen - Antioxidant, antimicrobial and protea-
some activation properties. Chem Cent. J. 2011, 5 (33). doi: 10.1186/1752-153X-5-
33.

7. Nakajima, Y.; Tsuruma, K.; Shimazawa, M.; Mishima S.; Hara, H. Comparison of
bee products based on assays of antioxidant Capacities. BMC Complement Altern
Med. 2009, 9 (4) doi: 10.1186/1472-6882-9-4.

53



APTEFF, 46, 1-269 (2015) UDC: 637.146.1/.3:638.178.2
DOI: 10.2298/APT1546045G BIBLID: 1450-7188 (2015) 46, 45-54
Original scientific paper

8. Sabados, D. Kontrola i ocjenjivanje kakvoce mlijeka i mlije¢nih proizvoda, 2. Dopu-
njeno izdanje, Hrvatsko mljekarsko drustvo RH, Zagreb, 1996.

9. International Dairy Federation method, IDF 1984. Fermented milks, Bulletin of the
IDF 179.

10. Iancu, B.; Nicolau, I. Attempts to obtain a new symbiotic product based on soy milk.
Innovative Romanian Food Biotechnology. 2010, 7, 21-29.

11. Khider, M.; Elbanna, K.; Mahmoud, A.; Owayss, A.A. Egyptian honeybee pollen as
antimicrobial, antioxidant agents, and dietary food supplements. Food Sci. Biotech-
nol. 2013, 22(5), 1-9.

12. Shakerian, M.; Hadi Razavi, S.; Khodaiyan, F.; Ziai, S. A.; Saeid Yarmand, M.; Moa-
yedi, A. Effect of different levels of fat and inulin on the microbial growth and meta-
bolites in probiotic yogurt containing nonviable bacteria. Int. J Food Sci. Tech. 2014,
49,261-268.

13. Niamsiri, N. Dairy Products. In Encyclopedia of Microbiology, Third Edition, Scha-
echter, M., Elsevier Inc., 2009, pp.42

14. Sodini, I.; Lucas, A.; Oliveira, M.N.; Remeuf, F.; Corrieu, G. Effect of Milk Base and
Starter Culture on Acidification, Texture, and Probiotic Cell Counts in Fermented
Milk Processing. J Dairy Sci. 2002, 85(10), 2479-88.

PU3NYKOXEMNJCKE OCOBUMHE AINJIO®UJITHOI' MUIEKA
HNPOBUOTCKOT JOT'YPTA CA JOJATKOM ITOJIEHA

Josana P. I'] Jzymaul, Munka J. Cmujenuhj, Cnacenuja M. Munanosul?’,
Jpazuya M. Byphesuh-Munowesuh’

' Bucoxa mezunmHcka mxona Hpujenop, Huxone Iammha 4a, 79101 Ipujenop, Bocra n Xeprierousa,
? Vuupep3uter y Hosom Cajy, Texuomnomku daxynrer, Bynesap Llapa Jlasapa 1, Hosu Caz, Cp6uja
* MII J1a6, MIT Buo 1.0.0., [Tpokynauka 41, Beorpas, Cpouja

VY pany je ucnmraHa MOTYhHOCT TIPOM3BOMEE AIMIO(PIITHOT MIIEKa B TPOOHOTCKOT
jorypTa oJ MJIeKa ca pa3IMduTuM caapkajeM miedne macta (1%, 2.8% u 3.2%) u y3 no-
nmarak noneHa (0.6%). KBanuter nmponsBenenux y3opaka npaheH je mepemem pH Bpen-
HOCTH TOKOM (pepMeHTaLHje 1 CKIaIUIITeHha, TE MEPEHEM CaipiKaja MIIeUHe KUCEINHE 1
CEH30pCKUX 0cOoOMHA TOKOM 14 naHa ckiaauinTema. Ha Op3uHy depMeHTanuja je 3HaTHO
BHILIE yTULAJIA CTApTEp KyJITypa, HEro IoAaTaK MOoJIeHa WK caipxaj mieyne mactu. [lo-
JIaTaK MOJICHA j¢ 3HAYajHO YTHUIA0 HA MPOAYKIHUjy MIICYHE KHCEIMHE TOKOM CKJIAJHINTE-
ba, 0e3 0031pa Ha HUBO MJICUHE MAcTH. YTHIlA] cTpeTep Kyarypa (L. acidophilus LA-5,
S. thermophilus and L. delbrueckii ssp. bulgaricus) Ha TPOIYKIHjy MJICYHE KHUCCIUHE
HHUje OMO Tako 3Ha4yajaH Kao YTHUIAj J0JaTKa IoJieHa. ' eHepaiHo, Jojarak IOJieHa je
YTULA0 Ha MOOOJbIIAKbE (H3NYKOXEMHJCKHX M CEH30PCKUX KapaKTEePHCTHKA MPOH3Be-
JIeHOT anu10(GIIHOT MiIeKa ¥ IPOOHOTCKOT jorypTa.

Kibyune peun: anuaowiHO MIEKO, MPOOHOTCKH JOTYPT, MOJICH, (PU3NIKOXEMU]jCKE
KapaKTePUCTUKE
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INFLUENCE OF FAT CONTENT AND STARTER CULTURES ON THE
QUALITY OF FERMENTED DAIRY PRODUCTS

Mirela D. 1lici¢*, Spasenija D. Milanovi¢, Dajana V. Hrnjez, Katarina G. Kanuric,
Viadimir R. Vuki¢ and Marjan I. Ranogajec

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

The objective of this study was to investigate the effect of fat content and type of the
starter culture (traditional or probiotic) on physico-chemical quality, rheological and
textural characteristics of the fermented dairy products during 14 days of storage. Seven
different fermented dairy products of two different groups: stirred and set yoghurts were
used in this study. The rheological and textural characteristics of the analyzed type of
fermented dairy products after the production and during storage are dependent on the
chemical composition, particularly fat content.

KEY WORDS: fermented milk products, starter cultures, rheology, texture
INTRODUCTION

Fermented dairy products play an important role in the human diet, as a very important
part of the modern life style. These products are very diverse groups of high valuable
nutritional products. They are produced in strictly controlled and technologically defined
conditions by fermentation with selected microorganisms — starter cultures (1, 2). Great
progress in modern technology of fermented dairy products has been made by the deve-
lopment of new types of starter culture — probiotic bacteria, like Lactobacillus and Bifi-
dobacterium strains (3). These strains can be used instead of the traditional thermophilic
starter cultures (Streptococcus thermophilus and Lactobacillus delbrueckii spp. bulgaricus)
(4). Nowadays, the fermented dairy beverages are produced with different fat content and
enriched with a variety of ingredients (milk proteins concentrate, whey proteins concen-
trate, skim milk powder, casein, vitamins, inulin, etc.), different aromatic and functional
ingredients (5-8).

In order to enhance the quality of fermented dairy products, beside the optimization of a
technological process and choice of starter culture, a variety of ingredients with known
chemical composition is used (9-13). Structure of the gel and its textural characteristics are
influenced by several factors, including proteins concentration, incubation temperature, heat
treatment of the milk, and type of starter culture (14).

* Corresponding author: Mirela D. Ili¢i¢, University of Novi Sad, Faculty of technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: panim@uns.ac.rs
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The aim of this study was to investigate the influence of fat content and type of the
starter culture (traditional or probiotic) on physico-chemical quality, rheological and
textural characteristics of the fermented dairy products during 14 days of storage.

EXPERIMENTAL
Materials

In this study, the quality of seven different commercial fermented dairy products were
analyzed:

Sample 1 — yoghurt produced from pasteurized milk with 3.2% milk fat;

Sample 2 — yoghurt produced from pasteurized skim milk with 0% fat;

Sample 3 — fermented dairy product from pasteurized milk with 1% fat and probiotic
starter cultures and 1.5% oligofructose;

Sample 4 — yoghurt produced from pasteurized milk with 2% fat;

Sample 5 — sour milk produced from organic milk with 2.8% fat;

Sample 6 — Greek style yoghurt from pasteurized and homogenized extra fat milk
with 9.7% fat;

Sample 7 — sour milk produced from milk with 6% fat.

Methods

Physico-chemical analyses of different types of fermented dairy products were per-
formed by the following methods (15): pH value — with a pH meter (EcoScan pH6, Eutech
Instruments, Nijkerk, Netherlands); total solids (TS)-(IDF/ISO21:2010); total proteins - by
Kjeldahl method (SRPS EN ISO 8968-1:2008); ash content - by the incineration at the
temperature of 550°C (IDF 90:1979); while total sugar content was calculated as follows:

total sugar = total solids — (total proteins + milk fat + ash) [1]
and the energy value from the following formula:

Energy value = (protein % x 4.4 + milk fat % x 9.3 + total sugar % x 4.1 )
x 4.186 (kJ/100g) [2]

Textural characteristics (firmness, consistency, cohesiveness and index of viscosity)
were measured on a Texture Analyser TA XD plus (Stable Micro System, Godalming,
England) at +4°C.The force of compression was measured using back extrusion cell (A/BE)
with a diameter of 35 mm, and using 5 kg load cell. The option ,,Return to Start™ was used
and a speed disk displacement before and during the test was 1.0 mm/s. The disk had excee-
ded the distance of 30 mm. Replicate measurements of firmness for each sample were done
independently after 1%, 7" and 14" day of storage.

Viscosity of samples was measured at +4°C using a viscometer HAAKE RheoStress
600HP (Karlsruhe, Germany) with cone and plate sensor PP60Ti (gap 1 mm). Hysteresis
loop area was recorded at increasing shear rate from 0 to 200 s, followed by its decrease in
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the same span within 180 s of downward flow curve. The thixotropic test was initially
applied to characterize the flow behavior of the samples and was calculated by RheoWin
Data Manager 4 program package (Thermo Haake, Karlsruhe, Germany).

Statistical analysis of the results was carried out using the computer software program
"Statistica 9” and were expressed as average, standard deviation of values obtained in three
independent experiments.

RESULTS AND DISCUSSION
Physico-chemical characteristics of fermented dairy products
According to the results presented in Table 1, the pH values of stirred yoghurt (samples
1,2, 3 and 4) were between 4.22 (sample 1) and 4.40 (sample 3). The values for set yoghurt
varied between 4.17 (sample7) and 4.54 (sample 6). The content of total solids and milk
components depended on product type. The lowest total solids had stirred yoghurt — sample

2 (9.05%). Energy values of fermented products varied in dependence of milk fat content.

Table 1. Chemical composition and energy value of fermented dairy products

Total Total solids Ash Total | Total | Energy
Sample pH solids without fat (%) protein | sugar value
(%) (%) (%) (%) | (kJ/100g)
1 4.22 11.59 8.29 0.77 | 299 4.53 261
2 4.23 9.05 8.95 0.70 3.12 5.03 148
3 4.40 11.14 10.04 0.76 3.08 6.20 206
4 4.30 10.63 7.54 0.74 | 293 3.86 241
5 4.28 11.85 7.67 0.71 3.06 3.88 286
6 4.54 17.35 8.11 0.89 3.29 3.97 487
7 4.17 16.16 8.68 0.86 3.48 4.32 430

Rheological characteristics of fermented dairy products

The rheological characteristics were analyzed after production and after 14" day of
storage of the samples at +4°C.The obtained results indicate that all samples are thixo-
tropic system (Figure 1). All fermented dairy products exhibited a typical shear thining,
thixotropic and time-dependent flow behavior as described by Rohm (1993) (8) and
Patocka et al. (2007) (10). A higher yield stress was noticed in the type of set yoghurts
than in stirred yoghurts, which is a result of better networking of its matrix and absence
of final stirring. It was noticed that the samples produced from milk with 3.2% fat had
significantly higher yield shear stress than samples produced from milk with 0 and 1.0%
fat in the group of stirred yoghurts. These values were in accordance with the literature
data (16-18).
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Figure 1. The flow curves after production at +4°C: a) stirred yoghurt, b) set yoghurt.
During the storage (14 days), all samples of stirred yoghurt showed similar rheologi-
cal characteristics compared to this properties after the production. Two set yoghurt
(samples 5 and 7) had better rheological properties and higher value of yield stress

compared to the values after production (Figure 2).
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Figure 2. The flow curves after 14 day of storage at +4°C: a) stirred yoghurt and
b) the set yoghurt.

Values of the hysteresis loop area were calculated based on the flow curves of
fermented dairy products (Figure 3). The hysteresis loop area (HLA) is the indicator of
yoghurt structural breakdown and rebuilding (degree of thixotropy) during shearing (19,
20). Samples of the set yoghurts showed the highest hysteresis loop area values at +4°C,
followed by the samples of stirred yoghurt. The highest values of HLA in set yoghurt
indicate better structural reversibility of these samples during the shearing. The differen-
ces in the value of HLA among different types of fermented milk products could be ex-
plained by a structuring effect of using starter culture, different chemical composition of
samples, and process parameters during the manufacture (18, 21). The average HLA va-
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lue of stirred fermented dairy products is 1180 Pa/s. The set yoghurt samples had much
higher values of HLA, then stirred yoghurt, and also higher values in comparison to the
literature data.
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Figure 3. Hysteresis loop area of fermented milk products

These results are in correlation with the results of textural characteristics which were
also higher after 14 days of storage.

Textural characteristics of fermented dairy products

Textural characteristics of fermented dairy products after the production are presented
in Table 2. The type of fermented milk products and its chemical composition had signi-
ficant impact on the overall textural characteristics of the samples, which is also presen-

ted in the literature (22, 23).

Table 2. Textural characteristics of fermented dairy products after production

Sample Firmness Consistency Cohesiveness | Index of viscosity
(€9) (gs) (€] (gs)

1 17.207+1.27 435.508+30.84 | -11.352+1.40 -7.556+1.89

2 13.9794+0.22 354.037+4.88 -8.632+0.29 -3.109+0.10

3 13.468+0.13 346.188+5.77 -8.384+0.10 -3.048+0.07

4 13.949+0.36 352.534+5.57 -8.241+0.11 -2.975+0.16

5 192.268 3667.425 -101.455 -206.740

6 38.157+0.68 914.412+46.12 | -25.824+0.66 -75.135+1.61

7 356.994 7119.068 -177.505 -338.767

The lowest firmness was obtained for the samples of stirred yoghurts. The firmness of
stirred yoghurt (samples 1, 2, 3 and 4) was between 13.468 g (sample 3) and 17.207g
(sample 1). The lowest firmness for the set yoghurt had sample 6 (38.157g) and the highest
sample 7 (356.994¢). Like firmness, the lowest cohesiveness was obtained for stirred yog-
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hurt, between -8.241g (sample 4) and -11.352g (sample 1). The set yoghurts had higher
cohesiveness. Among them, sample 6 again had the lowest (-25.824 g) and sample 7 the
highest value (-177.505g).

Moreover, sample 7 of set yoghurt had the highest value of textural characteristics,
which is in correlation with the chemical composition. As it was expected, the stirred
yoghurt had significantly lower values of all textural characteristics due to the different
technological process of production and final stirring of the products. Even, addition of
1.5 % oligofructose to samples 3 did not improve its textural characteristics, which
indicated a more significant impact of the milk fat content (sample 1-3.2% milk fat,
sample 3-1.0% milk fat) on textural characteristics of this type of fermented milk pro-
ducts. These results are in correlation with the rheological characteristics and chemical
compositions of the samples.

During the storage, the textural characteristics of all types of fermented dairy products
changed. The changes of firmness of the samples are shown in Figure 4. The obtained
values of firmness were higher on the 14" day than on the 7" day of storage. The activity of
the applied starter culture (postacidification) and fat content during the storage had a great
influence on the measured values of firmness. These results are in concordance with the
previous data (17,18).

a) b)
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= |
B Sample 3 _g 200,0 — —— B Sample 7
B Sample 4 | I I
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Figure 4. Firmness of fermented milk products during storage: a) stirred yoghurt, b) set
yoghurt

CONCLUSION

The differences in the physico-chemical, rheological and textural characteristics bet-
ween two groups (seven samples) of fermented dairy products after the production and
during 14 days of storage were observed.

The obtained results showed that the total solids, milk fat content and starter cultures
had great influence on the quality of the analyzed samples. The highest yield stress and
hysteresis loop area were noticed in the type of set yoghurts. The results of the rheological
parameters of fermented dairy products are in correlation with their textural characteristics.

Set yoghurts had better textural characteristic (firmness, consistency, cohesiveness
and index of viscosity) in comparisons to stirred yoghurt samples. Generally, during the
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storage samples of stirred and set yoghurt showed better rheological properties and higher
firmness compared to the values after the production.
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YTHUIAJ CAAPKAJA MUIEYHE MACTH U CTAPTEP KYJITYPE HA
KBAJIUTET ®EPMEHTHCAHUX MJIEYHUX ITPOU3BOJA

Mupena J[. Unuuuh*, Cnacenuja /]. Munanosuh, /lajana B. Xproes,
Kamapuna I'. Kanypuh, Braoumup P. Bykuh, Mapjan U. Panoeajey

VYuusepsuter y HoBom Cany, Texunomnomku dakyirer, Bynesap napa Jlazapa 1, 21000 Hosu Cax, Cpouja

VcnuraH je yTHIaj MacTH M BPCTE CTapTep KYJIType Ha (GU3MYKO-XEMHjCKU KBAIIUTET,
PEOJIONIKE U TEKCTypaliHe KapaKTePUCTHKE (PepPMEHTHCAHNX MIICYHHUX HPOU3BOJIAa TOKOM
14 nana ckinaauInTeha. AHAIM3UPAHE Cy JBE pa3iMyuTe rpyne GEepMEHTHCAHUX MJICU-
HHUX MPOM3BOJIA: TEYHU U YBPCTH jOTYPT.

Y30piu YBpCTOr jorypTa MMajy 00sba peoJiolika CBOjcTBa U Behe BPEIHOCTH TEKCTY-
paJHUX KapaKkTepucTHKa (YBpcToha, KOH3UCTEHIIUja, KOXE3UBHOCT M MHICKC BHCKO3UTE-
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Ta) y mopehemy ca y3opunma TedHOT jorypra. TOKOM Ieprona CKIAAWIITeHa Y30pIH
TEYHOT jOTypTa IIOKa3yjy CIMYHE KapaKTepHCTHKE, Ka0 M HaKOH IPOU3BOAme. BpeaHo-
CTH NPHHOCHOT HAIIOHA, NMOBPILIMHE XHUCTEpe3HCcHe NeTsbe U uBpcTohe cy Behe xox nBa
y30pKa YBPCTOT jOTYpTa TOKOM CKIaAUINTEHa y nopehemy ca aHaIM3UpaHUM Hapamer-
pUMa HaKOH MPOU3BOJIBE.

Kibyune peun: ¢pepMeHTHCAaHU MIJIEYHU NTPOM3BOAM, CTAPTEP KYJITYpeE, PEojoruja, TeKc-
Typa
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LIPID AND SUGAR PROFILES OF VARIOUS
BARLEY CULTIVARS (Hordeum vulgare)

Kristian A. Pastor'*, Marijana M. Ac¢anski', Djura N. Vuji¢', Ankica P. Kondié-Spika’
and Nikola S. Hristov’

""University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
?Institute of Field and Vegetable Crops, Maksima Gorkog 30, 21000 Novi Sad, Serbia

The lipid components and soluble sugars in flour samples of different cultivars of bar-
ley (Hordeum vulgare), involving winter malting barley, winter forage barley, spring
barley, and hulless barley, were identified). Fatty acids were extracted from flour samp-
les with n-hexane, and derivatized into volatile methyl esters, using TMSH (trimethylsul-
fonium hydroxide) in methanol. Soluble sugars were extracted from defatted and dried
samples of barley flour with 96% ethanol, and further derivatized into the corresponding
trimethylsilyl (TMS) oximes, using hydroxylamine hydrochloride solution and BSTFA
(N, O-bis-(trimethylsilyl)-trifluoroacetamide). The hexane and alcoholic extracts of barley
cultivars were analyzed by GC-MS system. Lipid and sugar compositions were very
similar in all barley cultivars. Therefore, multivariate analysis was applied to numerical
values of automatically integrated areas of the identified fatty acid methyl esters and
TMS oximes of soluble sugars. The application of hierarchical cluster analysis showed a
great similarity between the investigated flour samples of barley cultivars, according to
their fatty acid content (0.96). Also, significant, but somewhat less similarity was obser-
ved regarding the content of soluble sugars (0.70). These preliminary results indicate the
possibility of distinguishing flour made of barley, regardless of the variety, from flours
made of other cereal species, just by the analysis of the contents of fatty acids and soluble
sugars.

KEY WORDS: barley cultivars, lipid composition, soluble sugar composition, GC-MS,
cluster analysis

INTRODUCTION

Research involving non-wheat flours has been stimulated tremendously by world food
problems resulting primarily from expanding populations. Developing countries are much
too dependent on costly imported grain; insufficient food and inadequate nutrition are
widespread problems. Non-wheat flours have the potential of being economically benefi-

* Corresponding author: Pastor Kristian, University of Novi Sad, Faculty of Technology, Bulevar Cara Lazara
1,21000 Novi Sad, Serbia, e-mail: pastor@tf.uns.ac.rs
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cial to both developing and industrial countries and of making large nutritional contribu-
tions, particularly in developing countries (1). Small grains of high quality have been do-
minant on the world market in the last decade. Special importance is given to the impro-
vement of yield and quality potential of alternative small grains due to their constant de-
mand and shortage on the world market. Improvement of small grains processing has
great potential primarily in increasing quality of raw materials, improvement of proces-
sing equipment and quality of final products, which would significantly affect the com-
mercial sector (new products, new processing methods, expanding the range of small gra-
in products etc.) (2). Barley (Hordeum vulgare) is used almost entirely as feed and as a
grain for brewing and for ethanol production (1). Fortification of bread with barley
significantly improves the nutritional quality of bread due to increased levels of dietary
fiber and B-glucans, and qualifies the product (in some countries) to carry a health claim,
relating the presence of B-glucans with reducing the risk of cardiovascular diseases, heart
diseases, constipation (3) and type II diabetes (4).

Barley is a rich source of tocols, including tocopherols and tocotrienols, which are
known to reduce serum LDL cholesterol through their antioxidant action (5). Soong et al.
(2014) investigated total phenolic content, which is found to be positively correlated with
total antioxidative capacity in muffins made of different cereal species. They proved that
muffins made with barley flour had the highest phenolic content compared to corn, oat,
wheat and rise (6). Wholegrain barley foods also appear to be associated with increased
satiety and weight loss.

There is great potential to utilize barley in a large number of cereal-based food pro-
ducts as a substitute partially or wholly for currently used cereal grains such as wheat
(Triticum aestivum), oat (Avena sativa), rice (Oryza sativa), and maize (Zea mays).

Barley is arguably the most widely adapted cereal grain species with production at
higher latitudes and altitudes and farther into deserts than any other cereal crop. It is in
extreme climates that barley remains a principal food source today, e.g., Himalayan na-
tions, Ethiopia, and Morocco.

The aim of this study consists of two different parts: (i) the application of gas chroma-
tography-mass spectrometry system (GC-MS) to determine lipid and soluble sugar com-
position in hexane and ethanol extracts of various barley cultivars; and (ii) the application
of multivariate data analysis to investigate the similarity of analyzed cultivars and the
possibility to determine the authenticity of barley flour based upon mutual similarities
among the samples, considering the importance of barley flour addition in non-wheat and
mixed flour bakery products. These results could be integrated in the procedures for flour
quality assurance.

EXPERIMENTAL
Sample preparation
All analyzed barley samples were obtained from the Small Grains Department at the

Institute of Field and Vegetable Crops "NS Seme", Novi Sad, Serbia: three cultivars of
winter malting barley (Novosadski 525 - B1, NS Pinon - B2, NS Zitos - B3), three culti-
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vars of winter forage barley (Atlas - B4, Somborac - B5, Rudnik - B6), one spring barley
cultivar (NS Marko - B7), and one hulless barley cultivar (Golijat - B8). All barley samp-
les were grown in the same year and at the same location, thus enabling a comparison in-
dependent from the differences in the environmental conditions.

About 10 g of each barley cultivar were ground using a laboratory mill (Falling num-
ber 3100, Sweden). An amount of 0.5 g of barley flour sample was poured in a 12 mL
cuvette for centrifugation. The cuvette was afterwards filled with 5 mL of n-hexane and
stirred on Vortex for 2 min, after which the mixture was centrifuged at 2000 rpm for 5
min. A volume of 3.00 mL of clear supernatant of each sample was separated into a 10
mL glass beaker and dried under nitrogen flow. The residue was first dissolved in 400 puL
of methylene chloride, and then 100 pL of 0.2 M trimethylsulfonium hydroxide in
methanol (TMSH, Macherey—Nagel) was added, to achieve the derivatization into vola-
tile methyl-esters (7).

After removing the hexane fractions, the barley flour samples remained defatted.
Samples of defatted flour were dried in the air. 5 mL of 96% ethanol (Merck) was added
to each dried sample. The mixture was vortexed for 2 min and centrifuged at 2000 rpm
for 5 min. A volume of 2.00 mL of clear supernatant was separated and 50 UL of 10% so-
dium hydroxide in ethanol and 50 uL of 10% hydroxilamine hydrochloride solution were
then added, through which oximes of sugars were obtained in ethanol solution. The mix-
ture was dried under nitrogen flow. The residue was first dissolved in 400 UL of methy-
lene chloride and 50 UL of BSTFA (N,O-bis-(trimethylsilyl)-trifluoroacetamide, Mache-
rey-Nagel) was added, by oximes were derivatized into trimethylsilyl-oximes (TMSO)
(8). By creating TMSO, two peaks corresponding to the syn (E) and anti (Z) forms per re-
ducing sugar are obtained and a single peak for any non-reducing carbohydrate which
does not form oximes. These derivatives are applicable to both aldoses and ketoses, and
have been widely used for the determination of carbohydrate complex mixtures, such as
flour of cereals, as they present good GC properties and provide simple chromatograms
).

All samples were prepared and analyzed in triplicates.
GC-MS analysis

The GC-MS analyses were performed on an Agilent Technologies 7890 gas chroma-
tograph coupled to 5975 mass spectrometer (Agilent Technologies, Palo Alto, CA, USA),
operating in EI mode at 70 eV. A DB-5 MS column (30m % 0.25mm x 25um) was used.
The same experimental conditions were used to determine both lipid and simple sugar
profiles. The temperature program was: 50-130°C at 30°C/min and 130-300°C at 10°C/
min. The injector temperature was 250°C. The flow rate of the carrier gas (helium) was
0.8 mL/min. A split ratio of 1:50 was used for the injection of 1 UL of sample solutions.

Data processing

The analysis of the obtained chromatograms was performed using the MSD Produc-
tivity ChemStation program. WILEY 275 library was used for the mass spectra analysis.
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PAST program was used for statistical data processing (10). Hierarchical cluster ana-
lysis of integrated surface areas of derivatized lipid and simple sugar compounds were
performed. Data points were clustered using paired group algorithm and correlation
similarity measure.

RESULTS AND DISCUSSION

Figure 1 shows the overlaid chromatograms of 8 samples of barley flour extracts: (A)
overlaid chromatograms of lipid components; (B) overlaid chromatograms of soluble
sugar components.
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Figure 1. Overlaid chromatograms of 8 samples of barley flour:
(A) lipid components; (B) soluble sugar components

68



APTEFF, 46, 1-269 (2015) UDC: 633.16:547.915:664.1:543.544.3
DOI: 10.2298/APT1546065P BIBLID: 1450-7188 (2015) 46, 65-75
Original scientific paper

The Wiley 275 mass spectra library was used for the identification of detected compo-
nents in both hexane and ethanol extracts. The components of each barley flour extract
were identified according to the characteristic fragmentations for each group of com-
pounds — lipid and soluble sugar compounds.

Using the MSD Productivity ChemStation program the peaks of compounds of inte-
rest were integrated automatically from the chromatograms of both hexane and ethanol
extracts of barley flour samples. The numerical values of integrated surface areas were
subjected to the multivariate analysis using PAST program. A fundamental idea in multi-
variate data analysis is to regard the distance between objects in the variable space as a
measure of the similarity of the objects. Hierarchical cluster analysis is a complementary,
nonlinear, and widely used method for cluster analysis, with the result represented by a
dendrogram (11). Paired group algorithm and correlation similarity measure were applied
in all cases, because it provided the highest values of cophenetic correlation coefficient.

Hexane extracts analysis
Table 1 lists the identified lipid components in hexane extracts.

Table 1. Compounds detected in hexane extracts of analyzed barley samples

Lipid compound Rt

Dodecanoic acid, methyl ester 8.08

Nonanedioic acid, dimethyl ester 8.34
Tetradecanoic acid, methyl ester 10.20
9-Dodecenoic acid, methyl ester, (E)- 10.98
Pentadecanoic acid, methyl ester 11.23
9-Hexadecenoic acid, methyl ester 12.04
Hexadecanoic acid, methyl ester 12.25
Heptadecanoic acid, methyl ester 13.19
9,12-Octadecadienoic acid (Z, Z), methyl ester 13.92
9-Octadecenoic acid (Z)-, methyl ester 13.96
Octadecanoic acid, methyl ester 14.12
11-Eicosenoic acid, methyl ester 15.67
Eicosanoic acid, methyl ester 15.90
Heneicosanoic acid, methyl ester 16.69
Ricinoleic acid methyl ester 16.90
Octadecanoic acid, 9,10-dihydroxy-methyl ester 17.23
13-Docosenoic acid, methyl ester 17.31
Docosanoic acid, methyl ester 17.48
15-Tetracosenoic acid, methyl ester 18.98
Tetracosanoic acid, methyl ester 19.17
Hexacosanoic acid, methyl ester 21.45

*The components written in italic are present in all barley flour samples
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By looking at the overlaid chromatograms in Figure 1 (A) and Table 1 it can be said
that the chromatograms can be divided into three different parts. First part includes met-
hyl esters of minor fatty acids with less than 16 carbon atoms in the molecule (Rt < 11.23
min). The second part includes methyl esters of the most abundant fatty acids, i.e. satura-
ted and unsaturated fatty acid methyl esters with 16 and 18 carbon atoms in the molecule
(Rt=12.04+14.12 min): hexadecanoic (palmitic), 9,12-octadecadienoic (linoleic), 9-octa-
decenoic (oleic), and octadecanoic (stearic) acid. 9-hexadecenoic (palmitoleic) and hep-
tadecanoic (margaric) acid methyl esters were also detected in the second part, but in
much smaller quantities. The third part of the chromatograms is composed of methyl es-
ters of saturated and unsaturated fatty acids with more than 18 carbon atoms in the mo-
lecule, which also appear in smaller amounts in all barley samples (Rt > 15.25 min).

The dendrogram of 8 barley flour samples constructed based on the lipid components
detected in the hexane extracts is presented in Figure 2.
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Figure 2. Dendrogram of lipid component correlations from Table 1, present in 8
samples of barley flour

The correlation similarity measure among barley samples is very high (r>0.96). The
flour samples of barley hybrids are divided in three groups (B1, B2, B3), (B4, BS), (B7,
B8), but they still represent great similarities between the groups. The properties of bar-
ley flour sample B6 slightly differ compared to the other barley samples, regarding its
lipid composition, but its similarity with the other samples is still very high (r~0.96).

The obtained value of cophenetic correlation coefficient was very high (0.9951),
which means that the dendrogram preserves very faithfully the pairwise distances bet-
ween the original unmodeled data points.
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Analysis of ethanol extracts
Table 2 lists the identified soluble sugars in ethanol extracts of 8 barley flour samples.

Table 2. Compounds detected in ethanol extracts of the analyzed barley samples

Simple sugar compound Rt
Xylitol, 1,2,3,4,5-pentakis-O-(trimethylsilyl)- 10.40
Arabinopyranose, tetrakis-O-(trimethylsilyl)- o-D- 11.30
D-Mannitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- 12.61
D-Glucitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- 12.69
Xylitol, 1,2,3,4,5-pentakis-O-(trimethylsilyl)- 12.80
D-Glucitol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- 13.25
D-Glucopyranose, 1,2,3,4,6-pentakis-O-(trimethylsilyl)- 16.09
o-D-Glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)--D- 17.84
fructofuranosyl 2,3,4, 6-tetrakis-O-(trimethylsilyl)- )
o-D-Glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)--D- 18.38
fructofuranosyl 2,3,4, 6-tetrakis-O-(trimethylsilyl)- )
D-Turanose, heptakis(trimethylsilyl)- 18.57
Melibiose, octakis(trimethylsilyl)- 18.80
o-D-Glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)--D- 18.92
fructofuranosyl 2,3,4, 6-tetrakis-O-(trimethylsilyl)- )
o-D-Glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)-B-D- 20.85
fructofuranosyl 2,3,4,6-tetrakis-O-(trimethylsilyl)- )
o-D-Glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)-B-D- 2139

fructofuranosyl 2,3,4,6-tetrakis-O-(trimethylsilyl)-

* The components written in italic are present in all barley flour samples

By observing the overlaid chromatograms in Figure 1 (B) and the detected compo-
nents in Table 2 it can be concluded that soluble sugar components, present in all the bar-
ley flour samples include monosaccharides and sugar alcohols: pentose and pentitol (ara-
binose and xylitol), hexose and hexitols (glucose, glucitol and mannitol), but also some
reducing disaccharides (turanose and melibiose). The most abundant component detected
in the chromatograms of ethanol extracts is definitely a disaccharide, identified as the
non-reducing sugar - sucrose, which represents the highest peaks on the chromatograms,
eluting at 17.84 min, 18.38 min and 21.39 min.

The similarity of the barley flour samples obtained by applying hierarchical cluster
analysis of compounds selected in the chromatograms of the ethanol extracts, by using all
sugar components that are present in the obtained chromatograms (monosaccharides, di-
saccharides and sugar alcohols), is shown in Figure 3. The figure depicts the dendrogram
of the analyzed barley samples obtained according to soluble sugars.

71



APTEFF, 46, 1-269 (2015) UDC: 633.16:547.915:664.1:543.544.3
DOI: 10.2298/APT1546065P BIBLID: 1450-7188 (2015) 46, 65-75
Original scientific paper

@ @ @ 13 [ 13 @ @

J J

Figure 3. Dendrogram of simple sugar component correlations from Table 2,
present in 8 samples of barley flour

In this case, based on the soluble sugar content, the branch with the sample B3 is se-
parated from the other samples, which are much more similar among each other. The cor-
relation similarity measure for all the samples was, however, very high, above r>0.995.
According to the soluble sugar content, samples B7 and B8 are grouped together in one
branch because of the highest similarity, while samples B1, B2, B6, B5 and B4 manifest
slight differences and their branches join individually in the order mentioned.

It can be said that the similarity among the barley samples, when comparing their
ethanol extracts, was above 0.70, which is significantly lower compared to the similarity
between the hexane extracts of the same samples, but still represents a relatively high si-
milarity.

The obtained value of cophenetic correlation coefficient was again very high (0.9837).

CONCLUSIONS

All samples of flour produced of different barley cultivars give similar chromatog-
rams of hexane and ethanol extracts, lipid and soluble sugar compositions and, therefore,
high values of similarity measures. With the application of multivariate analyses to inte-
grated surface areas of identified lipid and soluble sugar compounds, the samples of bar-
ley flour of different cultivars can be grouped together into clusters on the dendrograms
based on the mutual similarities of their hexane and ethanol extracts. Studies regarding
various cultivars of other cereal (corn, wheat) and pseudocereal species (amaranth, buck-
wheat), as well, has already proven high similarities of the lipid and simple sugar profiles
of samples with the same botanical origin. In this way, our future research will be direc-
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ted towards the identification of barley flour during procedures concerning the flour qua-
lity control on the world market, apart from the analyzed samples of barley cultivars.
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JUIMUIHU 1 LIEREPHU ITPO®UJIN PASJIMYUTUX COPTH JEUMA
(Hordeum vulgare)

Kpucmuan A. Hacmop’, Mapujana M. Auancku’, Bypa H. Byjul’,
Anxuya B. Konouh-IlInuxa’, Huxona C. Xpucmog®

! Vuusepsurer y Hoom Cany, Texsonomku pakyirer, Bynesap napa Jasapa 1, 21000 Hosu Caz, Cpbuja
2 MIHCTHTYT 3a paTapcTBO M MOBpTapcTBo, Makcuma Fopkor 30, 21000 Hoeu Can, Cp6uja

Y oBOM pany MISHTU(QHKOBAHE Cy JIMIKIHE KOMIIOHEHTE U pacTBOpJbUBH Liehepu y
y30pIMa OpaliiHa pasiuyuTux coptH jeuma (Hordeum vulgare). Ucnutane cy cienche
copre jeuma: 3 y30pKa COpTE O3MMOI NHUBCKOT jedMa, 3 y30pKa COpPTE€ O3MMOI CTOYHOT
jeuMa, M 1O jefaH y30paK COpPTH japor M rojio3uMmor jeuma. M3 y3zopka OpamrHa jeuma
IIPBO Cy XEKCAHOM EKCTpaxoBaHE MacHE KHCEJIMHE, KOje Cy 3aTHUM JEepPHBaTH30BaHE Y
onrosapajyhe, ucrapspuBe METHII-eCTpe, IPUMEHOM peareHca 3a aepuBaruzanujy TMSH
(TpuMeTnICynhOHNj yM-XUIPOKCU Y MeTaHOY). HakoH Tora, o6e3mamhenn U ocymeHn
y30pIHM jeuMeHOT OpallHa MOABPTHYTH Cy €KCTpaKUUju 96%-THHUM €TaHOJIOM, YUME CY
W3/IBOjEHN PacTBOPJbUBH Iiehepu, Koju cy najbe JepuBaTH3oBaHu y onrosapajyhe TMS-
OKCHME, TIPUMEHOM pacTBOpa XuapokcmiaMmuH-xunpoxiopuga u BSTFA (H, O-6wmc-
(TpuMmeTnicHIIII)-TpUduTyopoaleTaMu,). XeKCaHCKU M aJIKOXOJHU €KCTPAKTH COPTH jed-
Ma aHaJM3MpaHu Cy MPUMEHOM racHe xpomarorpaduje - Mmacene crnekrpomerpuje (GC-
MS). CacraB nunuaHux, Kao U ehepHUX KOMIOHEHaTa je OMO BpJIO CIMYaH KOJ| CBUX
coprtu. Crora je 3a Jjajby 00pajy mojaraka npruMemheHa MyJITHBAapHjaHTHA aHaIM3a HyMe-
PUUYKHX BPEAHOCTH MHTETPUCAHUX MOBPLIMHA WAEHTH()UKOBAHMX METHJI-€CTapa MacHHUX
KHCeNIMHA W TPUMETHJICHINI-OKCUMa pacTBopsbuBuX mmehepa. [IpuMeHa xujepapxujcke
KJIacTep aHajM3e MoKa3yje BeoMa BeJIMKE CIMYHOCTH M3Mel)y McrmTaHux y3opaka Opari-
Ha COPTH jeuMa, 110 caapxkajy MacHuX kucennHa (0.96). Takohe 3Ha4ajHa, aju HEIITO Ma-
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Ba CIMYHOCT YCTAaHOBJbEHA je KOA campikaja pactBopspuBux mehepa (0,70). Opu mpemu-
MHUHAPHHU PE3yJITaTH YKa3yjy Ha MOTYhHOCT pa3iMKoBama jedMeHor OpaiiHa, 6e3 003upa
Ha COpTY, Of OpalllHa IpyruX >KUTApULa aHAIH30M calpikaja MACHUX KHCEJIHHA M pacT-
BOpJBMBHX Iehepa.

Kibyune peun: copre jeuma, JIMIMIHU cacTas, cactaB npoctux inehepa, GC-MS, kinac-
TEep aHaIM3a
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TREATMENT OF SUGAR BEET EXTRACTION JUICE STILLAGE BY
NATURAL COAGULANTS EXTRACTED FROM COMMON BEAN

Jelena M. Prodanovi¢*, Marina B. S¢iban, Mirjana G. Antov, Dragana V. Kuki¢
and Vesna M. Vasic

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

Distillery wastewaters have a great pollution potential, and pollution caused by them
is one of the most critical environmental issues. This study is concerned with the coagu-
lation efficiency of a new, environmental friendly, natural coagulant extracted from com-
mon bean seeds in the primary treatment of distillery wastewater in the bioethanol pro-
duction from sugar beet juice. Active coagulation components were extracted from
ground seeds of common bean with 0.5 mol/L NaCl. The obtained raw extract was used
as a coagulant. The coagulation efficiency was measured by jar test at different pH va-
lues of wastewater, and a decrease in organic matter content was determined. The expe-
riments confirmed that natural coagulant from common bean could be successfully used
for the treatment of extraction juice distillery wastewater. The highest coagulation effici-
encies were achieved at the pH 5.2 with a coagulant dose of 30 mL/L, and at the pH 8.5
with a coagulant dose of 5 mL/L, and they were 64.71% and 68.75% respectively. These
encouraging results indicate that natural coagulant from common bean seeds is a poten-
tial alternative to conventional chemical coagulant/flocculant agents for treatment of
wastewaters.

KEY WORDS: Natural coagulants, common bean, distillery wastewater, organic matter
removal

INTRODUCTION

Bioethanol, both clean and renewable fuel, is believed to be a good alternative to oil
and expected to play a more significant role in the future (1-3). The worldwide prognoses
are the further increase in the production and consumption of biofuels, among other bio-
ethanol (4).

Molasses, a by-product of sugar production from sugar beet, is commonly used feed-
stock for bioethanol production. Besides, some intermediate products from sugar produc-
tion can be used for fermentative bioethanol production, and these are: extraction juice,
thin juice and thick juice. Among these juices, extraction juice is the most suitable for

* Corresponding author: Jelena M. Prodanovi¢, University of Novi Sad, Faculty of Technology, Bulevar Cara
Lazara 1, 21000 Novi Sad, Serbia, e-mail: jejap@uns.ac.rs
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ethanol production from the economic point of view, since the cost of its production is
considerably lower than the cost of production from the other two juices.

During bioethanol production, the distillery wastewater (spent wash or stillage) is ge-
nerated in large quantities. The production and properties of stillage are highly variable
and depend on the feedstocks and various aspects of the bioethanol production process. In
general, distillery wastewaters have an extremely high pollution potential: high biological
oxygen demand (BOD), chemical oxygen demand (COD) and high BOD/COD ratio.
They also contain substances such as potassium, phosphates, nitrogen, calcium and sul-
phates (5,6). Inappropriate disposal of the stillage leads to pollution of soil, surface- and
ground-waters. As awareness regarding the environmental impacts caused by the uncon-
trolled disposal of stillage grows, the bioethanol production sector faces noticeable chal-

lenges.

Stillage volume is approximately 10 times that of ethanol produced, so that properly
use of this by-product is an important issue to address. Since stillage contains many va-
luable ingredients, it is used as fodder, as a base for further microbiological production
(for example biogas, SCP etc.), as a fertilizer, etc. (7). The stillage can be processed as a
whole or it is screened or centrifuged to produce thin stillage and wet distillers’ grain. Se-
paration of wastewaters to tin and concentrated fractions gives new possibilities of their
uses (8).

Thin stillage could be obtained from whole stillage, also by settling enhanced by coa-
gulation and flocculation. Coagulation and flocculation are the essential processes used
for the removal of particulates and organic matter from wastewaters, and are usually
conducted by adding chemicals such as salts of aluminium and iron and polyelectrolytes.
The sludge remaining after coagulation and flocculation cannot be used as fertilizer or
feed, since it contains residues of coagulants and flocculants that are potentially hazar-
dous to health (9-12). Besides, the alum sludges are gelatinous, acidic and difficult to de-
water and to dispose of in the environment (13). Also, a biological post-treatment of this
sludge may be problematic, since the residues of coagulants and flocculants can cause ob-
structions during this process. The lowering of the pH of treated water, and the increase
in the conductivity are additional disadvantages of alum usage (13).

Recently, intensive investigations of natural coagulants have bean conducted in order
to replace above chemical coagulants and flocculants for water and wastewater treatment.
Natural coagulants are mainly extracted from plant tissues. It is believed that they are not
harmful, and besides, the resulting biodegradable sludge can be simply anaerobically tre-
ated and disposed in the nature without any harmful influence. Compared to chemical
coagulants, natural coagulants are relatively cost-effective and can be easily processed in
a usable form (14). Also, compared to alum, they generate up to six times less sludge vo-
lume (15-17).

The most investigated plant in terms of natural coagulants derivation is Moringa
oleifera. M. oleifera seed extract is very efficient for water (18-22) and wastewater
treatment (15,17,23-25). There are only some data on the performance of other plant
extracts as natural coagulants. Although natural coagulants from M. oleifera are undoub-
tedly good, it is a plant widespread in tropical areas. Because of that it is also necessary
to investigate the possibility of extraction of natural coagulants from sources that are
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cheap and easily available in tempered climate zone. Our previous investigations confir-
med the fact that seed extracts of various strains of Leguminose (Fabaceae) family could
be used as natural coagulants (26-28). This research was aimed to investigate the efficien-
cy of the use of natural coagulants extracted from common bean seeds (Phaseolus vulga-
ris) for treatment of wastewater remaining after bioethanol production on sugar beet ex-
traction juice as a substrate. Beside its availability, common bean seeds do not contain oil
unlike M. oleifera seeds (29) — there is no need for oil extraction by organic solvents, thus
a delipidation step can be avoided, which is beneficial for both economic and environ-
mental reasons.

EXPERIMENTAL
Fermentation and wastewater

The fermentation process of bioethanol production based on sugar beet extraction
juice was carried out in laboratory, as described previously (30). Bioethanol and other
evaporative components were isolated from the fermented mash by distillation. The dis-
tillation was ended when 10% of the volume of the fermented mash vaporized and con-
densed. The residue of the fermented mash which comes out as a liquid waste is termed
as distillery wastewater, spent wash or stillage. Distillery wastewater was stored in a
refrigerator at +4°C.

Natural coagulant

Natural coagulant was obtained in accordance with our previous investigations (26,
31), in the following way: common bean (P. vulgaris) seeds were ground and sieved thro-
ugh a sieve with 0.4 mm pore size. An amount of 10 g/L of the smaller fraction was sus-
pended in 0.5 mol/L solution of NaCl. This suspension was stirred 10 minutes on a mag-
netic stirrer in order to extract active coagulant. After that, the suspension was filtered
through filter paper Macherey-Nagel MN 651/120. The obtained filtrate was stored in a
refrigerator at +4°C, and used as natural coagulant.

Coagulation test

Coagulation activity was assessed by the jar test using wastewater obtained after bio-
ethanol production. The traditional experimental method, one variable (dose of coagu-
lant) at a time was applied at different pH values of the wastewater. The wastewater pH
value was adjusted by adding 33% NaOH just before performing the coagulation test.
The jar test was carried out by adding different amounts of extract to 150 mL of waste-
water. After fast stirring at 150 rpm for 1 minute in order to disperse the coagulant, it was
continued with slower stirring at 60 rpm for 30 minutes in order to promote the floc-
culation of the suspended and colloidal particles present in the wastewater, and after that
the system was left for 1 h for sedimentation. The same coagulation test was conducted
with no coagulant as a blank. After 1 hour of sedimentation, the residual COD was deter-
mined in the upper clarified liquid fraction and coagulation activity was calculated as:
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Coagulation activity (%) = (COD,, — COD;) - 100 / COD, [1]

where COD,, and CODjy are the COD of the blank and the sample, respectively.
All experiments were performed in duplicate, and the mean value is given as the final
result.

Analytical methods

In distillery wastewater the following parameters were determined: pH, Dry matter,
Fixed residue, Suspended solids, Fixed residue of suspended solids, Settleable matter,
Total nitrogen, Phosphates, and COD. All of the parameters were determined according
to Standard Methods for the Examination of Water and Wastewater (32).

RESULTS AND DISCUSSION

Analysis of wastewater

Wastewater remaining after laboratory bioethanol production from extraction juice,
were analyzed. Since the quantity of wastewater obtained from one fermentation experi-
ment was not large, it was prepared over and again, and the average values with standard
deviations of the determined parameters are presented in Table 1.

Table 1 Results of the analysis of the wastewater obtained after bioethanol production
from extraction juice

Parameter Mean value Standard Coeficient of
deviation variation® (%)

pH 4.32 0.13 3.0

Dry matter (g/L) 41.04 0.55 1.3

Ash (g/L) 4.88 0.51 10.5

Organic dry matter (g/L) 35.66 0.36 1.0

% of organic dry matter 86.88 0.29

Suspended solids (g/L) 14.66 0.26 1.8

Fixed residue of suspended

solids (/L) 1.21 0.3 24.8

Organic dry matter of

suspended solids (g/L) 13.64 0.21 1.5

Settleable matter (mL/L) 9.25 3.88 41.9

Total nitrogen (mg/L) 1323 224 18.4

Phosphates (mg/L) 17 4 23.5

COD (mg Oy/L) 83178 4356 5.2

* Coeficient of variation = (Standard deviation/Mean)-100

Considering data given in the works of Mutton et al. (5) and Wilkie et al. (6), it can be
concluded that the values of COD of investigated extraction juice stillage are similar to
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those of sugarcane molasses stillage and higher than those of sugarcane juice stillage. At the
same time, sugar beet molasses stillage has higher COD values than the extraction juice
stillage (5,30), which can be explained by the presence of melanoidins formed in the
Maillard reaction of sugars with proteins and other coloured compounds, such as phenolics
(tannic and humic acids), caramels from overheated sugars and furfurals from acid hydro-
lysis (33). Although data for a large number of different stillages are presented in the paper
of Wilkie et al. (6), this cannot be a general conclusion since the coefficients of variation
(when calculated for the data given in that study) are considerably high — in the range of
25% - 75%. Compared to data on cane molasses stillage presented in the paper of Mohana
et al. (34), most of the parameters of extraction juice wastewater shown in Table 1 are much
lower.

The quantity of settleable matter in the investigated stillage is very low compared to the
quantity of suspended solids, which make up about 35% of dry matter. This means that sus-
pended solids are stable in the stillage, and it is necessary to apply coagulation to ensure
their destabilization.

Wastewater treatment by natural coagulant

The efficiency of common bean extract as a natural coagulant for organic matter
removal from wastewater was investigated. The extracts of bean seeds contain different
substances with coagulation ability: proteins, carbohydrates, phytic acid etc. (35). Because
of that, the very complex reactions can occured during the coagulation, which is con-
siderably influenced by the pH value of the wastewater. The coagulation activity was
assessed by the jar test at the different pH values of wastewater and different applied doses
of the coagulant. It is well known the pH value influences the charge of colloid particles
(generally of organic matter) and, as a result, affect the coagulation. Because of that, the
investigations of the coagulation were done in a wider pH range around the neutral point,
from the original pH 4.23 to the pH 8.50, with the steps of around 0.8 pH unit.

The first coagulation test was conducted at the original pH of the stillage, 4.23 and the
results are shown in Figure 1.
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Figure 1. The influence of the coagulant dose on the coagulation activity at the pH 4.23
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As it can be seen from Figure 1, better results were achieved with higher coagulant
doses. The best coagulation activity, 23.53%, was attained with the applied coagulant
dose of 20 mL/L. The doses of coagulant lower than 2 mL/L did not prove to be good for
coagulation at this pH, since COD in the wastewater even increased after their applica-
tion. This result can be explained by the fact that the natural coagulant is of organic na-
ture, and since there was no coagulation, it contributed to the increase in the organic
matter content.

In the next experiment, the wastewater pH was adjusted to 5.2 by adding 33% NaOH
just before performing the coagulation test. The dependence of the coagulation activity
on the applied dose of the coagulant is shown in Figure 2.
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Figure 2. The influence of the coagulant dose on the coagulation activity at the pH 5.20

In comparison to the previous experiment, the pH increase to 5.2 led to a more effi-
cient organic matter removal from the wastewater when higher coagulant doses were ap-
plied. It was demonstrated that the highest coagulation efficiency was achieved with a do-
sage of 30 mL/L, resulting in the organic matter decrease of 64.71%. At this pH, lower
coagulant doses appeared to be even less efficient than at the pH 4.23, as the organic
matter increase was considerable after the coagulation tests performed with the coagulant
doses of 0.5 mL/L and 5 mL/L.

The next coagulation test was carried out at the pH 6, and the results are shown in Fi-
gure 3. The best coagulation activity was at the same coagulant dose applied (30 mL/L)
as it was in the coagulation test performed at the pH 5.2, but it was almost twice lower —
37.5%. With a coagulant dose of 20 mL/L a little bit lower coagulation efficiency was
achieved (35.42%), so it can be a recommended dose for this pH, because almost the sa-
me effect was achieved with the dose lower by one third.
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Figure 3. The influence of the coagulant dose on the coagulation activity at the pH 6

For the next coagulation test the pH 6.7 was adjusted in the spent wash. The influence
of the coagulant dose on the coagulation activity at this pH is presented in Figure 4. The

highest coagulation activity was obtained with a coagulant dose of 2 mL/L, and it was
24.32%.
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Figure 4. The influence of the coagulant dose on the coagulation activity at the pH 6.7

The influence of the coagulant dose on the coagulation activity at the pH 7.5 is shown
in Figure 5.

As it can be seen in Figure 5, the pH 7.5 proved to be inappropriate for organic matter
removal from the extraction juice wastewater. At this pH, the coagulation activity was in-
appreciable at almost all of the coagulant doses applied. A possible explanation could be
the chemical complexity of sugar beet extraction juice. Namely, sugar beet juice contains
carbohydrates, proteins, amino acids, organic acids, pectic substances, fat, saponins, mi-
neral matter (36). Also, the chemical composition of common bean extract is very com-
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plex. Regarding this, some reactions can take place at the pH values approximating 7.5.
These reactions can block either the compounds which show coagulation activity or com-
pounds of pollution — in any case, the coagulation process is disabled. Considering the
achieved results of the previous and this experiment, it can be said that the pH 6.7 and pH

7.5, i.e. at neutral pH range, are not suitable for this kind of treatment of extraction juice
stillage.
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Figure 5. The influence of the coagulant dose on the coagulation activity at the pH 7.5

The coagulation efficiency of common bean coagulant in a low alkaline medium was
investigated at the pH 8.5, and the results are shown in Figure 6. In this experiment, a 5
mL/L coagulant dose was determined as the most appropriate, giving the highest organic
matter decrease of 68.75%, which was the highest coagulation activity among all the ex-
periments performed. A similar coagulation activity was achieved at the pH 5.2, but with
a six times higher dose of the coagulant. Contrary to all the other investigated pH values,

the increase of the organic matter content in the treated wastewater was not noticed at this
pH.
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Figure 6. The influence of the coagulant dose on the coagulation activity at the pH 8.5
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Considering the results of the above experiments, the pH 5.2 with a coagulant dose of
30 mL/L and pH 8.5 with a coagulant dose of 5 mL/L appeared to be the most approp-
riate for the treatment of the extraction juice wastewater.

The consumption of alkali, salt and ground bean

With regard to the fact that the best coagulation efficiencies were achieved at the pH
5.2 and the pH 8.5 with the coagulant doses of 30 mL/L and 5 mL/L, respectively, in this
part of investigation, the consumption of NaOH required for the pH adjustment and quan-
tities of ground bean, and 0.5 mol/L NaCl required for the preparation of the natural coa-
gulant extract were determined in order to estimate which combination of treatment pa-
rameters would be more suitable from the economic point of view.

First, the change of the pH of the wastewater with the addition of 2 mol/L solution of
NaOH was investigated. The amounts of 2 mol/L NaOH required for the pH adjustment
in 100 mL of wastewater to the pH 5.2 and the pH 8.5 were determined, and they were
1.53 mL and 2.65 mL, respectively. Considering this, the amounts of pure NaOH requi-
red for the pH adjustment to 5.2 and 8.5 in 1 m’ of wastewater were calculated.

As the highest coagulation activities at the pH 5.2 and 8.5 were achieved with the
coagulant doses of 30 mL/L and 5 mL/L, respectively, and considering the extraction
ratio, the amounts of common bean and 0.5 mol/L NaCl required for treatment of 1 m® of
wastewater were calculated. The calculated consumptions are presented in Table 2.

Table 2 The estimated consumption of alkali, common bean and salt for treatment of
1 m® of wastewater at the pH 5.2 and the pH 8.5

Consumption of:
NaOH (g) | Ground bean (g) | NaCl (g)

52 30 1203 300 8717.5
8.5 5 2120 50 146.3

pH | Coagulant dose (mL/L)

The results shown in Table 2 indicate that the pH 8.5 is more suitable for the waste-
water treatment with natural coagulant extracted from common bean than the pH 5.2,
since although more NaOH (approximately 2 times) is required for the pH correction than
in the case of treatment at the pH 5.2, much less (approximately 6 times) common bean
and NaCl are estimated to be consumed. In any case, in order to make clear decision
which pH is more suitable, a detailed economic analysis should be conducted.

CONCLUSION

Considering the performed experiments and obtained results, it is possible to derive
the following conclusions:
e Natural coagulant extracted from common bean showed potential to be used for the
extraction juice distillery wastewater treatment. It presents a viable alternative coagu-
lant to alum, which is in line with the sustainable development initiatives.
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The pH value of the stillage influenced the coagulation activity of the natural coagu-
lant.

The highest coagulation activities were achieved at the pH 5.2 with the applied coagu-
lant dose of 30 mL/L and at the pH 8.5 with the applied coagulant dose of 5 mL/L,
and they were 64.71% and 68.75%, respectively.

Comparing the estimated consumptions of NaOH, NaCl and ground bean required for
the treatment of 1 m® of wastewater at the pH 5.2 and 8.5, it can be concluded that the
pH 8.5 is more suitable for wastewater treatment with natural coagulant extracted
from common bean.
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TPETMAH IIMBPE OJ1 EKCTPAKIIMOHOI' COKA HIEREPHE PEIIE
INPUPOJHUM KOATI'YJTAHTHUMA EKCTPAXOBAHUM U3 ITACYJbA

Jenena M. Ilpooanosuh*, Mapuna b. [LIhuban, Mupjana I'. Anmos,
Jlpacana B. Kykuh, Becna M. Bacuh

Yuusepsurer y HoBom Cany, Texuonomxku daxynrer, Bynesap napa Jlasapa 1, 21000 Hosu Can, Cpouja

OTtnagHe Boje AECTHICPHja UMajy BEJHMKH MOTEHIMjall 3arauBama KUBOTHE CPEIH-
He. Y OBOM paly je ucnuraHa e()UKacHOCT NMPUMEHE HOBOT, CKOJIOIIKU MPUXBATIHHBOT,
MPUPOIHOT KOAryJIaHTa KCTPAXOBAHOI U3 3pHA 11acyJba, 33 IPUMAPHH TPETMaH OTIaJHEe
BOJZI€ OJ IIPOM3BOEKHE OMOETaHOIa Ha eKCTPAKIIMOHOM coKy mehepre pere. OTmagHa Bo-
Ja je nobujaHa 13 J1abopaToOpHjCKHUX OrJie/ia IPOU3BO/he OMOETaHOIa HA OBOM CYIICTpa-
Ty. OTnagHa Boaa uMa Hu3ak pH M BHCOK caipikaj CyCHEeHIOBAaHMX YECTHILA, OPTaHCKe
Marepuje U a3oTa, ycieJ 4yera IOTEHLMjaJHO MMa BPJIO BEJIMKU HEraTUBAaH yTHUIA] YKO-
JIMKO O ce HenpeunuheHa UcIyniTana y )KUBOTHY CpeIMHy. AKTHBHE KOaryJaHTHE CyII-
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CTaHIle Cy eKCTpaxoBaHe M3 camieBeHOr 3pHa macyspa ca 0,5 mol/L pactBopom NaCl.
JoOujeHn cMpOBU €KCTpakT je KopuiiheH kao KoaryJiaHTHO cpeacTBo. EdukacHocT Ko-
aryjanyje je MCIIMTHBaHA [Jap TECTOM, IIpU pa3nuuuTuM pH BpenHocTHMa oTHagHe Boae
U pasNM4YMTHM KOJIMYMHAMa KoarynaHra. [IpaheHo je cMameme caipikaja OopraHcke ma-
Tepuje y obpaljeHoj Boau HAKOH KoaryJaigje u Tajoxema diokyna. Oprancka MaTepuja
je oapehuBaHa peKo XeMHjcKe NOTPOILIkHE KHCEOHNKa. EkcriepiMeHTH Cy OTBpAMIN Ja
Cce MPUPOAHHU KOAryJaHTH U3 3pHA Macyjba MOTY YCIEIIHO IPUMEHUTH 3a NPUMApPHY
o0pajy oTHagHE BOJAE O]l MPOM3BOAIE OMOETaHOJIA HA EKCTPAKLIHOHOM COKY, ajli 10
onrosapajyhum ycinosuma. Hajeehe edukacnoctu xoarynanuje cy mocturayre Ha pH 5,2
ca no3oM koarynanTa o 30 , u Ha pH 8,5 ca mo3oMm koarymaHTa of 5, ¥ U3HOCWIIE CYy
64,71% n 68,75%, cnencreeno. M3padyHaBameM MOTpeOHE KOJIMYMHE CPEACTBA 3a I10-
nemasamke pH BpeqHOCTH M TOTpeOHE KONMWYHMHE 3pHA MacyJba 3a JoOHjamke KoaryiaHTa
3a oBe ABe pH BpemHOCTH, YCTAaHOBJBEHO je Ja je ekoHomu4HUju pag Ha pH 8,5. OBu
obehaBajyhu pesynrati yka3yjy Ja ce NPUPOAHM KOAryJaHTH W3 3pHA Iacysba MOTY
CMaTpaTH NOTCHIHjaJJHOM aJTEPHATHBOM XEMH]CKMM KoaryJaHTHMa/(IIoKylnaHThMa 3a
TpETMaH OTHaAHUX BOJA.

KibyuHe peuyn: npupoaHu KoaryJiaHTH, NacyJb, OTIaJHa BOJa JIECTUIIEpHje, YKIIAmbambe
OpraHcKe Marepuje
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CHICKPEA (Cicer arietinum) STEEP LIQUOR AS A LEAVENING AGENT:
EFFECT ON DOUGH RHEOLOGY AND SENSORY PROPERTIES OF BREAD

Ahmed M. Saad', Ragab A. Elmassry', Khaled M.M. Wahdan'
and Mohamed Fawzy Ramadan”**

' Department of Agricultural Biochemistry, Faculty of Agriculture, Zagazig University, Egypt.
? Deanship of Scientific Research, Umm Al-Qura University, Makkah, Kingdom of Saudi Arabia

Dough fermentation is one of the oldest process in food technologies. It has been
recently intensively studied for its impact on the sensory, structural, nutritional and shelf
life properties of leavened baked products. The goals of this work were to investigate
chickpea steep liquor (CSL) as a dough-leavening agent and to study the effect of CSL on
the dough rheology and sensory properties of leavened bread. CSL was prepared by
submerging chickpea seeds in boiled distilled water (1:2, w/v) for 24 h at 37°C, and then
obtained liquor was filtered and freeze-dried to obtain CSL. The addition of CSL to
wheat flour (WF) brought changes in the dough mixing behavior as measured by the
farinograph. An increase in the farinograph water absorption of WF dough was observed
when 4.5% CSL and 1.5% yeast was added, while arrival time was not affected. Addition
of CSL to the dough at a content of 4.5, 9.0 and 13.5 g CSL/300 g WF caused an increase
in dough stability. The CSL addition also increased mechanical tolerance index, dough
weakening and mixing time. Dough development time for all blends was higher than the
control (1.2-1.5 min), while between the CSL samples no significant difference was
observed. The loaf weight slightly increased from 146.2 g for control to 152.2 g for CSL-
fermented bread, whereas the loaf volume and specific volume of CSL-fermented bread
were lower than the control. The combination of yeast and CSL increased the accep-
tability of bread with the increasing level of both leavening agents’. The results show that
CSL could be used as an alternative to yeast for syngas fermentation. On the other hand,
CLS is rich in nutrients and lower in cost compared to yeast.

KEY WORDS: Dough, baking, functional features, bakery products, farinograph, fer-
mentograph, gassing power.
INTRODUCTION

Cereals are important diet constituents, which provide carbohydrates, proteins, dietary
fibers and vitamins. Bread is one of the major product items in the human diet, as the an-

* Corresponding author: Prof. Dr. Mohamed Fawzy Ramadan, Agricultural Biochemistry Department, Faculty
of Agriculture, Zagazig University, Zagazig 44519, Egypt, e-mail:_hassanienmohamed@yahoo.com
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nual intake of bread in European countries was reported to be in the range from 46 to 100
kg per capita (1). Dough fermentation represents an old food biotechnology process,
which has been studied for its effect on the sensory, structural and shelf-life characteris-
tics of leavened baked products. The literature is rich in reports that show how the dough
fermentation may affect the functional features of leavened baked products (2). The do-
ugh suitable for production of biologically leavened baked products needs to have charac-
teristics that enable dough to stretch in response to the expansion of leavening gas. In ad-
dition, dough films surrounding gas bubbles must have sufficient strength to prevent
collapse, but at the same time, be capable of stretching (extensibility) without rupturing
(3,4).

Chickpea (Cicer arietinum L.) is a valuable leguminous plant and the third most im-
portant legume after bean (Phaseolus vulgaris) and pea (Pisum sativum), based on world
production estimates (5, 6). Seeds of chickpea are a good source of protein, carbohyd-
rates, and minerals in the diet (7). In some Mediterranean countries, fermented chickpea
was used as a leavening agent to make baked products. Addition of fermented chickpea
to the wheat flour (WF) enhanced the nutritional quality and expanded the shelf life of
WEF (8). In Greece, a traditional type of bread is made with chickpea fermented in water
as a leavening agent (9).

Steep fermented liquor of some plants, such as corn steep liquor is a cheap and envi-
ronmental-friendly leavening agent in many functional food products. The development
of an alternative low-cost fermentation medium containing main nutrients required for
cell growth would reduce the cost of the fermentation process. Standard medium for
Clostridium strain contain yeast extract, vitamins, minerals, trace metals and reducing
agent (10, 11). Apart from the reducing agent, yeast extract is the most expensive com-
ponent. Some cheap nutrients that could replace yeast extract are corn steep liquor, hyd-
rolyzed cottonseed flour, hydrolyzed soy flour and ethanol stillage (12).

During chickpea steep liquor (CSL) fermentation, the levels of free fatty acids, re-
ducing sugars and free amino acids were increased while the pH was decreased (9). After
10 h of fermentation, the degradation of chickpea proteins became obvious due to the
proteolytic activities of Bacillus spp. The microflora that developed during a submerged
fermentation of ground chickpea in water was studied in (9). Indigenous bacilli and
clostridia in the fermented CSL may cause changes in the enzyme activities and its che-
mical composition. Changes in the chemical composition of CSL can be attributed to
bacilli, until 10 h of fermentation, and then to clostridia until 18 h. Fermenting broth was
not toxic to mice and the product was reported to be safe for consumption (9).

Baker's yeast is of the species Saccharomyces cerevisiae that is used as a leavening
agent in bakery products, where it converts the fermentable sugars found in dough into
CO, and ethanol. Using of water from potato boiling in bread dough provides food for the
growth of yeasts (13). Al Khafaji et al. (14) used fermented CSL instead of baker's yeast
in preparation of some leavened baked products, such as white breads, loaf bread, and flat
tannour bread. The results revealed the superiority of leavened baked products prepared
with CSL for most of the evaluated characteristics, especially leavening of loaf.

The continuous search for novel processes and products, which provides ingredients
with new functionalities and cost-effective manufacturing, emphasizes the potential of
food-grade fermentation and microbial bioconversion, that is crucial for the production of
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functional leavened baked products (2, 15). The present work focuses on that, how a CSL
fermentation process improves the quality of bread with particular attention to its effect
on the rheological properties of WF dough and quality of the leavened bread.

MATERIALS AND METHODS
Materials

Chickpea (Cicer arietinum) seeds were obtained from local market in Zagazig city
(Egypt). Seeds were hand-sorted to remove wrinkled and moldy seeds as well as foreign
material, then stored in polyethylene bags in the refrigerator (4°C). Chickpea seeds were
used to make a starter in fermentation experiments.

Methods

Preparation of chickpea steep liquor (CSL). Chickpea seeds (250 g) were submer-
ged and soaked in 500 mL boiled distilled water (1:2, w/v) for 24 h at 37°C. After incu-
bation of 24 h, foam was formed and the beaker was taken from the incubator. In another
500 mL beaker, filtration was performed on Whatman paper No.l and about 300 mL of
CSL was recovered. The obtained CSL was then freeze-dried using lyophilizer (Thermo
Fisher).

Preparation of dough blends:

98.5% wheat flour (WF) 72% extraction rate + 1.5% yeast (control).
98.5% WF + 1.5% CSL.

97% WF + 3% CSL.

95.5% WF +4.5% CSL.

97% WF + 1.5% yeast + 1.5% CSL.

95.5% WF + 1.5% yeast + 3% CSL.

94% WEF + 1.5% yeast + 4.5% CSL.

Nk Wb =

Baking process. Bread formula consisted of 500 g flour, 25 g sugar, 5 g salt and 25 g
corn oil. The dough was divided into 150 g pieces. Each piece was molded on matrix of
bread. The dough samples were left for fermentation at 37°C and 85% relative humidity
for 60 min. The bread samples were proofed at 32-3°C and 85% relative humidity for 60
min, and then baked at 270-280°C for 20 min. Bread loaves were cooled at room tempe-
rature for about 60 min before evaluation and then were packed in polyethylene bags.

Rheological properties of dough formula. Rheological properties of dough samples
were evaluated using Brabender farinograph according to the AACC method 56-50 (16).

Farinograph test. Brabender farinograph (Duisburg, Germany) test was carried out to
determine the water absorption, arrival time, stability time, dough development time
(DDT) and dough weakening of WF. Flour (300 g on modified moisture 14%) was pla-
ced in the farinograph bowl and the burette was filled with water at room temperature,
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and then adjusted at zero. The machine was set at high speed and run for 1 min until zero-
minute line was reached. Water was added immediately to the side of the bowl from the
burette, nearly to the volume expected to be the right absorption of flour. When the
dough begins to form, the dough was scraped down from the sides of the bowl. When the
mixing curve levelled at a value larger than 500 BU, more water was added and the bowl
was covered with a glass plate to prevent evaporation. Subsequent titration was needed to
adjust the absorption curve at 500 BU. For final titration, the total volume of water was
added within 25 seconds after opening burette’s stopcock. Absorption values were cor-
rected to the nearest 0.1% and values were calculated on 14% moisture basis using the
following equation:
Absorption (%)= (X+Y-300)/3

where X is the volume (mL) of water required to produce curve with maximum consis-
tency entered on 500 BU line and Y is the weight (g) of flour equivalent to 300 g (14%
moisture basis).

Fermentograph (gassing power) of CSL and yeast. The leavening ability of yeast
and freeze-dried CSL blends (1.5% yeast + 1.5% CSL, 1.5% yeast + 3% CSL, and 1.5%
yeast + 4.5% CSL) as well as CSL without yeast (1.5%, 3% and 4.5%) in dough pre-
parations was determined by measuring gas volume developed in standard dough at 30°C
for 2 h. The composition of standard dough was 10 g flour, 5.5 mL distilled water (con-
taining 0.5 g glucose and 0.1 g NaCl), wherein the weight of tested dough was 0.5 g. The
aforementioned ingredients (standard dough) were quickly mixed for 1 min, then placed
in a test tube (24 X 200 mm) and kept at 30°C. The gas evolved from the dough that pas-
sed into graduated measuring cylinder (filled with saturated NaCl solution) was mea-
sured.

Evaluation of bread quality and sensory characteristics. Evaluation of the baked
loaves quality characteristics was carried out following cooling to room temperature
according to Paraskevopoulou et al. (17). A panel of ten judges assessed the sensory
characteristics evaluation of panelists. They were asked to use the control sample as the
basis for determining acceptance by first assigning score, and then to evaluate each test
sample in comparison to the control.

Statistical analysis. Data obtained during dough and bread quality measurements
were subjected to the analysis of variance (ANOVA) and Duncan’s test using the soft-
ware program of Statistical Package for the Social Sciences (SPSS, edition 16.0), in order
to assess significant differences among samples. Differences were considered significant
when p < 0.05.

RESULTS AND DISCUSSION

The results indicated that 8.2 g of freeze-dried CSL were obtained from 250 g of
chickpea seeds (3.28%, w/w) after 24 h of fermentation at 37°C. The chemical composi-
tion of WF (72% extraction) used in this study consisted of 13.8% moisture, 10.15%
protein, 0.74% lipids, 0.76% fiber, 0.61 ash and 87.74 carbohydrates.
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During baking, bread ingredients undergo some changes such as evaporation of water,
volume expansion, protein denaturation, starch gelatinization and crust formation (6, 18).
Activation of some enzymes, acidification, proteolysis and the synthesis of microbial
metabolites cause several physicochemical changes during dough fermentation, which
affect the dough nutritional and functional properties. The WF digested via proteases and
selected lactobacilli can be considered as safe for celiac patients (2). When CSL is
fermented, bacilli initially and subsequently clostridia grow to high levels and degrade
the constituents liberated from the chickpea into the water producing gas as the main end
product. Enzymes such as cellulase, a-galactosidase, invertase, amylase and proteinase
were detected in CSL and their maximal activities were recorded (9).

Rheological properties of WF dough affected by fermentation with CSL. Rheolo-
gical properties of dough are useful for predicting the potential application of WF and the
quality of the product (6). Dough properties can be measured using numerous rheological
techniques wherein the common used instruments are farinograph, mixograph and exten-
sograph (19). The Brabender farinograph was designed to record changes of dough con-
sistency during kneading. Farinographs are commonly used for determination of the wa-
ter absorption of flour (20). The flour is placed into a bowl, and while being kneaded, wa-
ter is added to reach 500 FU (farinographic units) dough consistency. This value was ob-
tained empirically and is considered the optimal consistency of WF dough used in the
production of biologically leavened bread (4, 21).

In this study, CSL was fermented and used for leavening WF dough. The addition of
CSL to WF brought some changes in its dough mixing behavior as measured by the
farinograph. Farinogram values of flour doughs were affected by fortification with CSL
compared with yeast (control), as shown in Table 1. The addition of CSL to the flour
dough at 4.5, 9 and 13.5 g CSL/300 g WF caused a slightly decreased of water absorp-
tion, while arrival time was not affected. An increase in the farinograph water absorption
of the dough was observed only in the case of 4.5% CSL and 1.5% yeast addition. The
quantity of added water is considered very important for the distribution of the dough
materials, their hydration and the gluten protein network development (6, 17).

Table 1. Effect of yeast and CSL on the farinograph characteristics of WF

Farinograph values
Treatment Dough formulation Water Arrival Dough Dough | Degree of
absorption time (min) development | stability | weakening
% time (min) (min) (BU)
1 98.5% WF + 1.5% yeast 58.9 0.5 1.0 4.5 60
2 98.5% WF + 1.5% CSL 51.2 0.5 1.5 4.5 120
3 97% WF + 3% CSL 53.5 0.5 1.2 5.5 100
4 95.5% WF +4.5% CSL 56.4 0.5 1.2 5.5 90
5 94% WEF + 4.5% CSL + 1.5% yeast 60 0.5 1.2 7.5 80

Regarding dough stability, it appears that the dough samples containing CSL exhi-
bited higher stability and resistance to mechanical mixing than the control. The addition
of CSL to the flour dough at 4.5, 9 and 13.5 g CSL/300 g WF caused an increase in
dough stability. Stability values increased from 4.5 min for the control sample to 4.5, 5.5
and 5.5 min for samples containing 4.5, 9 and 13.5 g CSL/300 g flour, respectively. In
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general, the stability value is an index of the dough strength, with higher values indi-
cating stronger dough.

The CSL addition also increased mechanical tolerance index and dough weakening.
The addition of 13.5 g CSL, 4.5 g yeast/300 g WF caused a slight increase in the mecha-
nical tolerance index, dough weakening and mixing time as shown in Figure 1. Maforim-
bo et al. (22) suggested that the weakening of WF dough by soy protein was the result of
increased sulfthydryl concentration.

A)

MO e

Farinogram of

Farino'gramr of ‘WF.+ 1.5% yéast

E “* = L. = e '.,
of WF +4.5% CSL

:

Farinogram of WF + 3%- CSL Farinogram

Figure 1. Farinograms of dough formulated from WF, yeast and CSL

The time required for the control dough to reach 500 BU consistency was also slightly
modified by the CSL addition. During this phase of mixing, the water hydrates WF com-
ponents and the dough is developed. The dough development time (DDT) was higher for
all blends than for the control (1.2-1.5 min), while no significant difference was observed
between the CSL samples (Table 1). The increase in DDT resulting from CSL addition
could be due to the differences in the physicochemical properties between the constitu-
ents of the CSL on the one hand and those of the WF on the other.

Fermentograph (gassing power) of CSL and yeast. Leavening ability of yeast as
well as blends of yeast and CSL in WF dough were determined after 16 h of fermenta-
tion. The results expressed as mL of CO, per gram of dough are presented in Table 2 and
illustrated in Figures 2 and 3.
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Table 2. Leavening ability of yeast and blends of yeast and CSL in WF dough

Dough sample Fermentation time (min)

0 15 30 | 45 60 | 75 90 | 105 | 120
Control 13 20 | 28 | 45 57 67 68 68 69
CSL (1.5%) 13 13 14 14 14 14 14 14 14
CSL 3%) 13 13 14 14 14 14 14 14 14
CSL (4.5%) 13 13 13 13 13 13 13 13 13
Control + CSL (1.5%) 13 20 | 29 | 43 58 69 71 73 75
Control + CSL (3%) 13 20 | 29 37 52 65 71 73 75
Control + CSL (4.5%) 13 20 | 24 33 43 58 64 | 68 70

el

(A) (B

Figure 2. Leavening ability after 90 min of dough made with 3% CSL (A) and 4.5% CSL
(B) without yeast

(A) (B) (©) (D)

Figure 3. Leavening ability after 90 min fermentation of dough made with 1.5% yeast +
1.5% CSL (A), 1.5% yeast + 3% CSL (B), 1.5% yeast + 4.5% CSL (C) and control (D)
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It can be noticed that the production of CO, was gradually increased with increasing
the fermentation period for the formulation treatments 1, 2, 3 and 4. On the other hand,
the production of CO, was constant in the formulation treatments 5, 6 and 7. The amount
of gas production increased with the increase of fermentation time and CSL level. These
results verified that CSL played an important role for improving the leavening ability of
yeast in the production of dough. The increasing in the production of CO, may be due to
the ability of microorganisms in CSL to produce CO,. The ability of S. cerevisiae to
produce CO, was enhanced in the presence of Bacillus megitherum and Bacillus subtillus
in CSL (9).

The leavening of dough can be attributed to residual enzyme activity and enzymes li-
berated after cell lysis by the declining microbial population of bacilli and clostridia du-
ring dough rising. B. cereus and C. perfringens, predominantly growing during fermen-
tation, do not seem to form toxins, and any health hazard after consumption of the bread,
properly baked, seems improbable (9). In addition, the properties of WF dough and the
quality of leavened bread mainly affect by the amount and quality of gluten. During
dough development, proteins form a gluten network with unique viscoelastic characteris-
tics. Due to its strength and extensibility, leavening gas is retained in the dough and the
typical foam structure is created (4).

Physical properties of bread. Weight (g), volume (cm’), and specific volume (cm?/g)
as a function of CSL content are presented in Table 3 and Figure 4. It was observed that the
loaf weight slightly increased from 146.2 g for control to 152.2 g for bread fermented with
1.5 g CSL. While the loaf volume and specific volume of bread fermented with 1.5 g and
4.5 g CSL had a lower volume than the control bread. In addition, the specific volume of
the loaf fermented with 1.5 g yeast and 3 g CSL had higher values than the bread fermented
with CSL and the control bread.

Table 3. Physical properties of bread produced with or without CSL

Sample Weight (g) | Volume (cm’)| Specific volume (cm3/g)
Control (1.5% yeast) 146.2 515 3.52
1.5% CSL 152.2 85 0.55
3% CSL 152.2 95 0.65
4.5% CSL 152.7 100 0.65
1.5% yeast + 1.5% CSL 146.5 505 3.44
1.5% yeast + 3% CSL 147.0 520 3.53
1.5% yeast +4.5% CSL 150.4 460 3.05

Crumb structure of baked products is a very important factor for the determination of
the sensorial quality (6, 18). Examination of the loaf internal structure revealed that the
crumb of the CSL-fermented bread contained a greater number of small gas cells com-
pared to the control (Figure 4). Formation of large cells in bread is due to gluten elasticity
that allows cell expansion by gas pressure during fermentation and oven spring. CSL are
not as elastic as gluten, so they did not form a network and did not allow cell expansion,
so the crumb appears more compact. This probably adversely affected bread volume, sug-
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gesting that incorporation of CSL into WF resulted in a dough with more stable gas cells
which did not coalesced readily during baking. Bread made with CSL-fermented WF
exhibited an increased number of large cells probably due to an enhancement of the gas
retention capacity of the gluten network.

D) ® . ®» @

Figure 4. Sections of bread crumbs formulated with (A) 1.5% CSL without
yeast, (B) 3% CSL without yeast, (C) 4.5% CSL without yeast, (D) control, (E) 1.5%
yeast + 1.5% CSL, (F) 1.5% yeast + 3% CSL and (G) 1.5% yeast + 4.5% CSL

Sensory characteristics. The measured sensory characteristics included external cha-
racteristics (appearance and crust color), internal characteristics (texture, crumb quality,

taste, odor, crumb color and volume) and the overall acceptability (Table 4).

Table 4. Sensory characteristics of bread formulated with or without CSL

External characteristic Internal characteristic Overall
Sample /Appearance) Crust | ovture | Grain Taste odor | C™UMP | v jume |acceptability

0 | olr ] s 15 15 15| clor |y 100

10 10
[Control (1.5% yeast) 9.4+0.16" [ 9.4+0.16" [ 14.3:0.26°[14.2+0.20°[ 14.2+0.25°[ 14.120.23°] 9.620.16" [9.4+0.22°[ 94.5:0.89°
1.5% CSL 4120237 [ 6.8+0207| 7+026° | 7+0217 | 7+033° | 8.4+031%] 6.2+027 [ 4+0.15" | 49.2+0.74°
3% CSL 3.6£022% [ 4:026° | 8+021% | 6.2+0.20° | 4.8+0.297 [ 5.120.23° | 3.8+0.13° [5.4+0.22% 41.4x0.81°
l4.5% CSL 3.5£0.22° | 3.8£0.29° [7.3+0.33% | 6+0.37° | 47026 [ 5:033° [3.6+0.27°[4.7+0.15° 384=L.11"
1.5% yeast + 1.5% CSL 830.15" | 8.8+0.20° | 1320.26° [13.420.22™12.70.26°| 13.120.23° | 8.8+0.20° [8.320.21°| 86.4+0.87°
1.5% yeast + 3% CSL 8+0.21° [ 7.8+0.13° [12.2+0.36™] 1320.26°° | 12.6+0.27°[ 12.3+0.21°] 7.8£0.20° | 8+0.15° | 81.7£1.05°
1.5% yeast +4.5% CSL 7.3+021° | 84+0.16° [ 12.120.28°[ 12.5:0.27°[ 123+0.30° | 12+0.21° | 7.9+0.18° [7.4+0.22°[ 80.4+1.05°
Least significant
difference (1.S.D) 0.53 0.58 0.80 0.68 0.78 0.67 0.53 0.54 2.59

*Properties with the same letter differed no significantly at the 0.05 probability level.
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The results indicated that the addition of 1.5, 3.0 and 4.5% CSL + 1.5% yeast caused
significant differences in the external, internal characteristics and overall score of the
CSL-fermented bread in comparison with the control. A decrease in the acceptability of
the CSL-fermented bread was noticed in comparison with the control. The decrease in the
sensory characteristics was high in bread samples made without yeast. The data in Table
4 show that the combination of yeast and CSL increased the acceptability of bread with
the increasing level of the both materials. CSL might be like egg yolk with emulsifying
action that could improve structural characteristics and may influence the flavor and color
of the bakery products.

CONCLUSION

Although a very few studies in the literature showed the functional potential of the
CSL fermentation, the interim prospect would probably be to consider the CSL fermenta-
tion like a cell factory to modify cereals for functionally and nutritionally tailored food.
The formation or modification of bioactive compounds during CSL fermentation should
expand the toolset to develop CSL-fermented baked goods. It appears that the addition of
CSL to WF modified the rheological properties of the dough as well as the characteristics
of the baked bread. An increase in the farinograph water absorption of the dough was
recorded in the case of CSL and yeast addition, presumably due to greater water requi-
rement of its proteins in order to become hydrated. The CSL addition increased the dough
development time and stability. This was attributed mainly to possible association bet-
ween the gluten and some of the CSL constituents. The development of such functional
foods would be beneficial to improve the nutritional status of consumers.
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CYBHU BOAEHU EKCTPAKT JIEBJIEBMJE (Cicer arietinum) KAO ATEHC
KBACAIbA: YTHUIIAJ HA PEOJIOT'JY TECTA U CEH30PHE
KAPAKTEPUCTHUKE XJIEBA

Axmed M. Caad’, Paza6 A. Exmacpu’, Kareo M.M. Baxoan',

12
Moxameo Paessu Pamaoan"-*

! Vausepsurer y 3arasury, [lossonpuspennu dakynrer, Jlemaprman nossonpuspense 6uoxemuje, Erumar
2 VuuBep3uteT YM Ani-kypa, JlekaHat 3a HayuHa MCTpaXkuBama, Maka, Kpasesuna Caymujcka ApaGuja

®depMmeHTaIMja TeCTa je jeJaH o1 HajcTaphjuX IMpoleca y TexHoIorujama xpane. Ovaj
MIPOIIeC ce Y HOBHje BpeMe HHTEH3UBHO IIPOyYaBa 300T CBOT yTHUIlaja HA CEH30pHE, CTPYK-
TYpHE ¥ HYTPHLMOHE KapaKTEPUCTHUKE, Ka0 U Ha OIPKUBOCT IIELHMBA OJf KHCEJIOT TecTa.
Iuss oBor pama je 6Mo na ce McIMTa YTHUIlA] cymieHor ekcrpakrta yedneouje (CEJI) kao
areHca KBacama TecTa Ha PeoJIOTHjy TecTa M ceH30pHe kapakrepuctuke xneda. CEJI je
01O MPUIIPEMIbEH MOUEH-EM CeMeHa JiebieOuje y MpoKyBaHoj AecTiiioBanoj Boau (1:2) y
TOKy 24 cara Ha 37°C, mocie 4era je (pUITPHPAHH €KCTPakT JHO(QUIM3UpaH, 1a Ou ce
no6uo CEJIL. lonaBamwe CEJI y nmennuno Opamno (I16) noeno je 1o mpomeHa y rnosa-
mialky TecTa IpH Mellewy, mro je npaheHo momohy dapunorpada. [Ipumeheno je na
TecTo MMa nosehany moh ancopmiyje Boae kaga My ce nona 4,5% CEJI u 1,5% xBacua,
IITO HUje YTUIANO Ha BpeMe Hagonaxema. JJonaBame CEJI Tecty y komuanau ox 4,5, 9,0
u 13,5 r CEJI/300 r 1B noBeno je mo moBehane cradmmHoCTH TecTa. Takolhe, To je oBeno
U 10 noBehama HHIEKCa MEXaHNYKe TOJIepaHItje Boje, cladbeha TeCTa M BpeMeHa Me-
mema. Bpeme HapacTama TecTa 3a CBe CMelle OWJIo je AyKe y mopehemy ca KOHTPOIOM
(1,2-1,5 mun), nok ce y3opuu ca CEJI HuCy 3Ha4ajHO pa3nMKOBaiIH. TeXHHa BEKHE Ce
maiio noBehana, ca 146,2 r (kontpona) Ha 152,2 r 3a x51e6 depmentucan nomohy CEJI,
JIOK Cy 3alpeMuHa BekHe U crenuduyHa 3anpemMuHa y3opaka ca CEJI Ouie mame Hero
koa koHtpose. KomOunaiuja nexapckor kBacia u CEJI noeena je mo moBehama mpu-
XBaTJFMBOCTH NPOM3BOJa ca rnosehameM HMBOA 00a areHca KBacama. PesynraTtu cy mo-
kazanu 1a ce CEJI Moxke KopucTUTH Kao anTepHaTuBa KBacly y ¢pepmentauuju. C npyre
crpane, CEJI je 6oraTt HyTpujeHTHMa 1 UMa HIXKY LIEHY OJ1 KBacua.

Kibyune peun: Tecro, nedeme, QyHKIIMOHATHE KapaKTEPUCTUKE, IENUBO, (apuHOTrpad,
dbepmenTorpad
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POLYFLORAL, LINDEN AND ACACIA HONEYS WITH DRIED CHERRIES
AFTER THREE MONTHS OF STORAGE — ANTIOXIDANT AND SENSORY
EVALUATION

Jelena J. Vuli¢*, Jasna M. Canadanovié-Brunet, Gordana S. Cetkovié, Sonja M. Djilas,
Vesna T. Tumbas Saponjac and Sladjana M. Stajci¢

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

Samples of three types of honey: polyfloral (PH), linden (LH) and acacia (AH,) without
and with addition of dried cherries (40%) were analyzed before and after three months of
storage. The total phenol (TPh), flavonoid (TFd) and anthocyanin (TAn) contents,
antioxidant activities and sensory properties of honeys with and without the addition of dry
cherries were evaluated. TPh and TFd increased with addition of dried cherries to the
honey, while enriched honeys showed high TAn. The LH sample with dried cherries showed
the highest anthocyanins content (41.41mgCGE/100g). The antioxidant activity increased
with addition of dried cherries in honey in the DPPH' test and reducing power. The PH and
enriched PH exibited the best antiradical activity compared to LH and AH. The ECs,”"™"
values were: 23.81 for PH and 24.19 mg/mL for PH, while the ECs,"""" were: 1.16 mg/mL
for PH40 and 1.18 mg/mL for PH40s. RP, s values were: 57.00 mg/mL for PH40 and 56.00
mg/ml for PH40s, while RP,s were: 15.05 mg/mL for PH40 and 15.18 mg/mL for PH40s.
The statistical analysis showed that TPh, TFd and TAn, and antioxidant activity of honeys
and enriched honeys showed significant correlation. Sensory analysis of honey with dried
cherries, before and after storage, indicated very good sensory characteristics.

KEY WORDS: Honey, dried cherry, antioxidant activity, sensory analysis, storage

INTRODUCTION

Honey is a natural food product well known for its high nutritional and prophylactic-
medicinal value (1). It is often used as a sugar substitute, an ingredient or a natural pre-
servative in many of manufactured foods, because of its sweetness, color and flavor.
Also, it can prevent oxidation reactions in foods (e.g., lipid oxidation in meat (2) and
enzymatic browning of fruits and vegetables (3)). Numerous flavonoids (such as apige-
nin, pinocembrin, pinobanksin, kaempferol, quercetin, galangin, chrysin, and luteolin)
and phenolic acids (caffeic, gallic, cinnamic, protocatechuic, p-coumaric, and chlorogenic
acids) were identified in honey samples (4,5). Several studies have shown that the varia-

* Corresponding author: Jelena J. Vuli¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1,
21000 Novi Sad, Serbia, e-mail: jvulic@uns.ac.rs
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bility in sugars and secondary metabolites are related to the source and botanical origin of
the nectar (6). Apitheraphy (the medical use of honeybee products) has recently become
the focus of attention as a folk and preventive medicine for treating certain conditions and
diseases, as well as promoting overall health and well-being (7). Serbia has a very long
tradition of beekeeping. Its favorable climate, good geographical conditions and a variety
of botanical species provide great potential for the development of apiculture (8).

Honeys are divided as monofloral or polyfloral. Monofloral honeys are produced
from one plant species containing predominantly its nectar with minor nectar contribu-
tions from other botanical origins. Polyfloral honey has several plant sources, none of
which is predominant. In practical terms it can be considered as a blend of several mo-
nofloral honeys with significant nectar or honeydew contributions from different plants
[9]. In Serbia, honey is consumed in original form and as a comb honey or with the
addition of propolis, pollen or other bee products. Also, some nuts or dried fruits can be
added to honeys and used as a very delicious dessert.

Fruits are considered as a natural source of antioxidants, including anthocyanins and
phenolics (10). These compounds can reduce the risk of degenerative diseases caused by
oxidative stress, such as cancer and cardiovascular diseases (11). The production of
cherry fruit is on the third place in Serbia. It is a highly profitable fruit variety, because it
is relatively easy growing and has a good demand on market (12). Phenolic contents in
cherries are influenced by the cultivar, the growing season and the growing location
(13,14). Drying is one of the oldest methods for food preservation (15).

To our knowledge, this is the first study of the antioxidant and sensory characteristics
of honeys with dried cherries. The aim was to evaluate total phenolic, flavonoid and
anthocyanin contents, antioxidant activity and sensory properties of polyfloral, linden and
acacia honeys with dried cherries before and after three months of storage. Antioxidant
characteristics were determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) test and redu-
cing power (RP).

EXPERIMENTAL
Chemicals and reagents

The chemicals used for these investigations were Folin-Ciocalteu reagent (Fluka Che-
mical Co., Buchs, Switzerland), trichloroacetic acid, 2,2-diphenyl-1-pichrylhydrazyl
(Sigma Chemical Co., St. Louis, Mo, USA). All other chemicals and reagents were of the
highest analytical grade, obtained from J.T. Baker (Deventer, Holland). The total phe-
nolic, flavonoid, anthocyanin, DPPH free radical scavenging assays and reducing power
were determined using an UV-1800 spectrophotometer (Schimadzu, Kyoto, Japan).

Honey and dried cherries samples
The honeys with dried cherries were prepared from polyfloral (P), linden (L) and
acacia (A) honey (obtained from the honeybee farm ,,Simonovi¢“, Belgrade, Serbia).

Dried cherries (produced by Agranela, Valjevo, Serbia) were added to the honey in 40%
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mass concentrations (PH40, LH40, and AH40). The enriched honeys before and after
three months storage were grounded in domestic food processor (Bosh, Compact Kitchen
Mashine 4420, Gerlingen-Stuttgart, Germany).

Total phenolic content (TPh)

Total phenolics were determined spectrophotometrically by the Folin-Ciocalteu method
[16]. The content of total phenolics was expressed as mg of gallic acid equivalents per 100
g of honey sample (mg GAE/100 g).

Total flavonoid content (TFd)

Total flavonoids were measured by the aluminium chloride spectrophotometric assay
[17]. Total flavonoid content was expressed as mg of rutin equivalents per 100 g of honey
sample (mg RE/100 g).

Total anthocyanin content (TAn)

Total anthocyanins were determined spectrophotometrically by the Markham et al.
method [18]. The content of total anthocyanins was expressed as mg of cyanidin-3-O-
glucoside equivalents per 100 g of honey sample (mg CGE/100 g).

DPPH free radical scavenging assay

Homogenized honeys were dissolved in methanol, and each sample (1.5 mL) or metha-
nol (1.5 mL, blank) was mixed with DPPH solution in methanol (3 mL, 0.02 mg/mL) in
appropriate range of investigated concentrations (for honeys: 0.56-500 mg/mL; for enriched
honeys: 0.11-55.56 mg/mL). The mixtures were left for 15 min at room temperature and
then the absorbances was measured at 517 nm against reference mixtures that were pre-
pared in the similar manner, by replacing the DPPH solution with methanol. The ability of
honey samples to scavenge DPPH radicals, SApppy. value, was calculated using the fol-
lowing equation: SApppg. (%) = 100 x (A¢— Ax) / Ay, where Ay and A, are the absorbances
of the blank and the sample, respectively.

Reducing power

The solution of honeys and enriched honeys (1.5 — 300 mg/mL) in distilled water (1
mL) or distilled water (1 mL, blank) was mixed with phosphate buffer (1 mL, pH 6.6) and
potassium ferricyanide, K3[Fe(CN)g], (ImL, 1 w/w). The mixture was incubated at 50°C for
20 min and then rapidly cooled. Following this, trichloroacetic acid (1 mL, 10%) was added
and the mixture was then centrifuged at 1811.16 g for 10 min. An aliquot (2 mL) of the
upper layer, mixed with distilled water (2 mL) and FeCl; (0.4 mL, 0.1%), was left to stand
for 10 min. The absorbance of the mixture was measured at 700 nm against the blank.
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Sensory analysis

Sensory analysis was conducted according to the general guidelines regarding the
design of test rooms (19), general sensory analysis guidance (20) and training of asses-
sors (21). Sensory evaluation was carried out by seven experienced panelists (ages 35 to
60) selected from previously trained academic staff of the Faculty of Technology, Novi
Sad. Drinking water was provided for palate cleansing between each sample. Sensory
profiling was performed using a generic descriptive analysis technique, according to
Piana et al. (22). Sensory evaluation included the selected representative properties of
honey samples: density, intensity of color, aroma and odor. These properties were evalu-
ated using a 3-point method. Marks were given based on the scale from 0 “unacceptable
product” to 3 “optimal quality level”.

Statistical analysis

All analyses were run in triplicate and the results were expressed as means + standard
deviation (SD) except for sensory analysis (n=7x7). Statistical analyses were done by
using Microsoft Office Excel 2007 software. Significant differences were calculated by
ANOVA test and least significant difference (LSD) test (P < 0.05).

RESULTS AND DISCUSSION

Polyfloral (P), linden (L) and acacia (A) honeys were used to prepare honey samples
with 40% of dried cherries (PH40, LH40 and AH40). Also, the changes in the antiradical
activity of honeys after three months of storage (PH40s, LH40s and AH40s) were investi-
gated. The comparative evaluation of the phenolic composition of honey samples was
based on: total phenolics (TPh), total flavonoids (TFd), total anthocyanins (TAn) content,
the ratio of TFd in relation to TPh (TFd/TPh) and the ratio of TAn in relation to TPh
(TAn/TPh) (Table 1).

The TPh and TFd increased with the addition of dried cherries to honey, while enric-
hed honeys showed high TAn. TAn were not detected in raw honeys. LH40 showed the
highest anthocyanins content (41.41mgCGE/100g). In comparison to honey, the TPh in-
crease was by 1.45 times for PH40, 1.21 times for LH40 and 2.17 times for AH40, while
in the honeys after three months of storage the TPh increased by 1.40 times for PH40s,
2.31 times for LH40s, and 2.15 times for AHs. The increase in TFd was approximately
2.81 times for PH40, 1.21 times for LH40 and 1.44 times for AH40, while after three
months of storage TFd increased 2.84 times for PH40s, 1.16 times for LH40s and 1.45
times for AH40s. The TAn contents were determined only in enriched honeys, before and
after storage. The determined TAn contents in enriched honeys were slightly lower after
three months of storage.

It can be concluded that enriched honeys possess higher content of phenolics in com-
parison to raw honeys. Honeys and enriched honeys after storage had almost the same
phenolics content like before the storage time. The amount of phenolics in honeys is clo-
sely related not only to the floral variety but also to the specific parameters such as soil
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composition and meteorological conditions [23]. The botanical origin of honey is one of
its main quality parameters, and its price is very often related to the floral origin (1).

Table 1. Phenolics composition of honeys with and without addition of dried cherries

TPh TFd (mg TAn 4 s
Sample | oy GAE/100 g)' RE/100 9 | (mgCGE/100g° | TFY/TPH TAn/TPh
PH 38.50+1.7° 8.32+0.34" - 0.22 -
PHs 38.40+1.14° 8.06+0.25" - 0.21 -
PH40 55.77+2.13° 23.410.69° 37.91+1.43° 0.42 0.68
PH40s 53.88+2.14° 22.86+1.09°° 37.57+1.66° 0.42 0.70
LH 23.96£1.62* 18.110.81*¢ - 0.76 -
LHs 23.01+0.99° 17.56+0.647 - 0.76 -
LH40 53.96+2.45° 21.84+0.78%%1 41.41+1.86" 0.40 0.77
LH40s 53.13+2.02° 20.42+1.01° 40.41+1.97° 0.38 0.76
AH 20.04+0.88° 14.03£0.56° - 0.70 -
AHs 19.66+0.72° 13.88+0.49° - 0.71 -
AH40 43.40+1.77° 20.26+0.89% 31.23+1.46° 0.47 0.72
AH40s 42.20+1.56* 20.18+0.77%¢ 30.06+1.43° 0.48 0.71

*Taken from Cetkovic et al. (2014)

'Total phenol content expressed as mg gallic acid equivalents per 100 g of honey sample; *Total flavonoid
content expressed as mg rutin equivalents per 100 g of honey sample; *Total anthocyanin content expressed as
mg cyanidin-3-O-glucoside equivalents per 100 g of honey sample; *TFd/TPh: the ratio of TFd in relation to
TPh; *TAn/TPh: the ratio of TAn in relation to TPh. TPh, TFd and TAn values are mean + SD of three
replicates. Values sharing the same letters in the same column are not significantly different from each other at
the level of 5%.

Tumbas et al. (24) reported that the addition of 40% of prunes to raw acacia honey,
increased the content of total phenolics content by 2.5 times (from 16.18 to 41.64
mgGAE/100g), while the flavonoid level was increased approximately by 11.15 times
(from 2.65 to 30.86 mgRE/100g). The results in this study are in accordance for phenolics,
while the flavonoids content increasted less from raw to honey with dried cherries, than in
the study by Tumbas et al. (24). Beretta et al. (25) and Bertoncelj et al. (26) reported the
phenolics contents of acacia honeys: 5.52 mgGAE/100g of commercial acacia honey and
4.48 mgGAE/100g of Slovenian acacia honey, respectively. The results shown in Table 1.
have higher values.

In our research we evaluated the antioxidant activity of honeys and honeys with dried
cherries using two spectrophotometric methods: DPPH test and reducing power. The
antioxidant molecules can quench DPPH free radicals (i.e. by providing hydrogen atoms
or by electron donation, conceivably via a free-radical attack on the DPPH molecule) and
convert them to a colorless/bleached product (i.e. 2,2-Diphenyl-1-hydrazyne, or a substi-
tuted analogous hydrazine), resulting in a decrease in the absorbance at 517 nm (27). The
presence of reductants (i.e. antioxidants) causes the reduction of the ferric—ferricyanide
complex to the ferrous—ferricyanide complex of Perl’s Prussian blue. Therefore, Fe*" can
be monitored by measuring the absorbance at 700 nm in reducing power method (28).

The honeys with dried cherries exhibited higher antioxidant activity than honeys
without dried cherries, while the honeys after three months of storage did not exibit big
changes in the antioxidant activity. Cetkovic et al. (5) showed that the antioxidant activity
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increased with increasing the concentration of dried apricots in linden honey and that it
could be explained by the fact that bioactive components of dried apricot were transferred
to linden honey, while the same trend of honey samples antiradical activity remained after
the storage period. Vulic et al. (29) reported an increase in the phenolics content and
antioxidant activity of polyfloral honey with dried apricots. Also, after one-year storage
there was no significant changes in antioxidant activity. Canadanovic-Brunet et al. (30)
reported that dried apricot has good antioxidant activity and that phenolic compounds in
dried apricot appear to be the main contributors to their antioxidant capacity. Besides
phenolics present in honeys, the compounds present in dried cherries were most probably
the key constituents contributing to the antioxidant capacity of the enriched honey samples.

The ECs, defined as the concentration of extract required for 50% scavenging of
DPPH radicals under experimental condition employed, was used to measure the free
radical SA [31], while for RP it is the concentration of the antioxidant assigned at 0.5
value of absorption. The rResults are presented in Table 2.

Table 2. Antioxidant activities of honeys with and without addition of dried cherries

Sample EC5 ! (mg/mL)1 RPy 5 (mg/mL)2
PH 23.81+1.02° 57.00+2.67°
PHs 24.19+1.09*° 56.00+2.65"

PH40 1.16+0.02° 15.05+£0.71°

PH40s 1.18+0.03¢ 15.18+0.69°
LH 189.83+6.24*9 169.00+6.06*°
LHs 190.01+8.999 170.11+8.00°

LH40 1.42+0.07° 16.09+0.73°

LH40s 1.41+0.06° 15.21+0.64°
AH 314.80+14.77° 256.64+11.65°
AHs 315.03+£14.98° 257.99+11.999

AH40 1.69+0.07° 17.60+0.54°

AH40s 1.71+0.08° 15.96+0.70°

*Taken from Cetkovic et al. [5]

"'the concentration of antioxidant necessary to decrease the initial concentration of DPPH radicals by 50%; *the
concentration of antioxidant assigned at 0.5 value of absorption; ECs,""™" and RP,s values are mean + SD of
three replicates. Values sharing the same letters in the same column are not significantly different from each
other at the level of 5%.

The PH and enriched PH exibited the best antioxidant activity comparing to LH, AH,
LH40 and LH40, before and after storage. The ECs""™ values were: 23.81 for PH and
24.19 mg/mL for PHs, while the ECs,"""™ were: 1.16 mg/mL for PH40 and 1.18 mg/mL
for PH40s. RPy 5 values were: 57.00 mg/mL for PH40 and 56.00 mg/mL for PH40s, while
RPy s were: 15.05 mg/mL for PH40 and 15.18 mg/mL for PH40s. It can be concluded that
during the three months honeys and enriched honeys retained good antioxidant activities.

Because of the great variation in honey composition, the biological activities exhibi-
ted by the honey samples varied according to the geographical and botanical origin of ho-
ney, while processing and storage condition might affect the biological activities only to a
minor degree (32).
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For the correlation analysis, the ECsy values were transformed into their reciprocial
values, 1/ECsy. The 1/ECsy values are more representative of the presented activity be-
cause they follow the increasing trend of honey samples in tested assays (Figure 1).
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Figure 1. 1/ECs, values of honeys with and without addition of dried cherries

Statistical tool can be considered as a useful complimentary approach to investigate
the relationship between the antioxidant activities of honey and its biochemical compo-
sition. Pearson’s correlation coefficients (R) between the composition and the antioxidant

activities of honey samples are shown in Table 3.

Table 3. Pearson’s coefficients of correlation between the composition and the
antioxidant activities of honey samples

TPh TAn 1/ECsy (mL/mg)
TFd (mg
(mg RE/100 g) (mgCGE/
GAE/100 g) 100g) DPPH RP
1/ECs RP 0.93 0.73 0.57 0.99 -
(mL/mg) DPPH 0.91 0.81 0.62 -

TPh (mg GAE/100 g) - 0.74 0.96
TFd (mg RE/100 g) - 0.70
TAn (mgCyG/100g) -

There was a very good correlation between the total phenolic contents and the analy-
zed antioxidant activities of honey samples (0.91 for DPPH radical scavenging activity
and 0.93 for reducing power). The correlation coefficients for the relation between the
analyzed antioxidant activities and flavonoids (0.81 for DPPH radical scavenging activity
and 0.73 for reducing power) and anthocyanins (0.62 for DPPH radical scavenging
activity and 0.57 for reducing power) were slightly lower. Cetkovic et al. (5) and Vulic et
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al. (29) also reported high correlation factors between the phenolics and flavonoid con-
tents, and antioxidant activity of honeys.

Based the high correlation coefficients, it can be noticed that phenolics, flavonoids and
anthocyanins play very important role in the antioxidant activity of honeys and honeys with
dried cheeries. Dai et al. (33) reported that, although the mechanisms behind the bioac-
tivities of phenolics and anthocyanins involve many pathways, the most remarkable aspect
of their activities may be their ability to act as either antioxidants or prooxidants in some
biological environments. Significant correlations between the color parameters, phenolics,
and antioxidant capacity have been demonstrated by Beretta et al. (34), Ferreira et al. (35)
and Bertoncelj et al. (36).

An important parameter of honey is its color, which reflects the floral source (36).
PH, LH and AH with and without dried cherries, before and after storage, were evaluated
by a 7-member trained expert descriptive attribute sensory panel. The sensory quality of
honey samples was defined based on density, intensity of color, aroma and odor. Samples
were scored using the 0 to 3 intensity scale and the results are presented in Figure 2.

a) b) N
R (=PI = Pis OPHd0 O PHA0s] [wLH =LHs OLH40 0LH40s]

2,6
2.6
25
25
Color Density Intensity of  Intensity of

Color Density Intensity of Intensity of
odour aroma

odour aroma

)
29

BMAH BAHs CAH40 DOAH40s

28

2.7
2.6
25

Color Density Intensity of  Intensity of
odour aroma

Figure 2. Sensorial characteristics of honey samples. a) PH and PH with addition of dried
cherries, before and after storage; b) LH and LH with addition of dried cherries before
and after storage; ¢) AH and AH with addition of dried cherries before and after storage.
Scores are means of seven evaluations by 7seven panelists. Scores: 0 - unacceptable,

1 - acceptable, 2 - good, 3 - optimal quality level.
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Darker honeys tend to have higher antioxidant activity and an increased concentration
of phenolic compounds (37). Ferreira et al. (35) showed that dark honeys were richer in
phenolics and had a higher antioxidant activity. Sensorial descriptive profiling of all ho-
neys indicated very good quality. Panelists' evaluations of honeys indicated that polyflo-
ral honeys with the addition of dried cherriess showed the best sensory properties. Dried
cherries in PH improved density, color, odor and aroma. The total sensory scores, increa-
sed from 2.73 for PH to 2.88 for PH40 and 2.78 for PHs to 2.86 for PH40s, which shows
that the quality of honey samples was improved with addition of dried cherries. Good
sensory characteristics of honey enriched with dried cherry remained practically unchan-
ged after three months of storage.

CONCLUSION

This study showed that polyfloral, linden and accacia honeys and honeys with dried
cherries, before and after three months storage, contained high amounts of bioactive com-
pounds and possessed good antioxidant activity. Also, high level of correlation between the
phenolics, flavonoids and anthocyanins content and antioxidant activities of all studied honeys
confirmed that they may be products of wide use due to good consumers acceptance. The
addition of dried cherries improved the sensory properties of investigated honeys. The
three-month storage of the raw and enriched honeys did not affect the good quality of the
samples.
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JIMBAJICKH, JIMIIOB U BATPEMOB ME]/] CA TOJJATKOM CYBE BUIIIHE
HAKOH 3 MECEIA CKJIA/JUIITEBA - AHTUOKCUIATUBHA 1
CEH30OPCKA AHAJIN3A

Jenena J. Bynuh, Jacna M. Yanadanosuh-bpynem, I'opoana C. Fiemkosuh,
Corwwa M. Bunac, Becna T. Tymbac, Cnahana M. Cmajuuh

Yuusepsurer y HoBom Cany, TexHononiku dakynrer, bynesap napa Jlazapa 1, 21000 Hosu Cax, Cpbuja

Jlusancku (I1X), munos (JIX) u 6arpemo (AX) men, 6e3 u ca cyBoM BuimboM (40%),
Ipe ¥ HAKOH 3 Mecella CKIIaJUIITeka, CY aHaJIM3upaHu y oBoM pazy. Onpehenu cy ykymnHu
(denony, (IIaBOHOMIM, AHTOLMjAHH, AaHTHOKCH/IATHBHA aKTHBHOCT M CEH30pPCKE KapakTe-
puctuke. Canprkaju yKynHux (eHosna u (1aBoHOHMIA Cy IIOpaciv ca JIOAATKOM CyBE BHII-
e y MeJl, a oboraheHr MeZoBH Cy IOKa3alM BUCOK CaapsKaj YKYNMHUX aHTouujaHa. JIX40
nMao je Hajpehw cagprkaj ykynHux aHTtorwjaHa (41,41 mrLT'E/100r). AHTHOKCHIATHBHA
aKTHBHOCT je Topaciia ca JI0JaTKOM CyBHX BHIama y Mex kox JIIITX Tecta u pemyKimoHe
cniocobHocTr. ITX n oborahenn [1X moka3ao je HajOOJbY aHTHOKCHAATHBHY aKTUBHOCT y
mopehemy ca JIX u AX. ECs,/MX BpeaHoctu cy: 23,81 3a [1X u 24,19 mr/mn 3a [1Xc, nok
cy ECs™X: 1,16 mr/mu 3a T1X40 u 1,18 mr/mn 3a ITX40c. P, s BpexHocTu cy: 57,00
mr/mi 3a I1X40 u 56,00 mr/mn I1X40c, mok cy PIlys: 15,05 mr/mn 3a I1X40 u 15,18 Mr/ma
3a [1X40c. CraricTHuke aHai3e cy Mokasajie Ja cy YKynHH (eHou, (IaBOHOMIH 1 aHTO-
LMjaHN W aHTUOKCHUAATHBHA aKTHBHOCT CHaXKHO ToBe3aHu. CeH30pcKa aHain3a MeJoBa ca
JIO/IATKOM CYBE BHIIE, IPE U HAKOH CKJIAIUILTEH:A, j€ YKa3aia Ha BeoMa JJo0pe CEH30pCKe
KapaKTEePUCTHKE.

K.Tby‘-IHe peun: M€, CyBa BHUIIKA, aHTAOKCHUIATHBHA AaKTWBHOCT, CCH30pCKa aHalih3a,
CKIIaIUIITCHC
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EFFECTS OF THE AMOUNT OF SOY MILK ON THERMORHEOLOGICAL,
THERMAL AND TEXTURAL PROPERTIES OF CHOCOLATE
WITH SOY MILK

Danica B. Zari¢', Biljana S. Pajin’, Ivana S. Loncarevié’*, Jovana S. Petrovi¢’
and Marijana M. Stamenkovi¢ Pokovié®

'THIS Tehno Experts d.o.0. Research & Development Center, 11080 Belgrade, Serbia
2 University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
*THIS Science &Technology Park Zemun, 11080 Belgrade, Serbia

Chocolate is a two-phase rheological system. The solid phase, consisting of non-fat
cocoa particles, sugar and soy milk is wrapped in a fat phase - cocoa butter. Physical,
thermal, textural and organoleptic properties of chocolate depend on the composition of
the ingredients, manufacturing process and a properly conducted pre-crystallization
phase.

For this study, two chocolate masses were produced in a ball mill: one with 15% of
soy milk powder (R1) and the other with 20% of soy milk powder (R2). The chocolate
mass was produced at different milling times (30, 60 and 90 min), and pre-crystallization
temperature (26, 28 and 30°C). The aim of the study was to evaluate the changes caused
by different amounts of soy milk powder on the quality of the chocolate. The quality of
chocolate was evaluated by comparing the nutritional composition, hardness, thermo-
rheological and thermal properties of the chocolate mass. The results show that chocola-
te mass R2, due to the presence of higher amounts of soy milk proteins, should be milled
longer, and also needs lower temperatures for pre-crystallization.

KEY WORDS: chocolate, ball mill, soy milk, thermal properties, hardness

INTRODUCTION

The chocolate with soy milk which was tested in this work was produced in a ball
mill, used to manufacture chocolate and chocolate-like products. The ball mill replaces
the two phases in a standard production process, as milling and conching are performed
simultaneously. It is a vertical cylinder with a double wall for hot water circulation (1). In
the central part of the cylinder there is a mixer with paddles. The mixer paddles rotate at a
speed of 50-70 rpm, causing the collision of chocolate mass particles with the mill balls
and due to the effects of force of impact, friction and shear stress, the size of the solid
particles of the chocolate mass decreases (2). The mill is equipped with a mass recircula-

* Corresponding author: Ivana S. Loncarevié, University of Novi Sad, Faculty of Technology, Bulevar cara
Lazara 1, 21000 Novi Sad, Serbia, e-mail: ivana.radujko@tf.uns.ac.rs
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tion system, so that the mass passes several times through the thick layer of moving balls
and is fragmented many times and is submitted to the effects of shear stress and friction.
The speed of recirculation of the mass is 3-6 kg/min. Depending on the length of grin-
ding, an optimum distribution of particles by size is achieved (3).

The optimal parameters for production of chocolate with soy milk, used in this study,
were determined in the work by Pajin et al. (4).

Melted chocolate is a complex rheological system, where solid particles are dispersed
in the fat phase. The fat phase consists of cocoa butter and soybean oil from soy milk.
The solid phase is not a uniformly dispersed phase, as the particles have a different distri-
bution by size, shape, and surface properties. The influence of milling on the chocolate
mass is reflected in the gradual reduction of shear stress due to which it achieves the
appearance of a homogeneous suspension that starts to flow. Before forming the stable
chocolate mass, it is tempered to form centers of crystallization of cocoa butter in a stable
V crystalline form (5). The formed crystals allow the proper formation and solidification
of chocolate, thus providing optimal physical and sensory properties of chocolate (6).

The greatest impact on the thermorheological, thermal and textural properties of cho-
colate has the composition of the ingredients, fat content, selection of emulsifiers, size
distribution of solid particles, and particles packing method. The significance of densely
packed particles and their mutual interactions in chocolate can be seen when cow's milk
powder is substitute with soy milk powder. The replacement leads to high elastic proper-
ties of chocolate with soy milk. These properties are due to the presence of soy proteins:
B-conglycinin and glycinin. B-conglycinin is prone to the processes of association and
dissociation, and it appears in seven polymorphic forms. Each polymorphic form is a
trimer and is composed of the same subunit or a combination of different subunits (7).
Both soy milk proteins create intermolecular bonds, which influence the high elastic pro-
perties of the chocolate. At higher temperatures and at neutral pH, B-conglycinin and gly-
cinin form a gel. The minimum concentration of protein at which the gel can be formed is
8%. The gel can be formed at lower concentrations, but at higher temperatures or longer
heating times. Formation of disulfide bonds and electrostatic interactions are responsible
for the gelation of glycinin. Glycinin forms a stable gel with a cylindrical structure. -
Conglycinin forms an irregular gel, the process being governed by the formation of hyd-
rogen bonds. The resulting gel has a double helix structure, with a multitude of cross-
links (8). Actually, gel formation and emulsifying properties of soy proteins are the pri-
mary requirements for making a good quality chocolate with soy milk in a ball mill
(working conditions: temperature of 50 £2°C, neutral pH, and the pressure caused by the
movement of the balls).

The quality of chocolate with soy milk varies depending on the amount of soy milk,
which contains significant antioxidant activity. Isoflavones, flavonoids and other soy po-
lyphenols act as antioxidants and protect the low-density lipoprotein from oxidation, and
also have a positive effect on blood plasma lipids as they inhibit platelet aggregation (9).
Also, soy milk contains more protein and less fat than cow's milk (10), and no cholesterol
or lactose. It has a low content of saturated fatty acids and a high content of polyunsatu-
rated fatty acids. The contents of iron, niacin, and thiamin are also higher than in cow’s
milk. The advantage of using soy milk is reflected in its high digestibility.
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The objective of this study is to find optimal conditions for the preparation of choco-
late with soy milk with different amounts of soy milk, while endeavoring not to infringe
the thermorheological, thermal and textural (hardness) properties of the chocolate.

EXPERIMENTAL
Materials

The raw materials used for chocolate production included cocoa butter (Theobroma,
Amsterdam), cocoa liquor (Cargill, Italia), medium-grain sugar (Crvenka AD, Serbia),
soy milk powder with 26% of total fat, 44% of proteins and 18.5% of carbohydrates (Pro-
vesol PSA, Brazil), hazelnut paste with 25% of a total, 28% of proteins 28% and 37% of
carbohydrates 37% (Arslanturk, Turkey), ethylvanilin (FCC, Norway), soy lecithin with a
minimum content of 65% insoluble in acetone (Soyaprotein AD, Serbia), polyglycerol
polyricinoleate (PGPR) (Danisco, Malaysia).

Methods

Production of chocolate mass in a ball mill. The chocolate was manufactured in a
laboratory ball mill with a homogenizer (capacity 5 kg), of a domestic manufacturer —
Masinoprodukt, Crvenka. The raw materials (cocoa butter, cocoa liquor, sugar, soy milk,
hazelnut paste, ethylvanilin, soy lecithin and PGPR) needed for the production of choco-
late mass were measured and simultaneously dosed into the homogenizer (except for 10%
of cocoa butter which was dosed 10 minutes before taking out the mass from the ball
mill), in which mixing was done for 20 minutes, at the temperature of 50°C and mixer
rotation speed of 50 r/min. The homogenous mass was then transferred into the ball mill
(ball diameter 9.1 mm; ball mass 30 kg; mixer rotation speed 50 rpm; mill inner diameter
0.250 m; height 0.31 m.; volume of space provided for balls and 5 kg of chocolate mass
0.0152 m*).

Chemical analyses. The basic chemical composition was determined using standard
AOAC methods (11), as shown in Table 1.

Table 1. Chemical methods for determining basic chemical composition of the chocolate
mass with soy milk

Quality parameter Method/Principle
Moisture [%] Thermogravimetric
Total fat [% d.m.] Determination of the petrol ether extract
Proteins [% d.m.] Kjeldahl method
Carbohydrates [% d.m.] Polarimetric
Cocoa solids [% d.m.] Spectrophotometric
Non-fat cocoa components [% d.m.] Spectrophotometric
Sucrose [% d.m.] Polarimetric
Lactose [% d.m.] lodine metric titration
Amino acid content [% ] Ion chromatography
Fatty acid content [%] Gas chromatography
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Pre-crystallization of the chocolate mass. The pre-crystallization of the chocolate
mass was performed in a modified Brabender Farinograph laboratory pre-crystallizer (12).
The process of pre-crystallization was controlled indirectly by the changes of the mass
resistance during mixing, which was registered on a force/time diagram — the thermo-
rheogram. The following pre-crystallization temperatures were applied: 26, 28 and 30°C for
both chocolate masses.

Sample names. Sample names of the chocolate masses used in the work are listed in
Table 2.

Table 2. Sample names of the chocolate masses mentioned in the paper

Symbol of the chocolate mass Refining time (min) I:Zf;;?:::‘lﬂ}:zgg;l
R1-90-26 90 26
R1-90-28 90 28
R1-90-30 90 30
R1-60-26 60 26
R1-60-28 60 28
R1-60-30 60 30
R1-30-26 30 26
R1-30-28 30 28
R1-30-30 30 30
R2-90-26 90 26
R2-90-28 90 28
R2-90-30 90 30
R2-60-26 60 26
R2-60-28 60 28
R2-60-30 60 30
R2-30-26 30 26
R2-30-28 30 28
R2-30-30 30 30

Determination of phase transitions by differential scanning calorimetry method.
Differential scanning calorimetry (DSC) is a method that is based on the measurement of
calorific value (heat flow in mW) which occurs while heating (or cooling) the test and
reference samples at a specified speed, i.e. when they are exposed to the same temperatu-
re regime. The DSC instrument used was a TA Instruments Q20.

Determination of chocolate hardness. The determination of the chocolate textural
properties was performed using a texture analyzer, following the original method 3-Point
Bending Rig HDP/3PB. The working conditions were: measuring cell 5 kg; temperature
20°C; speed of the cylindrical probe before the analysis 1.0 mm/s; speed of the cylindri-
cal probe during the analysis: 3.0 mm/s; speed of the cylindrical probe after the analysis:
10.0 mm/s; distance 40 mm; texture measurement was repeated on three times after seven
days of stabilization of the manufactured chocolate. The measured parameter was the in-
tensity of the force used to crush the chocolate.
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Statistical analyses. The results of measuring hardness and the total number of pon-
dered points were processed by statistical testing for significant difference between two
means using t-test at the significance threshold of 95%, a = 0.05 (program packages Sta-
tistica 8.0 and Origin 6.1). The influence of independent variables (x and y) on the above
dependent variables (z) was mathematically defined by means of regression analysis of
experimental values. The response function z was defined by the regression equation
(mathematical model) of the following form:

Z:b0+b1X+b2y+b1]X2+b]2Xy+b22y2, [1]

where: by, by, by, by, by and by, are regression coefficients; x is the pre-crystallization
temperature (t,); y is the refining time (t); z is the response function of a characteristic
parameter value: the chocolate hardness and the total number of points for sensory qua-
lity. The regression coefficients b; and b, indicate a linear effect of the independent va-
riables x and y on the dependent variable z, b,;, and by, indicate the square effect, while
by, indicates linear interaction of the independent variables.

On the basis of obtained experimental - real (z.) and theoretical - expected values (z),
the following statistical parameters were calculated: the standard error of the regression
o, p and t-values, the coefficient of determination and analysis of variance for the selec-
ted regression expression.

The standard error of the regression is defined by the following relation:

o= /Z(Ze -z,)’ 2]
n-2

The calculation of the coefficient of determination (r*) was solved to determine the
discrepancy between the experimental and the theoretical values.

RESULTS AND DISCUSSION
Chemical composition of the chocolate mass

The chocolate mass with 15% of soy milk (R1) contains 2.2% less protein than the
chocolate mass made with 20% of soy milk (R2). Therefore, chocolate mass R1 does not
achieve the critical percentage of 9% of soy protein required for the formation of gel
under the conditions of the ball mill operation. Chemical composition of chocolate mass
R1 and R2 is shown in Table 3.

The changes in the composition of the ingredients have also led to a slight difference
in amino acid composition. Chocolate mass R2 was characterized by better nutritional
properties because of the higher percentage of essential amino acids (lysine, cysteine,
tryptophan, threonine, isoleucine, leucine, phenylalanine and valine). The changes in the
composition of acids fatty yielded an increase in the nutritional value of chocolate mass
R2.
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Table 3. Chemical composition of chocolate mass R1 and R2

Quality parameters R1 R2
Moisture (%) 1.1 1.1
Total fat (% d.m.) 32.44 32.44
Protein (% d.m.) 7.71 9.91
Carbohydrates (% d.m.) 54.25 52.07
Cocoa solids (% d.m.) 30.14 30.14
Non-fat cocoa components (% d.m.) 4.74 4.74
Cocoa butter (% d.m.) 25.5 25.5
Milk fat (% d.m.) - -
Soybean oil (% d.m.) 4.2 5.2
Hazelnut oil (% d.m.) 2.7 1.7
Sucrose (% d.m.) 54.25 52.07
Emulsifiers (% d.m.) 0.5 0.5
Lactose [% d.m.] - -
Energy value, kcal 539.53 539.61
Energy value, kJ 2255.24 2255.55
Amino acids %
Lysine 0.5 0.8
Alanine 0.51 0.69
Threonine 0.27 0.34
Glycine 0.27 0.34
Valine 0.31 0.4
Serine 041 0.51
Proline 0.36 0.47
Isoleucine 0.45 0.52
Leucine 0.32 0.42
Methionine 0.05 0.07
Histidine 0.25 0.33
Phenylalanine 0.4 0.51
Glutamate 1.5 1.8
Aspartate 0.98 1.21
Cysteine 0.07 0.09
Tyrosine 0.25 0.43
Fatty acids %
Palmitic 7.45 7.45
Stearic 9.59 9.61
Oleic 10.71 10.51
Linoleic 4.02 4.2
Linolenic 0.32 0.4
Arachidonic 0.04 0.04
Gadoleic 0.05 0.04
Behenic 0.1 0.07

Both chocolate masses had the same percentage of palmitic acid, while chocolate
mass R2 had a slightly higher content of stearic acid (by 0.02%), linoleic acid (by 0.18%)
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and linolenic acid (by 0.08%) compared to chocolate mass R1. Chocolate mass R2 con-
tained less oleic acid (by 0.2%), gadoleic acid (by 0.01%) and behenic acid (by 0.03%)
compared to chocolate mass R1. Neither of chocolate masses contained cholesterol or
lactose.

Thermorheological properties of the chocolate masses

The torque value of chocolate mass R2 was higher compared to chocolate mass R1
because of the higher content and complexity of the structure of soy proteins. The con-
centration of soy protein in this chocolate mass was critical (9%) and sufficient for gel
formation and interconnection, which was particularly reflected in the increase of the tor-
que value during longer milling times of 60 and 90 minutes. The optimal torque value
(13), which gives the chocolate mass of the appropriate rheological properties, is about
250-350 x 10> Nm, which corresponds to chocolate mass R1-30-30 and R2-90-30. The
higher content of unsaturated fatty acids in chocolate mass R2 did not affect the rate of
crystallization, i.e. the extension of time needed to achieve maximum torque. The results
are shown in Figure 1.
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Figure 1. Comparison of the thermorheograms of chocolate masses R1 and R2 regarding:
a) milling time (90 min) and pre-crystallization temperature (26°C, 28°C, 30°C);
b) milling time (60 min) and pre-crystallization temperature (26°C, 28°C, 30°C);
¢) milling time (30 min) and pre-crystallization temperature (26°C, 28°C, 30°C)
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By testing the statistical significance of the individual parameters of the regression
equation it was noticed that none of the parameters had a statistically significant effect on
the change of torque value in chocolate mass R1 (calculated t-values < tabular 3.128).

The regression coefficients by, b; and by, also indicate specific changes of the depen-
dent variable - z (torque value) with the change of the independent variable - x (tempera-
ture of pre-crystallization).

The calculated value of the standard error of regression (¢ = 194.35) confirms that the
used of the chosen mathematical model gave a large dispersion of the experimental valu-
es. The value of the coefficient of determination (r* = 0.938) indicates that the torque va-
lue of chocolate R2 is determined by variations of independent variables with 93.8%.
Analysis of the variance of the regression equation confirms it at a significance level of
95% (a = 0.05). Using a selected regression equation, the behavior of the torque value
can be predicted for chocolate R2 when changing the milling time and pre-crystallization
temperature (calculated F = 42.777> tabular Fy gs. 6. 3 = 8.94). The results of statistical data
are shown in the 3D and contour diagram in Figure 2.
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Figure 2. The influence of milling time and pre-crystallization temperature on maximum
torque value of chocolate mass R1, a) 3D diagram b) contour diagram

Using statistical data the functional dependence of the maximum torque value of cho-
colate mass R2 on pre-crystallization temperature and milling time was calculated. The
results indicate that the pre-crystallization temperature had a higher impact on the maxi-
mum torque value than the milling time. By comparing the obtained t-values with the tabu-
lar value t; 5.3 = 3.182 it can be noticed that the most important parameters in the regression
equation were by, b; and by, i.e. the elements which indicate the significance of the pre-cry-
stallization temperature. The values of the standard error of regression indicate a significant
dissipation of the experimental values from the theoretical ones (¢ = 89.35). The results of
the analysis of variance (F = 24.12 is greater than the tabular value Fy 53 = 8.94) with the
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risk of error a = 0.05 (p < 0.05), confirm that the applied regression equation as a whole
significantly defines the dependence of the torque value on the independent parameters. The
torque value for chocolate R2 is determined by variations in the pre-crystallization tempera-
ture and milling time by 90.01% (R* = 0.901). The results are shown in Figure 3.
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Figure 3. The influence of milling time and pre-crystallization temperature on the
maximum torque value of chocolate mass R2, a) 3D diagram b) contour diagram

Comparison of thermal properties of chocolate masses R1 and R2

The thermal properties of chocolate with soy milk are most influenced by soy proteins
(14), as well as by particle size. Disulfide bonds and electrostatic interactions are respon-
sible for gelling of soy protein - glycinin. Glycinin forms a stable gel with a cylindrical
structure, while an irregular gel is formed by B-conglycinin, for which most responsible
are hydrogen bonds. Gel is formed by aggregation of molecules and has a double helix
structure with a variety of cross-links (15).

It was observed that the pre-crystallization temperature of chocolate mass R1 tended
to increase the value of Tj,qx regardless of the milling time. Afoakwa et al. (16) also re-
ported that the melting interval increased with a decrease in the particle size, due to stron-
ger interactions between the components. The results of thermal properties of chocolate
masses R1 and R2 are shown in Table 4.

The values shown in Table 4 are the average values of the largest cocoa particles. Re-
garding chocolate mass R2, the increase in the amount of soy milk from 15 to 20% resul-
ted in an increase of the T value on average by about 2°C. Samples of R2-90 had a
lower Tj,qex value because the R2-90 samples had fewer crystallizing forms, which resul-
ted in a shorter melting interval.
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Table 4. Thermal properties of chocolate masses R1 and R2

Tonsct Tcnd Tpcak Tindcx AHmelt Particle size
Sample K8 C0) K8 (C) J/g) (um)
R1-30-26 26.88 36.66 33.66 9.78 29.40
R1-30-28 29.49 37.35 34.19 7.86 21.11 106.15
R1-30-30 27.81 39.66 3441 11.85 2497
R1-60-26 27.71 40.19 34.72 12.48 24.73
R1-60-28 27.69 40.16 34.60 12.47 21.30 86.33
R1-60-30 27.92 40.87 35.05 12.95 25.17
R1-90-26 31.24 35.49 33.52 4.25 28.19
R1-90-28 27.31 35.80 33.28 8.49 30.37 78.48
R1-90-30 27.74 35.95 33.29 8.21 27.27
R2-30-26 27.07 35.87 33.24 9.59 27.09
R2-30-28 25.13 33.68 32.11 12.22 25.54 104.61
R2-30-30 31.44 34.49 32.68 8.22 30.58
R2-60-26 25.58 35.41 32.03 14.61 28.55
R2-60-28 26.79 35.75 32.73 13.37 29.14 85.25
R2-60-30 27.31 35.32 33.14 13.56 32.88
R2-90-26 29.60 34.20 32.27 5.89 29.78
R2-90-28 26.55 35.92 33.01 9.25 29.36 72.92
R2-90-30 26.76 35.72 32.76 9.19 27.07

All samples showed a tendency to increase enthalpy with the increase in the retention
time in the mill because the decrease in the particle size is accompanied by an enhanced
interaction between the components, and the system requires more energy for melting.
The lowest values of enthalpy showed samples with a retention period of 30 min in the
ball mill, which can be attributed to an insufficient time of milling, resulting in a system
with non-uniform particle size. Samples of chocolate mass with optimum enthalpy are
R2-90, and especially sample R2-90-30.

Comparison of the textural properties

Experimental results of measuring hardness of chocolate R1 and R2 as a function of
milling time and pre-crystallization temperature are shown in Figure 4.

As can be seen, milling time and pre-crystallization temperature had an equal influen-
ce on the hardness of chocolate R1. The best hardness has the chocolate that was pre-
crystallized at 26°C and milled for 90 min. Finer milling results in a decrease of the cho-
colate hardness, and an extended milling time requires a lower pre-crystallization tempe-
rature. To achieve an optimum hardness, the chocolate mass with higher content of soy
milk (R2) needed a lower pre-crystallization temperature and shorter milling time. Cho-
colate mass R2 was harder than chocolate mass R1 by an average of 42%.
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Figure 4. Effect of pre-crystallization temperature and milling time on hardness of
chocolate R1 and R2

CONCLUSIONS

The increase in the amount of soy milk from 15% to 20% did not cause a change in
the rate of crystallization of chocolate mass, regardless of the applied temperature, but
resulted in an increase in torque values. The optimum torque value (250-350 x 10° Nm)
that provided adequate rheological properties of chocolate mass was achieved at the pre-
crystallization temperature of 30°C, regardless of the amount of soy milk. Regardless of
the milling time and the pre-crystallization temperature, chocolate mass R2 had higher
Tingex Values, as well as the enthalpy values comparing to chocolate mass R1. Chocolate
R2 is harder than chocolate R1 on an average by 42% for all tested milling time and pre-
crystallization temperatures.
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YTUHAJ KOIMYUHE COJUHOI' MJIEKA HA TEPMOPEOI'PA®CKE,
TOIVIOTHE U TEKCTYPAJIHE KAPAKTEPUCTUKE YOKOJIAJLE CA
COJUHUM MJIEKOM

Januya B. 3apul’, Bumana C. Iajur’, Heana C. Jlonuapesul’*, Josana C. ITemposult’,
Mapujana M. Cmamenxosuh’

'THIS Tehno Eksperts d.o.o. McTpakuBauko passojuu mentap, 11080 Beorpan, Cp6uja
2 Vuusepsurer y Hoom Cany, Texnonomku (akysret, Bynesap mapa Jlasapa 1, 21000 Hosu Can, Cp6uja
* THIS Hayuso-texsonomku napk, 11080 Beorpax, Cp6uja

Yoxkomana mpeacTaBiba NBO(PA3HHU peosiolika cucteM. Uspcera (asza kojy 4rHE Hemac-
HE Kakao 4yecTuIle, mehep U cojuHO MJIEKO 00aBHjeHa je MAaCHOM (ha3oM - Kakao macia-
neM. dusnuke, TOMIOTHE, TEKCTYPAIHE U OPraHOJIENTHYKE 0COOMHE YOKOJIaJIe 3aBUCE OJT
CHPOBHHCKOT CacTaBa, IMOCTYIKa ITPOM3BOAE U IPAaBUIHO Bol)eHe (aze IpeTKpHrcTalIm-
3amnyje.

Y oBOM pajy Cy Npou3BeeHe Y KyIJIMYHOM MIIMHY JIBE YOKoJsaaHe mMace: ca 15% co-
juHor muteka y npaxy (R1) u 20% cojunor miueka (R2). I1pu npu3Boamy 4OKOIaIHAX Ma-
ca, BpeMe YCHUTHhaBamka YoKoNaaHe Mace ce Bapapaio (30, 60 u 90 muH), kKao u Temmepa-
Typa npetkpuctaimsanyje (26, 28 u 30°C). Lwb pana je 1a ce yIBpIe IpoMeHe Koje u3a-
3MBa pa3IM4KTa KOJIMYMHA COJUHOT MJIeKa Y Tpaxy Ha KBaJuTeT 4okoiane. Kpaaurer 4o-
Konaga je mpaheH ymopeanBameM HYTPUTHBHOI CacTaBa, UBpPCTohe, TepMopeorpadekux
Y TOIUIOTHUX KapaKTEPUCTHKA YOKOJAJHHUX Maca. Pe3ynraru nokasyjy Ja je 4OKOJaaHOj
macu R2, 300r npucycrsa Behe KonnurHe MpoTenHa COJUHOT MIleKa IIOTPEOHO JIyKe Bpe-
Me MJICBEHA, AJIM M HIDKA TeMIlepaType MpeTKpucTain3almje.

Kibyune peun: 4okoiaja, KyrJIMYHU MJIMH, COJHHO MJIEKO, TOIUIOTHE KapaKTEpUCTHUKE,
yBpcroha
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ANALYSIS OF THE FREE-SWELL BEHAVIOUR OF ORANGE PEEL
PARTICULATES

Oluwaseyi A. Ajibade’, Johnson O. Agunsoye' and Sunday A. Oke’*

! University of Lagos, Faculty of Engineering, Department of Metallurgical and Materials Engineering, Lagos,
Nigeria
2 University of Lagos, Faculty of Engineering, Department of Mechanical Engineering, Lagos, Nigeria

Orange peel particulates (OPPs) are interesting materials for the sport equipment
production and other industrial applications from the economic and ecological perspecti-
ves. Free swell experiments were used to observe the possible behaviour of orange peel
filler materials as inputs to orange peel reinforced composites when used in outdoor
water-based applications. Experimental data were collected for 10 days on 24-hourly
measurements. Holtz and Gibb’s free swell model was applied in terms of five parame-
ters: Free swell (S); final volume (Vy); mass of water (M,,); mass of solution (My); and
volume of solution (V). The particle diameter sizes considered in the experiments are
0.075, 0.150, 0.212, 0.300, 0.425 and 0.600 mm. The analysis showed the level of water
swelling abilities of the various particulate sizes, which could give an informed decision
on possible behaviour of orange peel particulates in outdoor applications.

KEY WORDS: swelling parameters, experiments, free swell, green composites

INTRODUCTION

In the citrus family, sweet orange is a very important agricultural product from an
economic perspective. Sweet orange (Citrus sinensis), is a small edible fruit with a sphe-
rical shape and having an orange colour. It remains one of the most economically impor-
tant fruits in Brazil, USA, Japan, China, Mexico, Pakistan and other countries of the Me-
diterranean region (1) as well as Nigeria (2), Bangladesh (3) and India (4). It has a sweet
taste and is relatively cheap. It is available during the harvest seasons when large quan-
tities of it are lost due to post-harvest preservation problems. OPPs have important appli-
cations in green composite fabrication for use in a variety of sporting equipment systems.
Green composites have started playing a key role in the economic development of coun-
tries. Conventional materials used for structural, non-structural, constructional and spor-
ting equipment manufacturing purposes are no longer adequate to meet the challenge of
reducing the environmental impacts of replaced deteriorated infrastructures and new
structural members.

* Corresponding author: Sunday A. Oke, Department of Mechanical Engineering, Room 10, Mezzanine Com-
plex, Faculty of Engineering, University of Lagos, Akoka-Yaba, Lagos, Nigeria, e-mail: sa_oke@yahoo.com
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Since orange peel particulates are newly recognised as useful composite fillers, suffi-
cient literature information is not available concerning the free swell behaviour of this
material and such information is needed to understand the possible responses of orange
peel particulate-filled composites in natural conditions of rain, water immersion and hu-
midity in outdoor applications.

In experimental studies concerning sweet orange, chemical analytical investigations
have been the focus of a wide range of research and different hotspots have been studied
with relevance to a number of areas. A considerable body of knowledge exists on the che-
mical properties of orange peels (5-8) while the understanding of the physical properties
(9, 10) of the same material is evolving as an interest among composite fabricators. There
is a large pool of information in literature concerning the chemical properties of pectin
content (7)), essential oil composition (5), identifying phenols and anti-oxidant levels of
orange (11).

Investigations by Yeoh et al. (7), as well as Pandharipande and Makode (8) are based
on the extraction of pectin content of the orange peels. Similarly, Vora et al. (9), Pino et
al. (10), investigated the chemical composition of orange oil concentrates to determine its
uses. These authors contributed towards the definition of the appropriate levels of pectin
contents, and on the chemical composition of orange oil. Furthermore, Kamal et al. (1)
investigated the chemical composition of orange oils from fresh, ambient and oven-dried
orange peels. Also, Banidadr and Asempour (11) investigated the ability of ferric salt of
orange peels to accelerate photo-oxidation and bio-degradation in low density polyethyle-
ne soil environments.

The relevance of the chemical property experimental debates on orange peels to the
current work lies in the fact that the central debate so far has been on pectin and ferric
salts’ chemical analysis, among others, whereas physical analysis has been recognised
only more recently. However, very scanty information exists on the physical properties of
orange peels till date. The growing environmental concern of the potential risks associa-
ted with indiscriminate dumping of orange peel wastes in communities ignites an increa-
sing interest towards making an economic utilisation of these wastes. Although chemical
analyses are important, they are not sufficient for a thorough understanding of the pro-
perties of the orange peel grain structure. This is because the physical properties helps to
explain different ways in which the particulate sweet orange peels could be applied in
green composite fabrication. However, the existing studies on orange and orange peels
lacks the potentials of suggesting what the free swell properties of the orange peels are
when used as an input for green composite fabrication. This will help to determine the
mix ratio of orange peels filler to matrix in order to have high strength characteristics of
the composite that finally emerges from the fabrication process.

A scanty number of publications exist with particular reference to the analysis and
study of swell behaviour of composites but the independent investigations of the swell
behaviour of the comprising materials of the composites seem unattended to in literature.
van den Brom et al. (12) investigated the swelling behaviour of thermo responsive hyd-
rogen/silica nano-particle composites using water-swollen films by means of surface
plasmon resonance and optical waveguide spectroscopy. In another investigation, Abd-
El-Salam et al. (13) found a correlation between the position annihilation parameters of
silicone rubber polydimethy siloxane composite that was loaded and the different con-
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ductive fillers against their swelling prospectus. The parameters used to evaluate swell
were the maximum degree of swell, O,, %, and the penetration rate, P, diffusion coeffi-
cient, D, was reported to decrease with increasing filler content as a result of the reduced
size of free-volume. It was noted that carbon black-filled composites showed low values
of P, D and Q,% as compared with graphite-filled composites. The differences were
attributed to physical properties of the filler, particle size, surface area and the tendency
of the filler particles to make aggregates. Yet in another study, Masoodi and Pillai (14)
investigated the swelling and weight gain behaviour of bio-based composite made from
jute fibers and bio-based or ordinary epoxy.

In the above-mentioned investigations, all the articles focused exclusively on the
composite swell behaviour and the characteristics and data related to how the reinforce-
ment behave when subjected to moist environments, as indicative of the results obtained
from water-dipped particle analysis of orange peel particulates, as revealed in the labo-
ratory is conspicuously missing in the literature. It is necessary to understand how rein-
forcements would behave in moist conditions in order to use the knowledge to understand
in what quantities the reinforcement are to be combined with the matrix in moist envi-
ronment. An urgent attention must be paid to this literature deficiency.

Undoubtedly, there exists several problems with the traditional engineering materials
used presently for fabrication purposes; huge costs of product and seemingly interrupted
imports due to government changing regulations. However, it is necessary to overcome
these difficulties and challenges since wastes in forms of orange peels are abundantly
available in many societies, particularly the Nigerian environment that this study origina-
ted from. These problems could be overcome by developing an adequate understanding
of the system of processing the raw orange peels. Exhaustive literature search and scru-
tiny reveals that polymer-based raw materials such as polyethylene (low and high densi-
ties) are gaining an increased attention. Still, their usage and processing documentation is
at the infant level. More investigations are needed to breakthrough this area and pass the
bundle of benefits to users and researchers interested in this area. So, new knowledge on
the free swell of particulate orange peels was developed while the effect of variation of
sizes of particulates was studied.

Motivated by the aforementioned investigations and the possible applications in
which orange peel particulates could be made use of, it is of particular interest to the cur-
rent investigators to study the problem of free swell orange peel particulates through
laboratory experiments. There are unfortunately no recommendations about the free swell
behaviour that is presented for the various grades of particulate orange peels by the diffe-
rent aperture sizes: 0.075, 0.150, 0.212, 0.300, 0.425, and 0.600 mm. In addition, no deta-
iled data and direction is given in the current literature on composite materials as to how
the free swell of orange peels particulates could be determined. This aspect urgently
needs research attention. The approach uses collection of waste samples from the field,
grinding them into particulates, sieving them into various sizes, and carrying out volu-
metric and weight measurements on each of the particulate sizes to establish the beha-
viour of this material in water solution and therefore have an understanding of the pos-
sible behaviour of the material in outdoor applications where the material (in its compo-
site form) would likely be run over by liquids such as water throughout its lifespan.
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It is generally accepted that being a waste material, orange peels have great potentials
in bringing down the cost of fabrication of composites. Others consider it as a potential
raw material for the industry and one that will bring down manufacturing cost (2). Yet,
very little has been documented relative to orange peels being investigated for its free
swell properties. The current work applies parameters including measures of volume of
orange peel particulates in dried and swollen forms and measures of water to create a
broader investigation of the free swell behaviour of orange peel particulates for under-
standing the possible behaviour of outdoor applications of orange peel particulate-based
composites during its actual field applications. Free swell experimentation has been con-
ventionally used for soil particle analysis. Here, it is used for orange peel particulates
following the knowledge of shared properties of soil particles with orange peels parti-
culates by adapting the Holtz and Gibbs’ (1956) free swell model.

The paper is organised as follows. Section 1 presents the motivation for the work and
the purpose of the study. Section 2 proposes the structure of the research methodological
framework for the current study, which presents the flow of work from the motivation
through the study objective to the parametric determination of quantities through experi-
mental investigations. This is followed by experimental method specification and obser-
vations with results specification. Section 3 shows the experimental results concerning
the relationship among the important parameters in the study. In section 4, concluding
remarks are made.

RESEARCH METHODOLOGY

Orange peel particulates obtained from grinding of dried orange peels were sieved
using a British Standard test sieve Wykeham Farrance to obtain 0.075, 0.150, 0.200,
0.300, 0.425, 0.600 and 1.18 mm aperture sizes. However, the 1.18 mm size was not used
in the experiment due to its minute quantity obtained during sieving. It is desired to know
what each sample size would exhibit in terms of distinct or otherwise of swell properties,
which are hitherto unknown For this purpose, free swell experiments were set up for each
of the samples in accordance with universally acceptable standards. The experiments
were carried out in line with literature documentation by Holtz and Gibbs. 6 measuring
cylinders of known capacity were filled with 100 cm® of water, orange peels particulates
of each sample size were dissolved into water in the calibrated measuring cylinders of
capacity. The setting up of the experiments and the taking of readings after 24 hours of
dissolution is referred to as a run. For simplicity and consistency, ten experimental runs
were performed for each of the sample sizes. This is for statistical acceptability of ex-
periments. Also, a number of intricate parametric quantities helpful in understanding the
free swell behaviour were also determined. This yielded a broader insight into the dyna-
mics of free swell for the orange peel samples. These quantities are initial volume, mass
of solute, final volume, volume of water, mass of water, volume of solution before free
swell, volume of solution after free swell, increase in volume of specimen and increase in
volume of solution.

The measurement of dry orange peel particulates before dissolution is the initial volu-
me ¥; while the 100 cm? of water in the cylinders is taken as the volume of water, V,,. The
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mass of water in the measuring cylinders is designated as M,,, while the mass of the dry
solute poured into the water is taken as M,. The volume of solution before 24 hours of
dissolution is taken as V,, while the volume after the completion of the process is given
as V,. The difference between the volume of solution after free swell ¥, and the volume
of the solution before free swell V}, is the increase in volume of the solution, V..

The volume of solution before 24 hours of dissolution is taken as V,, after free swell
has taken place; the volume of the solute in water was given as the final volume, V. The
new level of the solution is the volume of the solution after free swell. Other quantities
obtained are the increase in the volume of the specimen is the difference between V', and
V; is denoted by H, while the increase in volume of solution is given as V;,.. The V;, M,
V,,and M,, are the measurements that takes place before the free swell of the orange peel
particulates. On the other hand, Vj; V,, Vs, Vi, and H are obtainable after the free swell
process has been completed. Free swell is obtained by calculation, using the Holtz and
Gibbs model. Readings were taken repeatedly for all the sample sizes with a 24-hour
interval between the runs from the time the last dissolution was made. Graphs were used
to study the interactions of the different parametric quantities and for their individual
influence on free swell values. From these calculations and analyses, the free swell be-
haviour of each sample size was established. Results are explained and the conclusions
reached in terms of practical applications and implications for the material science socie-
ty are documented. The chemical composition of orange is shown in Table 1.

Table 1. Chemical composition of orange per 100g

S/No. | Chemical composition Value S/No. Chemical composition Value

1 Carbohydrates 11.54g 10 Vitamin By 0.051mg (4%)
2 Sugars 9.14¢g 11 Folate (Vit. B9) 17mg (4%)

3 Dietary Fiber 24g 12 Vitamin C 45mg (54%)
4 Fat 0.21 13 Calcium 43mg (4%)

5 Protein 0.70g 14 Iron 0.09mg (1%)
6 Thiamine (Vit. B1) 0.100mg (9%) 15 Magnesium 10mg (3%)

7 Riboflavin (Vit. By) 0.040mg (3%) 16 Phosphorus 12mg (2%)

8 Niacin (Vit. B;) 0.400mg (3%) 17 Potassium 169mg (4%)

9 Panto thenic Acid (B5) 0.250mg (5%) 18 Zinc 0.08mg (1%)

Source: Onward Paper Mill

The procedural calculation of free swell is shown in Figure 1. An explanation of the
structure and these steps will be done in this section.
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A
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measuring cylinder Input parameter M,,, (mass of water, g) ‘

v

Measurement of orange peel particulates and
determination of its mass before it being
dissolved (Initial volume and mass of solute, cm® & g)

Input parameters V;, and M;

2
Dissolving the orange peel pa rticulates into
water and estimating the volume of the solution
before free swell takes place (Volume of solution before free swell, cm’)

Input parameter V7,

r'

A 4
Observation and measurement of the final volume
—4—( Output parameter V7, (final volume, cms)

of the orange peel particulates the cylinder

A 4

Measurement of the volume after free swell and mass

of solution , solution after free swell, cm® & g)

Output parameters ¥, and M, (volume and mass of

A

Determination of increase in volume of solute by
subtracting the V; from ¥

v
Determination of increase in volume of solution by
subtracting the V, from 7,

v
Calculation of free swell using the Holtz and Gibbs < Output parameter Sj; (free swell index, %)

model

Output parameter H,
(Increase in volume of solute, cm®)
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< Output parameter Vi,
(Increase in volume of solution, cm”)

Figure 1. Flow chart for the calculation of free swell of orange peel particulates in water

THE SWELLING BEHAVIOUR DETERMINATION

A careful investigation has been carried out to describe the free swell characteristics
of particulate orange peels. Free swell experiments were conducted on six different samp-
le sizes of orange peel particulates. Various parametric measurements were made
throughout the conduct of the experiments in order to understand the dynamics of free
swell and the contribution of each parameter to the free swell process. The interaction of
the various parametric quantities, namely, Vs Vioin Vinee MW, Moo, Mine, dsoirn and dipe
with free swell (Sy) were made graphically from which useful observations and conclusi-
ons were reached. The analysis presented below is based on each sample size as follows.

The relationship between final volume and the free swell indices of the 0.075 sample
involves three volumetric measurements, plotted against the free swell simultaneously as
seen in Figure 2. The final volume V;is observed to have a linear relationship. This clear-
ly indicates that the free swell of orange peels particulate has a direct dependence on its
final volume after 24 hours of dissolution. The curve rises through 20 to 34 cm’® on the
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vertical volume axis which translates to 100 to 240 % on the free swell axis. During this
ascent, the free swell is seen to increase for every rise in the final volume which means
that free swell is dependent on the final volume. In practical terms, the volumetric chan-
ges in a 0.075 orange peels reinforced composite can be used to estimate the amount of
free swell which has taken place. The interaction of volume of solution and free swell
indices of the sample produces a curve with steep movements. The curve is seen to have
a peak at 104 cm® which corresponds to 240 and 200 % on the free swell indices. The
curve rises to its first peak with a corresponding increase in the free swell.

60 1064 —=—Vsoln(0.075mm)  —s—Vsoln (0.150 mm)  —— Vsoln (0.212 mm)

*-- Vsoln (0.300 mm) —— Vsoln (0.425 mm) -~ =-Vsoln (0.600 mm)

—+— V£ (0.075 mm) ——Vf (0.150 mm) ——Vf (0.212 mm)

50 ——Vf(0.300 mm) -+ Vf(0.425 mm) ——Vf(0.600 mm) 105 +

40

Final volume (cm*3,
%
8

Volume of solution (cm*3)
3
S

98
100 120 140 160 160 200 210 220 220 240 100120 140 160 160 200 210 220 220 240
Free swell indices for samples (Sf) Free swell indices for samples (Sf)
(a) (b)
65| ——Vinc(.075mm)  ——Vinc(0150mm)  —s—Vinc (0.212 mm)
—s—Vinc (0.300 mm) —— Vinc (0.425 mm) x-- Vinc (0.600 mm)

Volume increase (cm*3)
w

100 120 140 160 160 200 210 220 220 240

Free swell indices for samples (Sf)

(©)

Figure 2. Free swell versus volume (a) Final volume, (b) Volume of solution,
(¢) Volume increase

As the free swell increases, the volume of solution V,, is seen to drop and rise conti-
nuously again till it reaches its peak value of 104 cm’. The undulation of the curve repre-
sents the changes that may be experienced in the water level of the environment the free
swell of the 0.075mm orange peels composite is taking place. In other words, the free
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swell of 0.075mm orange peels particulate will increase when it is used as structural
component in a water-based application even when the volume of the water body (volu-
me of solution) reduces. For the interaction of increase in volume V;,. and free swell in-
dices a similar curve with smaller magnitude was produced. This is because the V. curve
shows how the original body of water increases in volume when the free swell of the
orange peels composites is taking place.

It is necessary to measure the mass of water to see how it may affect the free swell of
particle sweet orange peels. To this end, three mass measurements, namely, the mass of
water that represents the mass of the original body of water before immersion of the
composite, mass of solution, which translates to the mass of water body, which comprises
of the composite that has undergone free swell. The mass increase represents that incre-
ment in the mass of water body taking place during the free swell process is shown in
Figure 3. The mass of water and solution are represented by two tables like curve with
similar movements but with different magnitude. The mass of solution is seen to rise
steeply as free swell takes place. It reaches a point 96.55 before dropping to rise to a peak
0f 96.99 g at a free swell of 200 %. The rise and fall in the mass continues till it exits the
graph. The behavior of the curve represents the changes expected in the mass of water
environment where the 0.075 mm orange peek component may be used. Two density
measurements were used to understand the relationship of density changes with the free
swell indices of the 0.075 mm sample as described by Figure 4. The first is the density of
solution which is given by a straight line curve that is parallel with the free swell
indicating that the density of the solution has no effect on the free swell indices of 0.075
mm orange peels. The incremental density is the instantaneous change in density of the
0.075 mm orange peels as the free swell changes. Its interaction with free swell indices
produces a curve that is undulating. It is important to understand what happens to the
orange peels particulate density with every change in free swell indices.

The curve is seen in Figure 4 to have a peak of 6.92 g/cm® which translates to a free
swell of 220 %. At this point the density increment drops sharply to 2.45g/cm’. This ex-
plains the fact that as the free swell rises, there is a change in the density of the material
that is undergoing free swell. This instantaneous change in density may however be a
positive increment or negative increment leading to a rise or fall in the values as indicated
in the curve. Such changes are caused by different mass and volumetric changes that are
peculiar only to the material.

The relationship between the volume measurements and free swell indices of the
0.150 mm sample is described graphically by three different curves in Figure 2. As ex-
pected, the final volume V; gives a linear relationship with the free swell indices of the
oranges peels particulates. This is an indication that the free swell is dependent on the
values of the final volume of the 0.150 mm orange peels particulate. In other words,
every increase or decrease in the final volume is followed by a corresponding change in
free swell indices. Practically the final volume measurement of a component made with
0.150 mm orange peels particulate in a water-based application can be used to determine
the amount of free swell that has taken place. The relationship of volume of solution ¥V,
and increase in volume V,. against free swell produced similar curves with different
magnitudes. Their influence on the free swell indices can be said to be the same as shown
graphically. The volume of solution curve rises steadily with the free swell indices until it
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reaches a peak of 105 before dropping to 101.5 cm’ as it exits the graph. However, the
free swell indices increase continuously till a peak value of 300 %. In life applications,
the free swell of composites made of the 0.150 mm orange peels will rise continuously
till it reaches a peak value before decreasing gradually. This is because when the free
swell of composites reaches a peak, no further increase can take place even though the
volume of water is increasing.

The V. is the difference between the volume of water body experiencing free swell
of a 0.150mm sample and the original body of water. In other words, the volume increase
represents the increment in the volume of a given body of water after the 0.150mm
orange peels composite has been immersed and free swell is taking place. Figure 3 shows
the relationship between the mass measurements and free swell indices of 0.150mm
sample. The mass of water M,, represents the mass of an original body of water before
immersion of the 0.150mm orange peels composite. The mass of solution M,,, repre-
sents the mass of a given body of water after the immersion of a 0.150mm orange peels
composite undergoing free swell. The mass increase M, is the incremental difference
between the masses stated earlier during free swell. Two similar curves of different mag-
nitude were produced as seen in Figure 3. The mass of solution reaches a peak at free
swell indices of 250 %. This indicates the free swell indices of 0.150mm orange peels
composite would increase the mass of the water body to a peak value when the free swell
indices is at a value of 250 %.

Figure 4 is the relationship between density measurements and free swell indices of
the 0.150 mm sample. The density of the solution d,,;, is given between 0.95 and 0.97
g/cm’ for all the values of free swell indices. This produces a straight line curve that runs
parallel with the free swell indices along the graph. In other words, the free swell is not
affected by the density of the solution neither is the density of solution affected by the
free swell. The density increase d;,. curve however shows an undulation as the free swell
indices increase. It rises early to 3.41 g/cm® and climbs to 3.66 g/cm® before declining to
0.4 g/cm’ as the free swell indices increases. From this point it climbs rapidly to 3.74
g/em’® and to a peak of 4.61 g/cm’ before dropping in value and rising again. The move-
ment of the curve makes us to understand the instantaneous change in density that occurs
within the material during free swell increase. Therefore, as the 0.150 mm orange peels
component experiences free swell, it would experience incremental change in density
which may be positive or negative. The movement of the density increase curve shows
the mass and volume changes that is occurring within the material during free swell and
is only peculiar to the material. This helps to understand the density changes that are
occurring within the material simultaneously with free swell in real life applications.

The curves which describe the relationship between the volume measurements and
free swell indices of the 0.212 mm sample are shown in Figure 2. The final volume V;ri-
ses linearly with the free swell indices Sy from 22 to 41.5 cm’, indicating a direct depen-
dence on the V; by the free swell indices. It is expected, that if put in practical usage, the
final volume of the 0.212 mm orange peels component could be used to determine the
amount of free swell that has taken place. The volume of solution V,;, and the increase in
volume V;,. behaved similarly against free swell with similar curves but varying magnitu-
des. Both curves reached their peaks at a free swell of 250 and 315 with a value of 104
cm’. From here, it can be seen that the free-swell behavior of the 0.212 mm orange peels
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particulate affects the volume of solution in a different way. This is because after rea-
ching a peak of 104 cm’ at a free swell of 250%. The Vi drops briefly and rises again till
it attains the peak value again as the free swell indices reaches a peak of 315 %. When
used in a water-based application, the 0.212 mm orange peels component is expected to
cause a rise in the volume of the water environment till it reaches a peak. The volume is
expected to drop briefly from this peak value as the free swell of the material increase.
The volume of the water environment V,,, rises to a peak again with the free swell in-
dices.

" N N —a— Msoln (0.075 mm) —e— Msoln (0.150 mm) —e— Msoln (0.212 mm) —xk— Msoln (0.300 mm))
6 | —=—Minc (0.075mm) —+—Minc (0.150 mm) —=— Minc (0.212 mm) 108 { —=— Msoln (0.425 mm) —a— M (0.600 mm)  —x— Msoln (0.600 mm)
—s— Minc (0.300 mm) ~ ——Minc (0.425 mm)  —— Minc (0.600 mm) 106 1
5 104
102 A
4 4
_ @100 1
Py 4 (2] 98 4
p g
= = 96
2 A 94 1
92
1 4
90 -
0 , , , , , , , , , , 88 T T T T T T T T T 1
100 120 140 160 160 200 210 220 220 240 100 120 140 160 160 200 210 220 220 240
Free swell indices (Sf) for samples Free swell indices (Sf) for samples
(a) (b)
—— Mw (0.075 mm) —«—Mw (0.150 mm) —— Mw (0.212 mm)
- Mw (0.425 mm) —+— Mw (0.600 mm)

95 4

Mass ()

90 4

85

80

100 120 140 160 160 200 210 220 220 240

Free swell (Sf) for samples
(©)

Figure 3. Free swell indices (Sy) for samples versus mass (all sample sizes) versus (a)
mass increase, (b) mass of solution, (¢) mass of water

The mass measurement relationship with the free swell indices is given in Figure 3.
The mass of water M,, represents the mass of a natural body of water which has not had
the effects of free swell of a composite. The mass of solution M, represents the mass of
a natural body of water after the immersion of the 0.212 orange peel reinforced com-
posite which experiences free swell, while the mass increase M;,. is the difference of both
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masses. Their relationship with free swell indices produces two similar curves of
different magnitudes. Of particular interest is the M, curve which has rises and drops
till it reaches a peak value of 101.03g when the free indices is at 250%. Further increase
in free swell indices brings about a drop and rise in the M,,, until it rises to a value of
101g again.

It is clear that the free swell behavior brings about a commensurate influence on the
mass of the body of water environment just as it does with the volume. In addition, the
free swell behavior of this material makes it possible for the mass of water environment
in which it is being used to rise to a peak even as the free swell indices reach a peak. This
again is the property of the orange peels particulate that makes it affect the body of water
in which it is being used in terms of mass and volume changes. This will help us to know
and predict the kind of changes expected in a body of water environment where the
material is put into use.

The density measurement is plotted against the free swell indices of sample as given
in Figure 4. The d,, rises early from 2.07 to 4.48 g/cm’® and reduces sharply to 2.24 g/cm’
while the free Syincrease from 120 to a value of 210%. At a Sy value of 220% it reaches a
maximum value of 9.44 g/cm® forming an elongated peak on the curve. From this point,
the dj,. drops and rises in value as the Sy increases continuously. This undulation continu-
es till the Syreaches a peak value of 315% and the d;,. finally drops to 1.18 g/cm Once
again the movement of the curve shows that the change in S, brings about an instanta-
neous change in the density of the material undergoing free swell. Worthy of note is the
fact that very increase in free swell did not bring about a corresponding increase in d;,.
The increment in the density may be positive or negative due to mass and volume chan-
ges caused by water absorption. This would be helpful in understanding the changes that
may occur in the density of the 0.212 mm orange peels reinforced composite as its pecu-
liar property when experiencing free swell.

The relationship between the volume measurements and free swell indices of the
0.300 mm orange peels particulate is represented by three curves in Figure 2. The final
volume ¥, volume of solution ¥, and V;,. were all plotted simultaneously against the
free swell indices S; The V;is seen to have a linear relationship with the free swell
indices indicating that the free swell is dependent on the values of final volume. Thus,
every increase or decrease in V;is followed by a corresponding change in Sy If the orange
peel particulates were to be used as reinforcement in making composites for immersion
based operations, its free swell would be determined from the final volume it attains. The
Vioin represents the volume of the water environment in which the free swell of the
0.300mm orange peels component is taking place. The V,,,, starts from a point 101 and
drops briefly to 100.5 cm® where it stabilises as the Sy indices moves from 90 to 265. As
the Sy stabilises at 310 %, the V;rises to 103 cm’and drops back to 102.5 cm’. As the S;
increase further to a peak of 380 %, the V,,;, drops to a stable value of 102 cm’. The free
swell is observed to attain its highest value of 380% in the sample which also has the
widest range of free swell indices from 90-380 %. The movement of the curve shows the
expected influence of the free swell of the 0.300mm on the body of water in which it is
being used. The ¥, curve represents the expected changes in the water level of the en-
vironment where the 0.300mm sample is being put to use. The V;,. curve shows the in-
crement in the original volume of water body caused by the free swell. The curve of V.
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goes further to show what changes are caused by the free swell to the original volume of
water body during the free swell process. The mass relationship of the sample against the
free swell indices is given in Figure 3. The mass of water M, and solution M, repre-
sents the mass of the original water body and mass of the water body containing the
orange peels composite undergoing free swell respectively. The M, curve reaches a peak
at 96.28 which corresponds to a free swell index of 310 %. At this point of the free swell,
the M, continues to undulate till it reaches a maximum value of 96.1 when S,is at a
peak of 380. The free swell behaviours of the sample shows how it would influence the
mass of the water body or environment in which it may be used.

The density measurements and free swell indices of the 0.300mm sample resulted into
two different curves as seen in Figure 4. The d,,;,, which is the density of solution during
free swell represents the density of the water body which contains the orange peels com-
posite. Throughout the course of the free swell, the d,,;, is between the values of 0.93-
0.95 g/em’. This produces a straight line curve on the graph indicating that the free swell
indices do not affect the d,,, significantly. The density increase d;,. against free swell
indices gave a different kind of curve. The d;,. begins at a value of 4.98 g/cm3 when Sy is
90% and climbs rapidly to 8.84 and 9.8 g/cm® as the S; increases from 220 to 250%
respectively. The d},. reaches a peak of 10.56 g/cm’and drops rapidly to 2.25 g/cm’ at a
free swell of 310 %. The value of the d;,. undulates as the Syincreases further to a peak of
380. The movement of the curve shows that the sample experiences high incremental
density from the early stages of free swell. The density increment may be positive or
negative depending on the mass and volume changes experienced by the material. Thus,
after reaching a peak of 10.56 g/cm’ at a Sy of 265%, the d;,. begins to experience
decrement in value. This behaviour and instantaneous changes is caused by the peculiar
free swell property of the 0.300mm sample. This would be helpful in understanding the
expected changes of the material when employed in water-base applications.

The relationship between volume measurements and free swell indices of the 0.425
mm orange peel particulates is also described graphlcally in Figure 2. As expected, the S,
rises from 140 to 320 % as Vyincreases from 24 cm’ to a peak of 42 cm’ . In other words,
the V, has a direct relationship with the Sy i.e. every increase or decrease in V), brings
about the same changes in the Sr. The Vo curve starts as a straight line and rises to 103
before descending to 102 cm as the Sy increased from 140 to 220%. The V,, stabilizes
at a peak value of 104 cm as the Sy remains constant at 280 %. From this stable point, the

V.oun descends to 102 cm® as the Sy rises to a peak of 320%. Practically, it is expected that
the free swell behaviour of a component made with sample does not increase the volume
of overall water body initially. Further increase in Sywould bring about a rise in the water
level of the environment and subsequent decrease due to the influences of free swell. The
Vine curve goes further to show what happens to the volume of a body of water as the
orange peels reinforced composite begins to experience free swell. In Figure 3, the
relationship between mass measurements and free swell indices of the sample is presen-
ted. The relationship between mass measurements and free swell indices of the sample is
described by three curves in Figure 3. The mass of water M,, and mass of solution M,
represents the mass of the original body of water and the mass of the body of water
containing the component respectively.
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The mass increase M;,,, is the increment on the original body of water as a result of
free swell behaviour of the orange peels reinforced composite. The M, is seen to rise
and fall as the Sy indices makes steady increase. This movement is shown graphically in
the M., curve. However, the influence of the Syon M,, is seen in the M;,.. Therefore, as
an original body of water begins to experience the free swell of the orange peels rein-
forced composite. It experiences an increment represented by M,,. which progresses as
the free swell increases. Finally, the interaction between density measurements and free
swell indices of orange peels reinforced composite is presented in Figure 4 by two cur-
ves. The d,,;;,, which ranges from 0.96-0.98 g/cm3 is plotted as a straight line curve as the
Syincreases from 140 to 220 %, this indicates that it has no influence on the S; either.
Thus, the density of the water body or environment does not change due to the influence
of the orange peels reinforced composite undergoing free swell within it. The d,,. starts at
10 g/cm’ when the Syis 140 % dropping gently and rising till it gets to a peak of 14.2 as
the Sy increases to 170 %. This produces an elongated peak on the d;,. curve, further
increase in Sy brings about a sharp decline in the values of d;,. to 1.67 g/cm3. As the S;in-
creases, the d;,. continues to rise and drop producing an undulation. This continues till a
value of 2.45 g/cm3 at a peak S, value of 220 %. The movement of the d,. curve indicates
the instantaneous changes in density that should be expected in the orange peels reinfor-
ced composite undergoing free swell. These changes could be positive or negative owing
to the mass and volume changes peculiar to the material undergoing free swell. The d;,. is
seen to proceed rapidly at the early stages of free swell between 140 and 170 %, but for
latter stages of the free swell, it is seen to be unstable in nature.

18 —e—dsoltn (0.075 mm) —a—dinc (0.075 mm) —>—dsoltn (0.150 mm) —x—dinc (0.150 mm)
——+—dsoltn (0.212mm) - =-- dinc (0.212 mm) —e—dsoltn (0.300 mm) —=a—dinc (0.300 mm)
—-x—- dsoltn (0.425 mm) —x—dinc (0.425 mm) ---4--- dsoltn (0.600 mm) dinc (0.600 mm)
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Figure 4. Free swell indices (Sy) for samples versus density for all sample sizes
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The last sample to be considered in this investigation is the 0.600mm orange peels
particulate sample. For the interaction of volume measurement against the free swell
indices, three curves were plotted in Figure 2. Worthy of note is that the 0.600 mm sam-
ple has the lowest range of free swell indices ranging from 100 to 230 %. This is due to
its large grain size and coarse nature which reduces its water absorption and subsequent
swelling capacity. In practical applications, the orange peels reinforced composite is
expected to have a much lower free swell than other components made with other sample
sizes which may make it preferable to de51gners and composite manufacturers. The ¥
curve rises gradually between 20 and 33 cm® with the free swell indices indicating a
direct dependence on the ¥, by the S, for the sample. The volume of solution ¥ represents
the volume of water body which contains the orange peels reinforced composite expe-
riences free swell. The volume increase curve represents the increment in the original
body of water as the free swell is taking place. The Vi, rises to an early peak of 104 cm’
when the S; is stable at 110 % but drops in value to 102.5 cm® at a Sy of 130 %. Further
increase in the Value of S; brings about an undulation in the value of V, before sta-
blhsmg at 103 cm®. When the orange peels relnforced composite attains a Syof 200 %, the

Vioim drops in value again till it is stable at 103 cm’ while the Syreaches a peak of 230 %.
What this translates to is that, when using a 0.600 mm orange peel reinforced composite,
the overall volume of the water environment rises in the same way the V,,, curve has in-
creased. This means that for every rise in free swell, the body of water is expected to
change the same way the V,;, curve has moved. However, every rise in free swell may
not bring a corresponding rise in V,;,. Thus, this relationship described graphically in
Figure 3 helps to know and understand the expected changes in the volume of water body
as a result of the 0.600mm orange peels composite that is undergoing free swell.

The relationship between the mass measurements and free swell indices of the orange
peel particulates is presented in Figure 3 by 2 different curves. The mass of water M,, re-
presents the mass of a typical body of water while the mass of solution M, on the other
hand represents the changes in mass of the water body when it is experiencing the free
swell of a 0.600mm orange peel component. As expected there is an overall increase in
M, (water body) where the free swell is taking place. The values of M, is seen to
undulate as the Sy increases, eventually reaching a peak of 106.66g as the S; attains a
maximum value. The M;,. curve shows the trend at which the original water body M,
increases during the free swells of the 0.600mm component to give mass of solution M,
The relationship between the density measurements and free swell indices of the 0.600
mm sample produced 2 different curves as shown in Figure 4. The density of solution
dyon represents the density of the water body where the free swell of the material is ta-
king place. The d,,, ranges in value from 1.02 — 1.04 g/cm3 and as such the curve is re-
presented as a straight line over all the values of free swell across the graph. This indi-
cates that the Sy does not change the d,,, in anyway.

The d;,. curve represents the instantaneous change in density of the 0.600 mm orange
peels component undergoing free swell. As the free swell indices attains a value of 100,
the dj,. rises rapidly to a peak value of 2.33 g/cnr’. In other words, the free swell brings
about a rapid instantaneous change in its density. As the S/continues to increase, the va-
lue of d;,. is seen to undulate continuously. This is represented in the dj,. curve. Ata S,
value of 200%, the d,,. rises to 2.29 from 0.03 g/cm As the Syreaches a peak of 230%,
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the dj,. drops to a stable value of 1.29 g/cm’. The density increase curve indicates the
changes expected in a 0.600 mm orange peels reinforced composite undergoing free
swell as it is being used in a water-based application. The increment in density may how-
ever be positive or negative as reflected in the d;,. curve due to the different mass and
volume changes experienced by the material. These changes are as a result of the free
swell behaviour which is peculiar only to the material.

CONCLUSION

The Holtz and Gibbs free swell scheme has been used to determine the free swell pro-
perties of orange peel particulate green composite reinforcement. The particle size chan-
ges and effects have been investigated. The following conclusions can be drawn. (1) The
free swell index is controlled by particulate size, final volume of the particulate dissolved
in water; (2) For each of the sample sizes, namely, 0.075, 0.150, 0.212, 0.300, 0.425 and
0.600mm, the free swell Sywas found to have a direct dependence on final volume V. (3)
The free swell behaviour of the 0.075, 0.150, 0.212, 0.300, 0.425 and 0.600 mm parti-
culate samples describes the expected influences of the free swell of 0.075, 0.150, 0.212,
0.300, 0.425 and 0.600 mm components on the mass, volume and density of the water
environment (Vi Mo soitn, Mines Vine,) Where they are being used as well as the den-
sity increments of the different component (d;,.) (4) The sample has the highest free swell
indices value of 380% and the highest range of free swell indices from 90 to 380%. This
means that in practical usage, the free swell indices of a component made with 0.300 mm
orange peel particulates is expected to be more than that of the remaining samples, cover-
ing a wider range. (5) The 0.600 mm sample has the lowest peak free swell indices value
of 230% and the lowest range of free swell indices between 100 to 130%. It is expected
that the free swell indices of a component made with 0.600 mm would be less than that of
the remaining samples.
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HNCIIMTUBAIBE CJIOBOJHOI' BYBPEILA ITAPTUKYJIA IOMOPAHIIMHE
KOPE

Onysacej A. Ajubaoe’, [loncon O. Aeymcoj’, Candej A. Oxe’

'2 JlemapT™aH MeTATypIIKOT i HHKEHEPCTBA MaTepujana, DakynTeT HHKemepcTBa, YHuBep3uTeT y Jlarocy,
Jlaroc, Hurepuja
* IlemapT™an MamuHCTBa, DaKynTeT HEKemepcTBa, YHUBep3uTeT y Jlarocy, Jlaroc, Hurepuja

[NapTukyne xope o1 MoMoOpaHie IPEeACTaBIbajy IOroaH MaTepHjall 3a U3paiy CIopT-
CKE OIlpeMe U APYre HHAYCTPHjCKE MPUMEHE, 3aHUMJBUB KaKo ca eKOHOMCKOT TakKo U ca
€KOJIOIIKOT acreKTa. M3BeeHn cy ekcriepuMeHTH ciio0oHor OyOpema Kako O ce MCIu-
TaJIo MOHAIIake MaTepHjajia 0l HOMOPaHIMHE KOpe Kao MyHMWIala apMUPaHUX KOMIIO3H-
Ta KOjU C€ KOPHUCTE y CHOJFHUM YCIIOBHMA Y IPUCYCTBY BoJie. EKCriepuMeHTaIHu oaau
Cy NpuKyIUbaHu y Toky 10 nana cBaka 24 cara. [Ipumemen je monen Xonua u ['mbca 3a
ciobomHO OyOpeme, Koju ykibydyje cienchnx mer mapamerapa: ciiobomno 0yopeme (Sg
Kkpajiy 3anpemuny (Ve);macy Bome (M,,); Macy pactBopa (M n 3ampeMuHy pacTBOpa
(V,). UcnmtuBare maptukyie cy Owmre mpewnnka 0,075, 0,150, 0,212, 0.300, 0,425 u
0,600 mm. AHanm3a je moxaszayia pa3iiuke y cliocoOHOCTHMa OyOperma y BOIU MapTHKYJIa
Pa3sIMYMTHX BEJIMYMHA, HA OCHOBY 4Yera MOXe Jia ce U3Bele 3aKJbydak o Moryhem moHa-
LIaby MapTHKYIA O IIOMOPAHIMHE KOPE y yCIOBUMA CIIOJbHE IPUMEHE.

Kibyune peuun: mapamerpu 0yopema, ciio001H0 OyOpemme, 3eIeHN KOMITO3UTH

Received: 24 December 2014.
Accepted: 20 October 2015.

147






APTEFF, 46, 1-269 (2015) UDC: 628.161.2:546.21:543.393:66.087
DOI: 10.2298/APT1546149D BIBLID: 1450-7188 (2015) 46, 149-155
Original scientific paper

A COMPARISON OF DIFFERENT METHODS TO REMOVE DISSOLVED
OXYGEN: APPLICATION TO THE ELECTROCHEMICAL DETERMINATION
OF IMIDACLOPRID

.l . . -] v 4 -] .o . r]

Ana D. Purovic¢'*, Zorica S. Stojanovi¢’, Snezana Z. Kravi¢', Zvonimir. J. Suturovic’,
. 7 1 2 .. . . /]
Tanja Z. Brezo', Nada L. Grahovac® and Spasenija D. Milanovi¢

!"University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
*Institute of Field and Vegetable Crops, Maksima Gorkog 30, 21000 Novi Sad, Serbia

This study compares different methods for the removal of oxygen from the solution
prior to the chronopotentiometric determination of the insecticide imidacloprid on glassy
carbon electrode. The research included the application of the chemical method invol-
ving addition of sulfite ion, and the physical method of purging the sample with nitrogen
stream, as well as their combination. By comparing analytical signals of imidacloprid,
chemical method showed almost the same efficiency as conventional physical method,
while the best reproducibility was achieved by applying chemical method with addition of
the saturated sodium sulfite solution. The method is very simple and can be applied for
deoxygenation of the solution prior to the chronopotentiometric analysis. The application
of the chemical deoxygenation significantly shortened duration of the chronopotentiomet-
ric analysis of imidacloprid from approximately 15 min to 1 min.

KEY WORDS: imidacloprid, sulfite ion, chemical deoxygenation.

INTRODUCTION

Imidacloprid is a systemic insecticide that belongs to a group of neonicotinoids (1).
According to the mechanism of action, it acts on the insect’s central nervous system, cau-
sing irreversible blocking of postsynaptic nicotinergic acetylcholine receptors (1). Since
its discovery and utilization in practical use, imidacloprid has become the most selling
insecticide worldwide used for crop protection and pest control (1-3). Extensive usage of
imidacloprid in agriculture requires a systematic control of its content in environmental
samples.

Most of the methods used for the determination of imidacloprid are based on the use
of chromatographic methods (4-7). Although these techniques exhibit high sensitivity and
selectivity, they are complicated, time consuming, expensive, and require highly trained
personnel. On the contrary, electroanalytical techniques are of great interest due to their
advantages, including high sensitivity, comparative simplicity, rapid response and low

* Corresponding author: Ana D. Purovié¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: djurovic.ana@tf.uns.ac.rs
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cost. There are several studies about the application of electroanalytical methods for the
determination of imidacloprid, which are based on the irreversible reduction of the ana-
lyte on the working electrode (8 - 10). This electroreduction is carried out in two steps. In
the first step the nitro group is reduced to a hydroxylamine, and in the second step to an
amine (8). Although the applied electrochemical techniques are of short duration and do
not require complicated sample preparation, most of time before the analysis is spent on
the removal of dissolved oxygen from the solution, as an inevitably required step in the
imidacloprid electroanalysis.

The electrochemical reduction of dissolved oxygen results in high residual currents
and the production of H,O, and OH’, which may affect the studied electrochemical
process in a certain potential range (11, 12). Since imidacloprid is electroactive in the
same potential range where oxygen reduction occurs, in order to avoid drawback proce-
dures by dissolved oxygen, it has to be removed from the solution before the analysis.
Therefore, many different methods are developed for deoxygenation. In general, the dis-
solved oxygen can be removed from solution by chemical or physical means. Among
physical methods, purging of samples with an inert gas (usually nitrogen or argon) is
commonly used. The time required for effective removal of oxygen varies with the gas
flow-rate, solution volume and geometry of the process glass, and lasts 10-15 min, thus
representing the most time-consuming step in the entire analysis (13). Although physical
methods of deoxygenation are quite effective, they have a number of disadvantages. Na-
mely, the oxygen could diffuse back into the system through tubing and joints, and it is
difficult to deoxygenate more than one sample at the same time (14, 15).

Other methods for oxygen removal include the use of electrochemical or chemical
(zinc) scrubbers, nitrogen-activated nebulizers, and chemical reduction (12). Chemical
reduction can be extremely effective. It is carried out by addition of a substance to the
tested solution that rapidly reacts with oxygen. In the choice of a substance for chemical
reduction, it is important to avoid reaction between the reductant and the target analyte.
The most common reductant reported in the literature is sulfite ion (11, 12, 16). In its
application it should be kept in mind that in polarography its application is limited to the
solutions of pH greater than 8, due to the appearance of polarographic waves (17). Beside
sulfite ion, ascorbic acid is also used for oxygen reduction (18).

This study compares different methods of deoxygenation prior to the chronopotentio-
metric determination of imidacloprid on glassy carbon electrode. The investigation inclu-
ded physical deoxygenation with nitrogen purging, chemical deoxygenation by addition
of sulfite ion to the tested solution, as well as combination of physical and chemical
methods. The objective was to simplify and shorten the procedure of oxygen removal as
much as possible, in order to perform chronopotentiometric determination of imidaclo-
prid by obtaining a high and reproducible signal of the analyte.

EXPERIMENTAL
Reagents and solutions

All chemicals used were of analytical grade purity. Double distilled water was used
throughout. Imidacloprid stock solution (0.4 g/dm’) was prepared by dissolving an appro-
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priate amount of the reference standard of imidacloprid (Dr. Ehrenstorfer, Augsburg,
Germany) in double distilled water. Britton-Robinson buffer, prepared from equimolar
0.04 mol/dm’® stock solutions of orthophosphoric, boric and acetic acids was used as a
supporting electrolyte. All three acids were purchased from Lach-Ner, Brno, Czech Re-
public. The appropriate pH value (7.5) of the buffer was adjusted by 0.2 mol/dm® sodium
hydroxide solution (Lach-Ner, Brno, Czech Republic). The saturated solution of sodium
sulfite (230 g/dm’) was prepared immediately before the analysis by dissolving an appro-
priate amount of sodium sulfite (Centrohem, Stara Pazova, Serbia) in double distilled
water.

Apparatus

All chronopotentiometric investigations were performed on a stripping analyzer with
three-electrode cell. The working electrode was a glassy carbon disk of total surface area
7.07 mm®. A platinum wire (¢=0.7 mm, I=7mm) served as a counter electrode, and the
reference electrode was Ag/AgCl (KCI, 3.5 mol/dm®). All values of the potential were
shown versus Ag/AgCl. Electric stick stirrer was also an integral part of the three-elec-
trode system. The analyses were performed in special glass vessels (volume of 50 cm®)
with tapered bottom. The pH values were measured with a digital pH meter model MA
5705 (Iskra, Kranj, Slovenia).

General procedure

The model system, consisting of the supporting electrolyte and imidacloprid was used
in all experiments. The Britton-Robinson buffer pH 7.5 was used as supporting electro-
lyte: 20 cm® was pipetted into the process glass, followed by addition of a certain volume
of the imidacloprid stock solution. For the chemical removal of dissolved oxygen from
the solution, appropriate volume (0.6, 0.8 and 1.0 cm®) of the saturated solution of so-
dium sulfite was added to the model system. For the physical deoxygenation, the solution
was purged with nitrogen for appropriate time (5, 10 and 15 min), while the solution was
constantly stirred. For removing traces of oxygen from nitrogen, the gas was first purged
through a pyrogallol solution, and then through the Britton-Robinson buffer, to saturate
gas stream in order to prevent evaporation of the sample. Nitrogen was allowed to escape
through a tube that was immersed in the double distilled water. During nitrogen purging
the working electrode was kept in a special glass with double distilled water. When a
combination of nitrogen purging and reduction with sulfite ion was applied for oxygen
removal, 0.4 cm® of saturated sodium sulfite solution was added to the model system, the
apparatus was blanked, and the solution was purged with nitrogen for 5 min.

After removing the oxygen, the solution was stirred for 15 s, followed by a quiet pe-
riod (10 s), and the analysis was performed. For comparison, the deoxygenated suppor-
ting electrolyte was used as a blank. The chronopotentiogram was recorded in a potential
range from -0.91 V to -1.42 V. All experiments were performed at room temperature
(23+2°C).
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RESULTS AND DISCUSSION

In chronopotentiometry, the signal of the imidacloprid was not noticeable due to mul-
titude of peaks that occurred on the chronopotentiogram owing to the oxygen reduction on
the working electrode. As a consequence, the final potential of the analysis of -1.42 V was
inaccessible, even by applying the maximum current of -50 pA, indicating that the
dissolved oxygen had to be removed from the solution.

Preliminary experiments were focused on the background chronopotentiograms recor-
ded for the blank after applying chemical deoxygenation by adding different volumes (0.6,
0.8 and 1 cm®) of saturated sodium sulfite solution. Further background chronopotentio-
grams were recorded for the blank deoxygenated by purging nitrogen for 5, 10 and 15 min.
The experiments were performed in triplicate for each value. In the case of chemical
method, the addition of 0.8 cm® of saturated sodium sulfite solution yielded the best appea-
rance of the chronopotentiograms. Namely, the recorded chronopotentiogram was sharp
with no-signal baseline.

After the addition of imidacloprid to the blank, the analytical signal appeared at the
potential of -1.2 V (9). After prolonged standing of the tested solutions in air, or after
multiple addition of solution of imidacloprid to the process glass, only 15 s of stirring prior
to the recording was enough to perform the analysis. The applied concentration of sulfite
ion was enough to maintain the concentration of dissolved oxygen at a level that did not
affect the performance of the chronopotentiometric analysis.

When dissolved oxygen was removed by nitrogen purging, 10 min was sufficient to that
purpose, and a longer time did not contribute to a better appearance of the background
chronopotentiogram. However, further deoxygenation in duration of 2 min was required
because of the oxygen creeping in from the outside. The combination of sulfite ion and
nitrogen purging (0.4 cm® of saturated sodium sulfite solution and 5 min) did not produce
satisfactory result regarding the background chronopotentiograms with nitrogen purging
shorter than 10 min.

In order to choose a method for oxygen removal aiming the imidacloprid chronopo-
tentiometric determination, analytical signals of 15 mg/dm’ imidacloprid obtained after
applying different deoxygenation procedures were considered. The results are shown in
Table 1.

Table 1. Analytical signals of imidacloprid in dependence of the applied method for
dissolved oxygen removal

Deoxygenation method Analytical | RSD (%)
signal (s)
Nitrogen 15 min 0.87 £0.05* 2.87
Nitrogen 10 min 0.88 + 0.05 2.84
Nitrogen 5 min 0.58 £ 0.03 2.59
Nitrogen 5 min and 0.4 cm’ of saturated Na,SO; solution 0.66 + 0.05 3.79
0.6 cm’ of saturated Na,SOj solution 0.88 +0.06 341
0.8 cm’ of saturated Na,SO; solution 0.90 +0.03 1.67
1 cm’ of saturated Na,SO5 solution 0.84 £0.05 2.98

*Xmean + 2SD, n = 3.
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The highest signals were obtained after the addition of sulfite ion and after 10 and 15
min of nitrogen purging, and the lowest after the nitrogen purging for 5 minutes (0.58 s),
while a poor reproducibility was observed by applying the combination of nitrogen pur-
ging and sulfite ion addition (RSD = 3.79%). By comparing the height and appearance of
the signals when different methods for deoxygenation were used, it can be seen that they
were practically the same. These results indicate that there was no chemical reaction bet-
ween sulfite ion and the target analyte. The best reproducibility was achieved by applying
chemical deoxygenation with addition of 0.8 ¢cm’ of saturated sodium sulfite solution
(RSD = 1.67%). Thanks to the much easier performance, and short duration, chemical de-
oxygenation with addition of 0.8 cm® of saturated sodium sulfite solution can be accepted
as optimal in terms of the reduction of imidacloprid on glassy carbon electrode.

The chronopotentiometric method using optimal deoxygenation procedure was appli-
ed for the determination of imidacloprid content in commercial formulations. Commer-
cial formulations containing imidacloprid as an active ingredient were properly diluted
with double distilled water, and finally with Britton-Robinson buffer. Imidacloprid was
determined by the calibration curve method, and the obtained results are presented in
Table 2. The obtained values for the imidacloprid content were in good agreement with
the manufacturer specification, indicating that the optimized chemical deoxygenated pro-
cedure can be used for the determination of imidacloprid in commercial formulations.

Table 2. Contents of imidacloprid in the commercial formulations determined by the
chronopotentiometric method involving the optimized deoxygenated procedure

Imidacloprid Imidacloprid content found by
Commercial content claimed by | chronopotentiometric method with
formulation the manufacturer optimized deoxygenated procedure
[g/kg] [g/kg]
Confidor 70 WG 700 699.27 + 10.56*
Imidor 70 WS 700 708.88 + 8.04
*Xmean + 2SD, n = 3.
CONCLUSION

Chemical reduction of dissolved oxygen by adding sulfite ion provides the conditions
suitable for the chronopotentiometric analysis of imidacloprid. Namely, the reaction
between the sulfite ion and dissolved oxygen was almost instant, allowing that in duration
of 30 s of stirring the solution, the dissolved oxygen was at a level that enabled the ana-
lysis. Thus, conventional time-consuming step of purging of sample with inert gas was
avoided. The method was also distinguished by its simplicity, because it required only a
saturated solution of sulfite ion, compared to a complicated apparatus when nitrogen was
used. By comparing the analytical signals, it was found that sulfite ion did not react with
the analyte; the best reproducibility was achieved by adding 0.8 cm® of the saturated so-
dium sulfite solution. Given all stated advantages, the deoxygenation procedure with sul-
fite ion accompanied with chronopotentiometric analysis can be used as a routine tool for
the imidacloprid determination in food and water quality control.
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INOPEBEILE PAZJIMUUTUX METOJA 3A YKIIAIBAIBE PACTBOPEHOI'
KHCEOHHUKA: TIPUMEHA TIPU EJIEKTPOXEMHNJCKOM OJIPEBUBABY
UMUJAKJIOINPUIA

Ana JI. Byposuh', 3opuya C. Cmojanosuh’, Cueacana JK. Kpasuh', 3eonumup J.
Cymyposuh', Tawa JK. Bpeso’, Haoa JI. Ipaxosay’, Cnacenuja JI. Munanosul’

! Vuusepsurer y Hoom Cany, Texsonomku pakysrer, Bynesap napa Jasapa 1, 21000 Hosu Caz, Cpbuja
2 MHCTHTYT 3a paTapcTBO | TOBPTapcTBO, Makcuma Topkor 30, 21000 Hoeu Caj, Cp6uja

VY 0Bo0j cTyauju nopehene cy paznuuuTe METOJE 33 YKIamhamke PACTBOPEHOT KHCEOHH-
Ka M3 pacTBoOpa Mpe XPOHOMOTEHI[MOMETPHU)CKOT ojpehiBama HHCEKTHIIHIA UMHIAKIO-
npuja Ha eNeKTPOJM O] CTAKJIACTOT YIJbeHHKa. McTpakuBame je 00yxBarajno NpUMeHy
XEMH]jCKE METO/Ie JOAAaTKOM CyJI(UTHOT jOHA U (pU3HUKe METO e MPOBOljeme CTpyje a3oTa
KpO3 y30pak y Tpajamy ox 5, 10 u 15 muH, kao u muxoBy komOuHaujy. [lopehemem
AQHATMTUYKUX CHTHANIA MMHUIAKIONPH/IA, XEMHjCKa METO/Ia IT0Ka3ana je CKOpo HCTy edu-
KaCHOCT Kao M KOHBEHIMOHAJTHA (DU3MYKA METOAa, AOK je Hajoosba PernponyKTHBHOCT
OCTBapeHa MPUMEHOM XeMHjcke MeTone y3 moiatak 0,8 cm’ 3acuheHor pacTBopa HaT-
pujym cyndputa. MeTona je BeoMa jeITHOCTaBHA M MOXKE C€ IPUMEHHUTH 33 YKIamhamke Ki-
CEOHHKa M3 PAacCTBOpa Ipe M3Boherma XpOHOIIOTEHIMOMETpHjcKe aHanu3e. [IpumeHom xe-
MHjCKE JIEOKCHIeHalije 3Ha4ajHo ce ckpahyje Tpajambe XpOHONOTEHIHOMETPHUjCKE aHa-
JIM3e UMUIaKiIonpuaa ca 15 mus Ha 1 MuH.

Kibyune peun: umunaxionpu, cyi(uTHA jOH, XEMHjCKa JIEOKCUTeHAIH]a.
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LATTICE BOLTZMANN SIMULATION OF TWO-SIDED LID-DRIVEN FLOW
IN DEEP CAVITIES

Natasa Lj. Luki¢"*, Predrag M. Teki¢’, Jelena B. Radenovié’ and Ivana M. Sijacki’

! University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
% University of Novi Sad, Faculty of Science, Trg Dositeja Obradoviéa 3, 21000 Novi Sad, Serbia

The present study is concerned with two-sided lid-driven incompressible flow in rec-
tangular, deep cavities applying lattice Boltzmann method. After validating the code for
the square cavity, solutions for cavities with an aspect ratio 1.5 and 4 were obtained for
the Reynolds numbers of 100, 400, 1000 and 3200. The influence of the Reynolds number
and aspect ratio on the flow pattern and on the characteristics of vortices inside the
cavity was studied. Symmetric flow pattern was obtained for all investigated cases. The
middle of the cavity is mostly influenced by the increase in the aspect ratio. Critical
aspect ratio, at which the birth of a primary vortex in the middle of the cavity takes place,
was determined to be between 2.7 and 2.725.

KEY WORDS: lattice Boltzmann method, two-sided lid-driven cavity, deep cavity,
aspect ratio, antiparallel.

INTRODUCTION

Recently, the lattice Boltzmann method (LBM) has become an alternative way for
computational fluid dynamics (CFD) (1-4). Unlike conventional methods, which are
based on macroscopic continuity equations, it utilizes the particle distribution function to
describe collective behavior of fluid molecules. The kinetic features of the LBM enable it
to be a very effective numerical tool for simulating complex geometries of flows (5-7),
multiphase flows (8, 9), magnetohydrodynamic systems (10, 11), and so on.

Lid-driven cavity flow has been studied extensively, and it is one of the most popular
fluid problems in the CFD field. This is mainly because of the simplicity of the cavity
geometry, which allows easy and straightforward coding while maintaining complex flow
features. In the literature, it is possible to find a great number of papers on the lid-driven
cavity flow (12-18). References in these papers do not include works on the lattice Boltz-
mann simulation of lid-driven cavity flow. Since the driven cavity flow is a benchmark
problem for numerical methods. It was also the subject of numerous lattice Boltzmann
studies (11, 19-27).

* Corresponding Author: Natasa Lj. Luki¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: nlukic@tf.uns.ac.rs
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Most of previous studies were carried out on one-sided lid-driven cavity flow. A deta-
iled analysis demonstrating the capabilities of the lattice Boltzmann method to simulate
cavity flow was presented by Hou et al. (20). The results obtained in their study compa-
red perfectly for Reynolds (Re) number up to 7500 with Navier-Stokes solution results of
Ghia et al. (14). Patil et al. (23) investigated the lid-driven flow in rectangular, deep
cavities with aspect ratios of 1.5-4 and Re number of 50-3200, with a particular focus on
the dynamics of the primary and corner-vortices. Cheng and Hung (28) studied the effects
of the aspect ratio (ranging from 0.1 to 7) and Re number (0.01 to 5000) on the vortex
structure using lattice Boltzmann method.

Kuhlmann et al. (29, 30) introduced the case of two-sided lid-driven cavity flow, in
which the flow driven by two facing walls moving in opposite directions was investiga-
ted. They observed that two-dimensional flows are not unique and depend upon the cavi-
ty aspect ratio and Re number. Albensoeder et al. (31) investigated numerical solutions of
two-sided lid driven cavity flow and found existence of numerous flow states. Luo et al.
(15) used a continuation method to predict flow solutions for a two-sided lid-driven flow
with an aspect ratio of 1.96 and calculated five distinct flows for Re<2000. Cavity flow
driven by the motion of two horizontal bounding walls was investigated by Gaskell et al.
(17). Streamlines for flow with different aspect and speed ratios were presented in their
work. Only a few works have performed a simulation of the two-sided lid-driven flow
using LBM (27, 32). Perumal and Dass (32) investigated the flow driven by parallel and
antiparallel motion of two facing walls in a square cavity at different Re numbers. In their
study, Teki¢ et al. (27) presented results for parallel and antiparallel motion in a staggered
cavity and determined an asymmetric steady-state flow pattern for parallel motion of lids.

The main objective of the present work is to study the incompressible flow in a two-
sided lid-driven cavity utilising LBM method and examine the influence of the aspect
ratio and Re number on the flow pattern with an emphasis on the vortex structure. Figure
1 shows a schematic diagram of two-sided lid-driven cavity with the aspect ratio K=H/L,
where H is the cavity depth and L the cavity width.

¥
[ Lid
H
L Lid
B S— x

Figure 1. Schematic diagram of the two-sided lid-driven cavity — antiparallel motion
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MATHEMATICAL FORMULATION
Lattice Boltzmann equation

This section gives a brief introduction to the lattice Boltzmann method. More detailed
description can be found elsewhere (1, 33).
The lattice Boltzmann equation (LBE) reads:

v
A= [1]

After applying simple Bhatnagar-Gross-Krook (BGK) approximation on the collision
term (£2), a space discretized LBE is as follows:

N S e (T A ) 2)

where fi(x,t) and f; “/(x,t) are the distribution function and the equilibrium distribution
function, respectively, e; is a discrete velocity vector and 7 is the single relaxation time
related to the kinematic viscosity of the fluid:

6v+1
T= . 3
2 (3]

The nine-velocity square lattice model (D2Q9) is commonly used for simulating two-
dimensional (2-D) flows. The equilibrium distribution function for isothermal incompres-
sible flow and D2Q9 model reads:

2c 2c

1 =pwi{1+cizei-u+i4(e~u)2 —izuu} [4]

where w; and u are the weight parameters and velocity of the fluid, respectively. Discrete
velocity vectors are defined as:

€ = (0’0)
e, =(+c0).(0,4¢c) i=1234 [5]
e, = (+c,*c) i=56,78

where c¢=Ax/4t, Ax and At are the lattice grid spacing and the time step, respectively.
Weight parameters for each velocity vector are wy = 4/9, w357 = 1/9, and wa 465 = 1/36.
The macroscopic density and velocity of the fluid are obtained from the distribution func-
tion as follows:
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8
pP=21i
) [6]
pu= _ﬂeifr
Boundary conditions
Dirichlet boundary conditions in nondimensional form are:
Left and right walls : u,v=0, at x= (O,N)
Bottom wall: u=zu,,,v=0,at y=0 . [7]

Top wall: uU=u,,,v=0 at y=KN

where N and KN are the number of lattice nodes in the x and y direction, respectively.

‘Finite-difference velocity gradient’ (34) model has been implemented on the statio-
nary walls. This is the default non-local boundary condition based on an algorithm pro-
posed by Skordos (35). Velocity gradients are estimated employing a finite difference
scheme over adjacent neighbors. Latt et al. (34) suggested that these boundary conditions
exhibit considerably higher numerical stability and thus are dedicated for use in high
Reynolds number flows.

“Finite-difference velocity gradient” model, incorporating the equilibrium scheme
(20), has been implemented on the moving walls. The values of flow variables (u, v, p)
are reset to their prescribed constant values. The distribution function is taken as the equi-
librium distribution function £/ corresponding to these flow variables (23). The corner
points are treated as part of the stationary walls (20).

The initial density p(x, 0) is set to a value of 2.7 (20). The velocities at all nodes are
taken as zero at the start of simulations. The initial equilibrium distribution function
f4(x,0) is evaluated based on these conditions, while the initial distribution function is
taken as f; (x,0) =£ (x,0).

Each numerical step of the LBM consists of streaming and collision. Computations
were carried out with a code developed by the authors and written in C++ programming

language.

RESULTS AND DISCUSSION
Validation of results for one-sided lid-driven cavity

Before presenting the results on two-sided, the validation of the results for one-sided
lid-driven cavity flow was performed through comparison with the results reported in the
literature. The grid resolution for square cavity was taken as 256 x 256. Figure 2 shows
the steady-state u and v velocity profiles through the geometric center of the cavity for
different Re numbers. It is clear that the present results are in good agreement with the
results obtained by Chen et al. (36).
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Figure 2. The velocity profiles # and v along the vertical and horizontal centrelines for
K=1. (a) Re=50; (b) Re=400; (c) Re=1000. Symbols: solutions of Ref. (33);
Lines: present study.

Two-sided lid-driven cavity

A two-dimensional incompressible flow driven by two facing lids moving in the op-
posite directions with an equal velocity for cavities with aspect ratios of 1.5 and 4 is pre-
sented here. All simulations employed 256 x 384 and 256 x 1024 nodes for cavities with
the aspect ratios K=1.5 and 4, respectively. Grid size was chosen since the results, listed
in Table 1, did not change significantly with further mesh refinement (using 384 x 576
nodes). Figures 3 and 4 show stream function and vorticity contours for different Re
numbers and cavities with the aspect ratios of 1.5 and 4, respectively. It can be seen that
an odd number of vortices is present considering that two-vortex flow is counted as a
single vortex. For K=1.5 and Re=50, shown in Figure 3a, two co-rotating (clockwise
direction) vortices are identified with a saddle point at the center of the cavity. This flow
is known as the two-vortex flow (15, 30). As the Re number increases, two-vortex flow
disappears with two vortices merging into a single vortex which occupies the entire cavi-
ty (Figure 3b). When Re=1000, two secondary vortices appear at the top-left and bottom-
right corners of the cavity. As expected, secondary vortices gain in size for Re=3200 (see
Figures 3c-d).
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Figure 3. Streamfunction (top row) and vorticity (bottom row) contours for two-sided
lid-driven cavity flow at various Re numbers-antiparallel motion. Aspect ratio K=1.5.
a) Re=50; b) Re=400; c¢) Re=1000; d) Re=3200

Streamfunction and vorticity contours, computed for cavity with the aspect ratio K=4
and Re=50, are shown in Figure 4a. It can be noticed that two primary vortices adjacent
to the moving lids and rotating in a clockwise direction are present. Also, in the middle of
the cavity, two-vortex flow appears. The two-vortex flow gains in strength and occupies
more space at the expense of the vortices adjacent to the moving lids when Re=400 (see
Figure 4b). For Re=1000, two secondary vortices adjacent to the solid walls are observed.
These vortices are bounded with two heteroclinic connections between two points on the
same wall, as shown in Figure 4c. Two vortex flow disappears for Re=3200 (see Figure
4d), with two secondary vortices now fully merged into one vortex located in the center
of the cavity. More detailed discussion on the merger of secondary vortices is given in the
next section.

As the Re number is increased from 50 to 1000, the centers of the inside top and
bottom vortices move away from the center of the cavity towards the left and right solid
walls, respectively. However, when Re=3200, the centers of the vortices are located clo-
ser to the center of the cavity.

The vorticity contours plotted in Figures 3 and 4 confirm findings of Patil et al. (23):
as the Re number is increased, primary vortices adjacent to the moving lids become more
prominent and larger in size and therefore the viscous effects are confined to the bounda-
ry layers close to the walls.
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a)

Figure 4. Streamfunction (top row) and vorticity (bottom row) contours for two-sided
lid-driven cavity flow at various Re numbers — antiparallel motion. Aspect ratio K=4. a)
Re=50; b) Re=400; c¢) Re=1000; d) Re=3200

Table 1 lists the locations and values of streamfunction and vorticity in the centers of
the primary vortices appearing in the cavity with the aspect ratios of 1.5 and 4 for
different Re numbers. It can be seen that for K=4, the computed vorticity in the centers of
primary vortices adjacent to the moving lids (indexed as 1 and 4) decreases as the Re
number increases. On the other hand, the vorticity value of the interior primary vortices
(indexed as 2 and 3) increases with the Re number until R=1000. However, for Re=3200,
the vorticity value is found to decrease. Similar behavior of the primary vortices (vortex
adjacent to the moving lid and the vortex below that) was also observed for one-sided lid-
driven cavity (23, 28).
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Table 1. Values of streamfunction and vorticity in the centers of primary vortices for

different Re and aspect ratios

Re (Xe15Yer) V1,01 (Xe25¥e2) V2,0

50° 0.5998, 1.2429 | -0.1026, -3.0513 0.4050, 0.2590 | -0.1026, -3.0560
500 0.5958,3.7552 | -0.1017, -3.2429 0.5165, 2.4731 1.39E-04, 0.0162
400° 0.5025, 0.7530 | -0.1280, -1.6593

400 0.5486, 3.6018 | -0.1140, -2.2293 0.3950, 2.8622 | 9.87E-03, 0.3910
1000° | 0.5025,0.7530 | -0.1303, -1.5647

1000 | 0.5296,3.5689 | -0.1166, -2.0089 0.3267,2.8514 | 0.0124, 0.4899
3200° | 0.5095,0.7589 | -0.2498,-1.0939

3200° | 0.5185,3.5644 | -0.2218,-1.6730 0.4442,2.7181 0.0356, 0.4704
Re (Xcihya) V3,03 (Xc4’Yc4) V4,04

50°

50° 0.4904, 1.5214 | 1.41E-04, 1.62E-02 | 0.4111,0.2493 | -0.1017,-3.2191
400°

400 0.6119, 1.1436 | 9.87E-03, 0.3883 0.4593, 0.4040 | -0.1140, -2.2304
1000°

1000° | 0.6792,1.1579 | 1.26E-02, 0.4988 0.4754,0.4287 | -0.1161, -1.9945
3200°

3200° | 0.5617,1.2915 | 0.0363, 0.4640 0.4874, 0.4451 -0.2199, -1.6695

“ Aspect ratio K=1.5 (256 x 384);
b Aspect ratio K=4.

Effect of the aspect ratio

Previously, the effect of the Re number for the aspect ratios of 1.5 and 4 was conside-
red. Now our interest is to determine the effect of the aspect ratio on the flow pattern,
particularly, the evolution of primary vortices for Re=50.

According to Giircan et al. (37, 38), there are four key stages during Stokes flow
transformation in the cavity as the aspect ratio is increased: the appearance of a saddle
point; the appearance of secondary vortices on the cavity walls; connection of secondary
vortices with the saddle point, and the disappearance of the two-vortex substructure. Figure
5 shows the streamfunction contours for Re=50 and different aspect ratios. As can be seen,
the increase in the aspect ratio results in the same changes in the flow pattern as discussed
by Giircan et al. (38). With the increase in the aspect ratio, two secondary vortices increase
in size and move towards the center of the cavity. Figure 5a shows the streamfunction
contours for the cavity of the aspect ratio of 2.575, at which secondary vortices reach the
saddle point in the center of the cavity. Hence, four heteroclinic connections between the
saddle point and solid walls are present (37, 38). As K increases to 2.675 (Figure 5b), two
heteroclinic connections remain in the cavity, connecting the points on the two facing walls.
When K=2.7, flow pattern at the center of the cavity highly resembles cat’s eye flow. At a
critical aspect ratio, between 2.7<K.<2.725, the centers of two small co-rotating vortices
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reach the saddle point and fully merge to form a single vortex at the centre of the cavity (the
disappearance of the two-vortex flow).

1.625
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Figure 5. Streamfunction contours for Re=50: a) K=2.575; b) K=2.675; ¢) K=2.7; d)
K=2.72.
CONCLUSION

In this paper, two-sided lid-driven flow inside deep cavities was simulated using lat-
tice Boltzmann method. Flow was induced by the antiparallel movement of two facing
lids. The code was successfully validated on a square lid-driven cavity benchmark prob-
lem. After the code validation, steady-state symmetric patterns were obtained for two-si-
ded deep cavity flow with antiparallel motion for all investigated Reynolds numbers and
aspect ratios. Odd number of vortices is present also, with the appearance of two-vortex
flow in some cases. The middle region of the deep cavity is mostly affected by the in-
crease in the aspect ratio. Critical aspect ratios, at which primary vortices arise from two
secondary ones, were determined to be between 2.7<K.<2.725 for Reynolds number 50.
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CUMYJIAIIMJA TOKA ®JYUJA Y IYBOKUM HIYIIVbBUHAMA CA JIBA
IMOKPETHA 3UJJA TIPUMEHOM LATTICE BOLTZMANN METOJE

Hamawa Jb. Jlykuh', Ipeopaz M. Texuh’, Jenena B. Palenosuh’, Heana M. ILlujauxu’

! Vausepsuter y Hosom Cajty, Texnomnomku dakynret, Bynesap mapa Jlasapa 1, 21000 Hosu Can, Cp6uja
? Vuusepsurer y HoBom Cany, ITpuponso-matematuuky paxynrer, Tpr Jocureja O6panosuha 3,
21000 Hosu Caz, Cp6uja

Y 0BOM pajy je CUMYJIHPaHO KPeTame HECTHIUBUBOT (PIynaa y AyOOKHM IpaBOyTao-
HUM HIyIbHHaMa kopumhemeM lattice Boltzmann-oBe merome. Kperame dmymma omo-
ryhyjy IBa HaclipaMHa TIOKpeTHA 3uaa. Panu Tectupama caMe MeToie, IPBO je W3BpIIeHa
CHUMyJalyja MO3HATOI TeCT NpobieMa, KBaJgpaTHE LIyIJbMHE Ca JEAHHM IOKPETHHM
3u70M. HakoH nmpoBepe UMILUIEMEHTAIM]e U TAYHOCTH ajJIrOPUTMa Ha CTpyjarbe (iayuna y
KBaJIpaTHOj NIYIUbMHM, CUMYJIHMpPaH je MoJed Toka ¢uynaa y ayOOKHMM IyrbHHaMa ca
JIBa TIOKpETHA 3U[1a, 32 CYIPOTHOCTPYjHO KpeTame UCTHX. McnuTaH je yTuiaj cpa3mepe
HIymbMHE (OJTHOC BHCHMHE W IMPHHE) U PejHoNcoBOr Opoja Ha TOK (uiyHaa U Kapak-
TEPHUCTHKE BpTJIOra GOPMUpPAHUX YHYTap MpaBoyraoHe myrbnae. Cpa3Mepa HIyMnbHHE
je Bapupana m3mely 1,5 u 4 nok cy BpenHoctu PejHomnncoBor 6poja:100; 400; 1000 u
3200 . CumerpryHOCT (DIIyHIHOT TOKA je YTBp)eHa y CBUM MCHHMTHUBAHUM YCJIIOBHMA Kao
¥ HemmapaH Opoj BpTIora (YKOJIHKO C€ JBO-BPTIIOKHHM TOK IOCMATpa Kao jemaH BpPTIIOT).
Ca mopactom PejronmacoBor 6poja ceKyHOapHU BpPTIO3U A00wjajy Ha cHa3u. C mpyre
CTpaHe, moBehame cpa3Mepe HIYIUbMHE HAjBUIIC YTHUYE HA TOK (IyHaa y LEHTPAITHOM
neiny. YT1BpheHo je na KpUTHYHA BPEIHOCT OZHOCA BHCHHE M INMPHHE IIYIUBUHE, IPH
K0jOj Ce jaBJba MPUMAPHHU BPTJIOT y CPEAUINTY LIyIUbUHE, u3HOCH u3mehy 2,7 u 2,725 3a
Pejuonpc 50.

Kbyune peun: lattice Boltzmann merona, ABa mokpeTHa 3u1a, JyOoka LIynjbUHA, Cpa3-
Mepa, CypOTHOCTPYjHH
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CORRELATION AND PRINCIPAL COMPONENT ANALYSIS IN CERAMIC
TILES CHARACTERIZATION

Sanja O. Podunavac-Kuzmanovi¢, Jonjaua G. Ranogajec and Strahinja Z. Kovacevi¢*

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

The present study deals with the analysis of the characteristics of ceramic wall and
floor tiles on the basis of their quality parameters: breaking force, flexural strenght,
absorption and shrinking. Principal component analysis was applied in order to detect
potential similarities and dissimilarities among the analyzed tile samples, as well as the
firing regimes. Correlation analysis was applied in order to find correlations among the
studied quality parameters of the tiles. The obtained results indicate particular differen-
ces between the samples on the basis of the firing regimes. However, the correlation
analysis points out that there is no statistically significant correlation among the quality
parameters of the studied samples of the wall and floor ceramic tiles.

KEY WORDS: Principal component analysis, correlation analysis, floor tiles, wall tiles,
chemometrics.

INTRODUCTION

Ceramic tiles are widely used decorative building material in modern buildings, and
the same holds also for the ancient ones. They have technical and esthetical functions
(1,2). Whether indoor or outdoor, they are used as wall and floor tiles with different mic-
rostructure, porosity, thermal and mechanical properties (3-5). The raw material compo-
sition of ceramic tiles is a mixture of clay minerals (kaoline, illite and montmorillonite),
feldspar, quartz, and carbonates. The mineral nature of the mixture determines the quality
and the function of the tiles. The production of tiles is a complex process since it contains
many different technological segments. In the beginning of the tile production, the raw
material preparation, which includes excavation, classification and grinding of raw mate-
rial components, presents the dominant segment of the tile production. The wet grinding
process gives the best distribution of raw material components and moisture in the pre-
pared green body, as well as the best particle size distribution. After the raw material pre-
paration, further processes as shaping, drying, firing and glazing have to be done in order
to obtain the final products of desirable characteristics.

* Corresponding author: Dr Strahinja Kovacevi¢, University of Novi Sad, Faculty of Technology, Bulevar cara
Lazaral, 21000 Novi Sad, Serbia; email: strahko@tf.uns.ac.rs
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There are very complicate relationships among the characteristics of material sampled
from different production stages and the characteristics of the final products. Evidently,
many parameters have to be taken into consideration for understanding the existing func-
tions. One of useful approaches in this field could be chemometric studies.

Despite the prefix chemo-, which refers to chemistry, chemometric studies have found
their application, not only in analytical chemistry (6), but also in food engineering (7),
pharmaceutical engineering (8), biotechnology (9), microbiology (10) and forensics (11).
Chemometrics enables simultaneous evaluation of an almost unlimited number of data,
facilitating the clarification of theoretical and practical problems, including mathematical
or statistical methods such as regression analysis (linear and multiple linear regression,
principal component regression, partial least squares regression, artificial neural networks
regression, etc.) and pattern recognition methods (cluster analysis, principal component
analysis, partial least squares discriminant analysis, etc.). Chemometrics has become an
important tool in engineering data analysis since it can reveal some features of the analy-
zed system which are not obvious.

The aim of this study was to examine the correlations between the tile characteristics:
percentage of shrinking, water absorption, breaking force, and flexural strength, obtained
at the different firing temperatures, and to find possible similarities and dissimilarities
among the tiles by applying principal component analysis.

EXPERIMENTAL
Materials
There were 14 floor tiles (dimensions 450 x 450 x 8 mm) and 14 wall tiles (dimen-
sions 250 x 400 x 8.5 mm) sampled from the technological lines of the ceramic tile com-
pany ,,Zorka-Keramika®“, Sabac; seven samples of each group (wall/floor tiles) were fired
at a defined temperature, Table 1. The analyzed characteristics of the 28 samples were:

percentage of shrinking, water absorption, breaking force, and flexural strength.

Table 1. Parameters of the used firing regimes

Floor tiles
Firing regime Temperature/cycle (°C / min)
Regime 1 1180/37
Regime 2 1185/37
Wall tiles
Firing regime Temperature/cycle (°C / min)
Regime 1 1105/40
Regime 2 1110/40
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The shrinking and water absorption values were determined according to the SRPS
ISO 10545-3 standard (12), while the breaking force and flexural strength values were
established following the standard SRPS ISO 10545- 4 (13) with ZMGi, VEB Thiiringer,
Rauenstein device.

Mathematical approach

The statistical analysis was carried out by the NCSS and the Statistica 10.0 software.
The principal component analysis (PCA) is one of chemometric methods which transfor-
ms the initial data set into a set of values of linearly uncorrelated variables. The result is
given in a set of vector samples called principal components (PCs) presented in a score
form and in loadings plots. The regression analysis, in general, is a statistical process
commonly used for establishing relationships among the existing variables. In the present
study, the linear regression analysis was used in order to find the existing correlations
among the studied parameters, the characteristics of the tiles, and to derive possible ma-
thematical models. Prior to the PCA analysis, the data were standardized by min-max
normalization method.

A major part of every formed mathematical model is its validation. Cross-validation
principle is mainly used when the accuracy of the predicting mathematical models is in-
vestigated. One of these methods, called leave-one-out (LOO) cross-validation, was ap-
plied in this investigation.

RESULTS AND DISCUSSION
The PCA was used in order to determine a connection between the used firing re-
gimes and the characteristics of the produced tile samples. The data used in the PCA ana-

lysis are given in Table 2 and Table 3.

Table 2. Values of characteristic parameters for the analyzed floor tiles

Firing Tile sample Shrinking Absorption Breaking force Flexural strength
regime number (%) (%) (N) (N/mm?)
1 8.00 0.21 2378 60.932
2 8.08 0.23 2602 63.253
3 8.03 0.34 2777 71.22
Regime 1 4 8.30 0.36 2363 56.003
5 8.50 0.36 2436 56.269
6 8.40 0.50 2511 61.108
7 8.30 0.33 2550 60.504
8 8.10 0.20 2877 69.812
9 8.15 0.18 2767 65.492
10 8.00 0.21 3439 81.396
Regime 2 11 8.00 0.26 2655 62.841
12 8.26 0.26 2887 71.859
13 8.22 0.27 2690 63.768
14 8.25 0.21 2629 60.754
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Table 3. Values of characteristic parameters for the analyzed wall tiles

Firing Tile sample Shrinking Absorption Breaking force | Flexural strength
regime number (%) (%) (N) (N/mm?)
1 0.59 17.37 653 24.48
2 0.59 16.57 656 24.59
3 0.65 16.19 674 25.27
Regime 1 4 0.65 15.95 657 25.27
5 0.65 16.07 686 26.39
6 0.65 16.52 647 27.25
7 0.72 16.79 667 29.64
1 0.55 15.20 765 27.97
2 0.54 15.44 742 27.13
3 0.55 15.88 769 28.11
Regime?2 4 0.63 16.25 733 27.43
5 0.64 16.34 678 25.41
6 0.63 16.44 688 25.80
7 0.63 15.84 699 2691

Loadings on PC2: 20,44%

The results of the PCA analysis are given in Figure 1. Figure 1b shows that the samp-
les can not be classified only based on the studied parameters. The obtained loading plot
(Figure la), shows that all the studied parameters strongly influence the distribution of
the samples along the PC1 axis.
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Figure 1. Loadings (a) and score (b) plot for the floor tiles

Loadings plot in Figure 2a indicates that some particular separation of the samples
could be observed along the PC1 axis. In this case, the samples can be classified mostly
based on the studied parameters (breaking force and absorption value) and that can be
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seen on the score plot in Figure 2b. The tile samples from the number 1 to 7, which were
treated by the firing regime 1, have mostly positive values for the PC1, but the tile samp-
les from the number 8 to 14, which were treated by the firing regime 2, have negative
values for the PC2. This score plot also shows that there is a significant difference in the
absorption and breaking force among the wall tile samples treated by two different firing
regimes.
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Figure 2. Loadings (a) and score (b) plot for the wall tiles

Correlations between all the studied parameters were considered. The statistical cha-
racteristics of the correlations among the studied parameters of the tiles quality are given
in Table 4. The obtained results indicate weak linear relationships among the studied
parameters of the wall and floor tiles, the fact being also confirmed by cross-validation
(Table 5).

The correlation coefficient values closer to 1 represent better fit of the regression,
while high values of the F-test indicate the significance of the model. Root mean square
error (RMSE) is the variation of the residuals or the variation about the regression line. It
should have a low value for the regression to be significant. The lower predicted residuals
sum of the squares (PRESS) value, the better the predictability of the model. If the PRESS
value is less than the total sum of squares (7SS) value, the model predicts better and can
be considered significant. High values of #“cv and r’adj (cv, r*adj > 0.6) indicate high
predictivity of the equations. If 7, r’cv are negative, this fact indicates a very poor mathe-
matical model.

In this study, the correlations among the studied parameters have very poor statistical
characteristics, certainly they cannot be applied for a precise prediction of the dependent
variable. The polynomial regression did not result in any acceptable model as well.
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Table 4. Basic statistical parameters of the linear relationships among the studied

parameters
Mode | Tiles | Firing Y X a b |RMSE| F I
type | regime
1 1 absorption shrinking 0.3510 -2.556 | 0.0753 | 4.725 | 0.4859
2 1 flexural strength | shrinking -17.66 206.7 4.137 | 4.138 | 0.4528
3 Floor 1 flexural strength | absorption | -7.162 63.71 5.544 | 0.0889 | 0.0175
4 tiles 2 absorption shrinking 0.0520 -0.203 | 0.0388 | 0.0000 | 0.0000
5 2 flexural strength | shrinking -26.06 280.1 7.086 | 0.9960 | 0.1661
6 2 flexural strength | absorption | -34.53 75.83 7.644 | 0.1540 | 0.0299
7 1 absorption shrinking -3.098 18.48 0.5152 | 0.3850 | 0.0715
8 1 flexural strength | shrinking 37.19 2.218 | 0.8917 | 20.454 | 0.8036
9 Wall 1 flexural strength | absorption | 0.0860 24.7 2.012 | 0.0001 | 0.0000
10 tiles 2 absorption shrinking 8.337 10.94 0.2910 | 10.497 | 0.6774
11 2 flexural strength | shrinking -15.79 36.37 | 0.7922 | 5.110 | 0.5054
12 2 flexural strength | absorption -1.48 50.52 | 0.8334 | 4.135 | 0.4526

Table 5. Cross-validation parameters of the obtained linear models

Model Fev Fadj PRESS 1SS Spriss
1 -0.1216 0.3830 0.0618 0.0551 0.090
2 -0.1394 0.3434 178.2 156.4 5.05
3 -0.4176 0.0000 221.7 156.4 5.63
4 -0.8534 0.0000 0.0140 0.0075 0.040
5 -1.195 0.0000 661.1 301.1 9.72
6 -0.6378 0.0000 493.2 301.1 8.39
7 2.170 0.0000 4.531 1.430 0.800
8 0.5751 0.7643 8.599 20.24 1.11
9 -1.459 0.0000 49.77 20.24 2.67
10 0.3860 0.6128 0.8056 1.312 0.340
11 0.0300 0.4065 6.153 6.344 0.940
12 0.0677 0.3432 5.914 6.344 0.920

CONCLUSIONS

The obtained results describe the similarities and dissimilarities between the analyzed
samples of the wall and floor tiles on the basis of their quality characteristics: absorption,
flexural strength, shrinking and breaking force. Principal component analysis revealed the
separation of the tiles depending on the applied firing regimes. There is no high-quality
mathematical model, confirmed by basic and cross-validation statistical parameters,
which successfully correlates quality characteristics of the analyzed tile samples.
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KOPEJIAIIMOHA AHAJIN3A U AHAJIN3A I''TABHUX KOMIIOHEHATA Y
KAPAKTEPU3AIIUJU KEPAMUWYKHUX IIJIOYUIIA

Cama O. llooynasay-Kysmanoeuh, Jorwaya I'. Panozajey, Cmpaxurea 3. Kosaueeuh*

VYuusepsuter y HoBom Cany, Texnounoku dakynrer, Bynesap napa Jlazapa 1, 21000 Hosu Cax

VY panmy je ommcaHa aHaJIHM3a KapaKTEPUCTHKA ITOJHHUX M 3UIHUX IIOYHMLA HA OCHOBY
napaMmeTepa BHXOBOT KBaJIMTETa: CUIIE JIoMa, CaBojHe uBpcrohe, ynujama U CKyILbamba.
AHanu3a rfIaBHUX KOMIIOHECHATa je TPHMEHCHA Ca IIMJbeM YTBphHBama MOTCHIH]jATHUX
CITMYHOCTH W pa3iiuKa u3Mmel)y aHaIM3UpaHUX y30paka Ha OCHOBY MOMEHYTHX KapakTe-
PHCTHKA, Ka0 M PEXUMa Ieuera. Takohe, NpUMembeHa je M KopelalioHa aHaln3a Kako
Ou ce yTBpIuUie Kopenanuje n3Mel)y UCTUTHBAaHHX MapameTapa KBaluTeTa rovynna. Pe-
3yNTaTH yKa3yjy Ha oxpeljeHe pasirke u3Mmel)y Iio4nia Ha OCHOBY pexxuma rederma. Me-
hyTimM, KopenampoHa aHamu3a yKaszyje Ha HENOCTOjame 3HAYajHUX Kopenaruja muiMehy
HCIUTUBAHNX KapaKTePUCTUKA KBAJIUTETa KEPAMUYKUX 3HIHUX Ka0 U MOAHHX IUIOYHIIA.

KibyuHe peuu: aHaiM3a INIaBHUX KOMIIOHEHATa, KOpENIalMoHa aHAIN3a, IOJHE KepaMud-
K€ TUI0YHIIE, 3U/IHE KEPAMHUUKeE IJI0UHUIIE, XEMOMETpHja.
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SEQUENTIAL MICRO AND ULTRAFILTRATION OF DISTILLERY
WASTEWATER

Vesna M. Vasi¢*, Marina B. S¢iban, Dragana V. Kuki¢, Jelena M. Prodanovié
and Nikola R. Maravié¢

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

Water reuse and recycling, wastewater treatment, drinking water production and en-
vironmental protection are the key challenges for the future of our planet. Membrane se-
paration technologies for the removal of all suspended solids and a fraction of dissolved
solids from wastewaters, are becoming more and more promising. Also, these processes
are playing a major role in wastewater purification systems because of their high poten-
tial for recovery of water from many industrial wastewaters. The aim of this work was to
evaluate the application of micro and ultrafiltration for distillery wastewater purification
in order to produce water suitable for reuse in the bioethanol industry. The results of the
analyses of the permeate obtained after micro and ultrafiltration showed that the content
of pollutants in distillery wastewater was significantly reduced. The removal efficiency
for chemical oxygen demand, dry matter and total nitrogen was 90%, 99.2% and 99.9%,
respectively. Suspended solids were completely removed from the stillage.

KEY WORDS: distillery wastewater, microfiltration, ultrafiltration, water reuse

INTRODUCTION

Water is one of the most important resources, but also one of the most sensitive. Com-
pared to other industrial sectors, the food industry uses a much greater amount of water
for product unit [1]. The largest quantity of these waters appears as a wastewater. Water
and wastewater costs are becoming an increasingly important economic factor for small
and medium-sized enterprises. This applies particularly to the food and beverage indus-
tries [2].

Based on the data of Water management basis of the Republic of Serbia (RS) [3], total
production of wastewaters in the Autonomous Province (AP) of Vojvodina is 766,041.00
m’/day of which about 60% are industry wastewaters. Even 72.7% of organic pollution
originates from industry wastewaters. Emission from the food industry is 84.04% of total
industrial pollution in AP Vojvodina. Of total organic load from all point sources, munici-
pal and industrial, food industry participates with 60%. Such production of wastewaters is a
major problem both from the economic and environmental protection point of view.

* Corresponding author: Vesna M. Vasi¢, University of Novi Sad, Faculty of Technology, Bulevar Cara Lazara
1,21000 Novi Sad, Serbia, e-mail: vesnavasic@tf.uns.ac.rs
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Of the total amount of wastewaters (municipal and industrial wastewaters) in AP Voj-
vodina, only 10% is purified, while more than 65% of industrial plants do not treat their
wastewaters [4]. The highest percentage of industrial polluters (54.76%) discharge their
wastewaters into the river (with or without previous treatment), then into the city sewer
(19.04%), the channel (18.45%), the creck 3.57%, etc. [3]. Therefore, reducing the waste-
water quantity and the possibility of its reuse are one of the greatest challenges facing
industry today.

The aim of this work was to evaluate the application of micro and ultrafiltration for
distillery wastewater purification in order to produce water suitable for the reuse in the
bioethanol industry.

EXPERIMENTAL
Material

The experiments were performed using distillery wastewater from the ethanol factory
Reachem, Srbobran Serbia, where it was obtained from starch feedstock.

Microfiltration experiment

The experiment was carried out in a cross-flow microfiltration unit shown in Figure 1.
The feed (1) was circulated by a centrifugal pump (WPEm 3400r) (2) under the condition
of complete recirculation of the fluid. The experiment was performed under the trans-
membrane pressure (TMP) of 2 bar. The permeate (6) was constantly drained away from
the system, collected and analyzed. The TMP and feed flow rate were adjusted by the
regulation valves and measured by the pressure gauges (3a, 3b) and the flow-meter (5).
The experiment was performed under the TMP of 2 bar and feed flow rate of 300 L/h.
The multichannel ceramic membrane used (NOVASEP, France) had the nominal pore
size of 200 nm with the length of 400 mm. The useful membrane surface was 0.0501 m?,
All experiments were carried out at room temperature (25°C). The system and membrane
were cleaned according to the following procedure:

e short rinsing with water, without recirculation, in order to remove residual stilla-
ge from the system

15 minutes rinsing with water (with recirculation)

30 minutes washing with 5% solution of Ultrasil (with recirculation)

15 minutes rinsing with distilled water (with recirculation)

short rinsing with distilled water (without recirculation)

the membrane was further cleaned by immersing in 10% solution of HCI, during
24 h
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1-Feed tank
2-Centrifugal pump
5 3-Manometers
4-Membrane modul
S-Flowmeter
6-Permeate

b 7-Retentate

Figure 1. Schematic of the apparatus for microfiltration
Ultrafiltration experiment

Ultrafiltration experiment was carried out using a Milipore Stirred Ultrafiltration Cell
Model 8200 with maximum vessel volume of 0.2 L (Figure 2). The ultrafiltration condi-
tions were as follows: pressure of the inert gas 4 bar, stirring agility 100 rpm, and the vo-
lume of wastewater that was filtered 150 ml. The wastewater was filtered through a poly-
ethersulfone membrane with the molecular weight cut-off (MWCO) of 10,000 Da; the
permeate was drained away from the system, collected and analyzed. The filtration was
stopped when the flow rate decreased significantly. The experiments were carried out at
room temperature (25°C).

Figure 2. Laboratory apparatus for ,,dead-end* ultrafiltration
Analitical methods

Feed and permeate samples were analyzed for dry matter, ash, organic dry matter,
suspended solids and chemical oxigen demand (COD) according to the Standard Methods
[5]. Total nitrogen was determined by the Kjeldahl method [6].
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RESULTS AND DISCUSSION

The wastewater was analyzed just after bringing it from the factory, and the results
are presented in Table 1.

Table 1. Results of the analysis of the distillery wastewater, MF and UF permeates

Parameter Wastewater | MF permeate | UF permeate
pH 5.07 5.07 5.07

Dry Matter (DM) [mg/L] 73477 16250 5800
Ash [mg/L] 7950 2660 1790
Organic DM [mg/L] 65527 13590 4010

% of Organic DM [%DM] 89 83 69
Suspended Solids (SS) [mg/L] 51480 - -

Ash of SS [mg/L)] 4710 - -

Organic Dry Matter of Suspended

Solids [mg/L] 46770 ] ]
% of Organic DM of SS[%] 90 - -
% of Suspended Solids in Dry 70 ) i
Matter[%]

Total Nitrogen [mg/L] 4193 826 280
COD [mgO,/L] 90000 17654 9073
Turbidity [NTU] 39 0.75

As can be seen from Table 1, the analyzed wastewater has high values of COD, dry
matter and total nitrogen. About 70% of dry matter is in the form of suspended solids, of
which 90% is organic matter. Considering the presented results, it can be seen that distil-
lery wastewater is highly polluted and it should not be disposed in the environment with-
out previous treatment. Further, distillery wastewater was passed through the microfiltra-
tion membrane, permeate was collected analyzed, and subsequently nanofiltered using
dead-end ultrafiltration membrane with MWCO 10000 Da.

Based on the presented results it can be said that the values of COD, dry matter and
total nitrogen decreased after the microfiltration compared to the initial values of waste-
water. The removal efficiency was 80.4%, 78% and 80.4%, respectively. The suspended
solids were completely removed from the wastewater. The permeate with reduced content
of organic matter and free from suspended solids could be recirculated in the mashing
processes. This would reduce the amount of water needed for the bioethanol production
process.

The permeate obtained after microfiltration still contains a large amount of organic
matter, so ultrafiltration was conducted in order to improve the quality of the permeate.

Based on the results presented for UF permeate (Table 1) it can be seen that after the
sequential micro and ultrafiltration the content of pollutants in distillery wastewater was
significantly reduced. The removal efficiency for COD, dry matter and total nitrogen was
90%, 99.2% and 99,9%, respectively. Also, the turbidity was significantly lower in the
UF permeate compared with that obtained after microfiltration. The permeate obtained in
this way could be used as a dilution water in the fermentation step. However, additional
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analyses are needed in order to determine the presence of inhibitory compounds which
can affects the ethanol yield. Usually, these are organic acids, glycerol and acetaldehyde,
arising as by-products in the bioethanol production process [7].

Modern tendencies are increasingly focused on the reuse of wastewater [1, 2, 8, 9].
Bialas et al. [10] investigated the effect of recirculation of starch stillage on ethanol yield.
Their results showed that there is no change in the ethanol yield even when the 75% of
water was replaced with stillage. Mohaghehi and Schell [11] also investigated the
possibility of reuse of stillage in the ethanol production process. Three fermentation in
series were conducted with different initial concentrations of sugar and replacing 10% or
20% of water with stillage. It was determined that, at low concentration of sugar and with
10% of recirculated stillage, the ethanol yield was insignificantly changed. However,
with the increase of sugar concentration and quantity of recirculated stillage, the yield
was gradually reduced.

Even though all discussions in the previous subsections motivate water reuse, the
decision to reuse depends on economic feasibility. Treatment and discharge are often
cheaper than reuse, but not always. The goals of water reuse, especially the goal such as
zero discharge, are often too costly to achieve in one phase [12]. Therefore, it is very im-
portant to evaluate all stages of the wastewater treatment process, especially in the con-
text of additional treatment costs required to achieve higher quality of the water.

Membrane separation technologies play a major role in the advanced wastewater
treatment systems because of its potential for recovery of water from many industrial
wastewaters [13]. Murthy and Chaudhari [14] evaluated the distillery wastewater purifi-
cation with the combined use of UF and reverse osmosis (RO) processes. The percentage
rejections of TDS, BOD, color, chlorides, sulfates and potassium were 97.9, 97.9, 93.2,
99.8, 99.7 and 94.65%, respectively. Similar results were obtained by Nataraj et al. [15],
with the use of hybrid NF and RO processes for the removal of contaminants to obtain a
good water recovery rate. The water reclaimed by NF and RO processes could be reused
for either municipal or industrial purposes.

The results obtained in this work are a basis for further investigations of the reuse of
distillery wastewater in terms of the effect of recirculated water on the fermentation
process and ethanol yield, as well as economic of the process.

CONCLUSION

Reducing of wastewater quantity and the possibility of its reuse are one of the greatest
challenges facing industry today. The experiments conducted in this study showed that
combined micro and ultrafiltration are promising techniques for recovery of water from
stillage. Based on the presented results it can be concluded that the described processes
were effective in purification of distillery wastewater with removal efficiency for COD,
dry matter and total nitrogen of 90%, 99.2% and 99.9%, respectively. The composition of
the permeate obtained after micro and ultrafiltration points out to the possibility of its
reuse in the bioethanol production process.
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CEKBEHIIMJAJIHA MUKPO U YITPAOUITPAIIMJA OTHHAAHE BOJIE 13
JAECTUJIEPUJE

Becna M. Bacuh, Mapuna b. IlIhuban, /[pacana B. Kyxuh, Jenena M. Ilpooarosuh,
Huxkona P. Mapasuh

Yuusepsurer y HoBom Cany, Texnonomxu daxynrer, Bynesap napa Jlazapa 1, 21000 Hosu Can, Cpbuja

[TonoBHa ymotpeba Boje, npeuniihaBame OTMAAHUX BOJA, POM3BOIHa BOjIC 3a muhe
1 3allITUTA KUBOTHE CPEAMHE HajBAKHHU]H CY M3a30BH ca KOjIMa Ce Hallla IJIaHeTa Cycpe-
he. MeMOpaHCKe TEXHOJIOTHje Ce MOCIEABUX T'OIMHa WHTEH3MBHO KOPUCTE 32 TPETMaH
OTIAaJHUX BOJA Y LY CMameha BUXOBOTr 3araljema Kao U MOryNHOCTH MOHOBHE YIIO-
tpebe. [ToceOHO ce 0BO 0 HOCH Ha IpexpaMOeHy MHAYCTPHjy KOja TPOLIX BEIHMKE KOJIHU-
YHHE BOJIE 32 CBOj¢ MPOU3BOAHE MpOLECe, NIPH YeMy ce HajBeha KOMMYMHA OBE BOJE jaB-
Jba Kao OTHagHa Boga. TOKOM HCTpaKMBarba H3BEICHUX Y OKBUPY OBOT PaJjia HCIIUTAaHA je
MoryhHocT ynorpebe MuUKpo u yiaTpaduirpanydje 3a mpednmrhaBame OTIMagHe BOAC W3
JIecTuiIepHje, y by cariieflaBama cactaBa 100HjeHOT IepMeaTa Koju Ou ce Morao IoHO-
BO YIOTPEOUTH Yy MHAYCTpHjU OMOeTaHONa. 3a eKClIepUMEeHTe je KopuiiheHa kepaMuika
MeMOpaHa 3a MUKpoduiTpanujy ca npedHukom mnopa oj 200 nm u memOpaHa 3a ynaTpa-
¢dbuntpaunjy on nonuerepcyiadpona ca MWCO (Molecular Weight Cut Off) og 10000 Da.
Pesynratu cy mokasanu Jia je HAKOH Mpolieca CeKBEHIIMjaTHE MUKPO U yATpaduiITparuje
3araljeme OTHagHe BOJC Y 3HAYajHO] MEpH cMameHO. EdukacHocT yrinamama XIIK, cyse
MaTepuje u azota omia je 90%, 99,2% and 99,9%, penom. Takohe, cycrieHIOBaHE YeCTH-
e Cy y MOTIYHOCTH YKJIOHeHe U3 oTHaaHe Boje. CactaB 10OHjEeHOT mepMeaTa yKasyje
Ha MOTYRHOCT HeroBe pelupKyJIaluje y IPOH3BOIHH POLEC, YUMe O ce 3HAYajHO CMa-
WA 3ampeMrHa eIIyeHTa U MOTPOIIkha Bojie MOTpeOHe 3a MPUIIPEMy CHPOBHHA U (ep-
MEHTAaLH]y.

Kibyune peun: Ornanna Bosa, MUKpoduiTpaiuja, yntpapuiarpanuja, pelupKyianmja
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POLICE ASPECTS OF THE FORENSIC METHODS OF THE STUDY OF
PERCENTAGE OF WATER CONTENT OF THE DETERMINE THE AGE OF
THE FRESCOES

Vojkan M. Zori¢"?, Zeljko Nikac® and Radovan Radovanovié®

"University of Novi Sad, Faculty of Sciences, Trg Dositeja Obradoviéa 4, 21000 Novi Sad, Serbia,
? Ministry of Interior, CPD-National Criminalistical-Technical Center, Kneza Miloga 103, 11000 Belgrade,
Serbia
3 The Academy of Criminalistic and Police Studies, Belgrade-Zemun, Serbia

The novels of the Criminal Procedure Code (CPC) Republic of Serbia have introdu-
ced the concept of prosecutorial investigation in relation to that of evidence, special evi-
dentiary actions and other software for the operation of the criminal prosecution. The
meaning of novels is to conduct harmonization of standards with solutions of modern cri-
minal law practice, particularly with regard to EU standards Serbia applying for mem-
bership in the Union. Preventing the most serious forms of crime is the focus of autho-
rized bodies Serbia and in this context combating and preventing all forms of forgery, as
is the case with forgeries frescoes and selling them on the world market. In exposed
paper the method determining age of the frescoes is proposed. It is based on the use of
closed Markov’s graphs with three cells. The measurements of contents of water mole-
cules in surrounding area can be done only for the space in which the frescoes is located.
This means that followed exposed method is non destructive.

KEY WORDS: Police, Forensics, Humidity concentration, Markov’s graph, frescoes.

INTRODUCTION

After the social changes in Serbia in late 2000 launched a process of social reform,
transformation of the police and state authorities, new and harmonization of legislation
with the EU. Started the transition of Security sector reform and police, secret service and
other subjects in the national security.

In the field of criminal law is modelled on the developed world adopted several new
regulations, such as the Penal Code, Criminal Procedure Code, the Law on Confiscation
of the Proceeds from Crime, Law on organization and jurisdiction of the authorities in
combating organized crime, corruption and other most serious forms of crime.

In the field of criminal procedural law adopted a new Code of Criminal Procedure (1),
which has been repeatedly amended and supplemented, and was modelled on the German
model finally adopted the amended text that introduces into practice the concept of prose-

* Corresponding autor: Vojkan M.Zori¢, University of Novi Sad, Faculty of Sciences, Trg Dositeja Obradovi¢a
4, 21000 Novi Sad, Serbia, e-mail: vzoric@df.uns.ac.rs; Ministry of Interior, CPD-National Criminalistical-
Technical Center, Kneza Milosa 103, 11000 Belgrade, Serbia; vojkan.zoric@mup.gov.rs
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cutorial investigation. According to this model, the state (public) prosecutor shall conduct
the investigation and preliminary investigation procedure (1, Art.43-49) and it’s subordi-
nate to the police and all authorities at that stage. The state prosecutor ordered the police
implement specific actions in the function of collecting evidence (1, Art.285), and in this
respect the police acts and has specific powers (1, Art.286-294) that are characteristic
police standard, criminal and other. At present the CPC of evidence (1, Art.85-160) as
well as hearing the defendant, the hearing of witnesses, expert analysis, investigation, ve-
rification of documents, checking accounts and suspicious transactions, seizure and
search of objects (people, things, a). In accordance with the Convention against Trans-
national Organized Crime (Palermo Convention) (2) in CPC are built special evidentiary
actions (2, Art.161-187), such as secret surveillance of communication, secretly monito-
ring and recording, computer search data, controlled delivery and covert coroner.

For the purpose of this paper is of particular importance is the expertise, evidentiary
action (2, Art.113-132). In order to determine forgeries frescoes, other works of art and
rare objects of special importance sampling as a method of expertise in a broad sense.

Determining of age of the frescoes is very important problem. This problem becomes
very serious since the number of forgeries and forgers increases permanently. Control
whether the paint is original or forgery is complicated by the fact that during analysis the
paint should not be damaged.

It is the reason why we propose a method which is not destructive (in the sense of
damaging of the frescoes). The method consists in determining of humidity contents i.e.
in measuring of ppm of molecules water expressed in per cents. This method is appli-
cable in all cases, because the paint and its environment always contain some per cent of
molecules water. The paint and environment exchange molecules of water and therefore
humidity per cent changes in time.

Since the room is not hermetically isolated of wider environment this fact must be
taken into account from the moment of creation. It is obvious that the exchange of water
molecules between room and wider environment influences the humidity of the frescoes.

The Marcov's graphs will be used in calculations. The graphs will have three cells and
will be closed. The cells correspond to the paint, to the room and to wider environment.
The fact that the system is closed means that the sum of concentrations will be constant in
time. The choice of closed system in the same time means that the effects of absorption
of water molecules by walls, furniture etc. are neglected, although they really exist.

GENERAL REMARKS ABOUT FORGERIES AND FORENSIC EXPERTISE
OF FRESCOES

We considered two approaches:

(a) Falsification of art, rare items and weapons (old and trophy) is a phenomenon that
is now very much in the world and brings enormous profits for all participants in the cri-
minal chain. On the other hand, the customers, the state and the international community
are equally damaged by this kind of crime because it distorts economic interests, origi-
nality and value of artworks and objects Raritan. An additional problem is the foreign
elements of these offenses, which leads to the necessity of cooperation among all coun-
tries and international organizations.

186



APTEFF, 46, 1-269 (2015) UDC: 75.052:676.014.2]:351.746.2:612.232
DOI: 10.2298/APT1546185Z BIBLID: 1450-7188 (2015) 46, 185-193
Original scientific paper

Art Mafia is now synonymous with organized criminal groups engaged in both the
theft and resale of original paintings and rare objects, as well as forgery and selling these
items on the market (3). The organization brings together a wide circle of people — thie-
ves, forgers, perpetrators, transporters and other participants in the criminal chain that
connects a common goal - the achievement of extra profits.

The fight against counterfeiters includes measures at national and international level,
both normative and operational. Certainly the most important role is played by Interpol as
the International Criminal Police Organization, which consisted of specialized line of
work that follows forgeries, smuggling and all forms of crime in this and related fields
(4). Interpol coordinate joint actions and take other measures and actions as well as invi-
tations to national police (Romania - forger stolen art objects, Lithuania-list of damaged
and owners, Poland and Norway - Project Joint investigation teams for legal and smug-
gled heritage), international meetings (IX International meeting on theft and smuggling of
art objects, cultural treasures and antiques-Lion, 11-13-03.2015), cooperation with speci-
alized agencies (UNESCO Venice Office, SEE, EU, private sector), the publication of
Protection of the National Convention of the goods (Mali and Bhutan, 18.02.2013),
posters (The Most Wanted Works of Art, Dec. 2014), meetings of the expert group (IEG -
Interpol Expert Group, 27-28.02.2014. (5)), the publication of stolen goods from war
zones (Afghanistan, Iraq), a special international standard (Object ID) containing a des-
cription and characteristics of object recognition, the International Red List of ICOM (In-
ternational Council of Museums, Red Lists) archaeological objects, vulnerable regions
and localities from which they steal, smuggle and resale cultural objects and others. A list
is compiled with the help of Getty International Institute continues to deliver Interna-
tional Council of Museums.

b) Counterfeits frescoes in the above sense are rare, but as forms of crimes and pre-
sent the subject of attention of professional and general public. Because of the special va-
lues, historical, cultural and other reasons, it is extremely important work state Officials
involved in the discovery of these works and their further processing. The detection of
counterfeits is particularly important forensic work and the use of appropriate forensic
methods, which help obtain material evidence and provides the basis for the prosecution
of perpetrators.

BASIC FORMULAS DETERMINING HUMIDITY

In the previous section it was said that the analysis will be based on closed Marcov’s
graphs with three cells.
The mentioned graph is given on Figure 1.

A u

\4
\/

)4 P 2

u v
Figure 1. The closed Marcov’s graph with three ¢
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On this graph p; represents concentration of water molecules in the frescoes, p, is
concentration of water molecules in the room while p; is concentration water molecules
in wider environment.

Scheme on Figure 1 represents graphical algorithm for forming the system of diffe-
rential equations determining time dependence of concentrations p;, p, and p; This sys-
tem is as follows:

D=-Aptup,
Py=-2up,*+ ip + vp; [2.1]
ps=-vpst up,
where 4, u, v are distribution frequencies. Summing these equations we obtain that
; . . d _
Dt Pt P E(pl—’_ Dyt ps)_ 0
wherefrom it follows that:
PO+ p,(H)+ py(¢)= const. [2.2]

The last formula is the proof that Marcov's graph is closed.

The system of differential equations [2.2] can be translated into system of linear
algebraic equations by means of Laplace's transformation (6, 7). It means that all equati-

ons of the system [2.1] will be multiplied with e “dt and integrated with respect to ¢ from
zero to infinity. The described procedure gives the system of algebraic equations:

(0+ Dg(@)- pg,(w)= p(0) [2.3]

- Agy(@)+ (0+ 2p)q,(0)+ vg;, (@)= p,(0) - ug,(@)+ (0+ v)g;(w)= p;(0)
The notation used in [2.3] is:

q,(®)= Tdte*”” (0, s=12,3 [2.4]
The formula: '
qs(w)=°fdre’””ps(t)=qu(w)—ps(0), [2.5]
s0=1,2,3

was used, also. The solutations of the system [2.3] are given by:
PO’ + [2ut v)p (0)+ up,(]w+ uvH
o(w- Q) (w- Q,)
P (0)0* + [(v+ 1) py(0)+ 2p,(0)+ vpy (D] + AvH 2.6]
o(w- Q) w- Q,)

9, (0)=

q,(®)=

where H = p,(0)+ p,(0)+ p,(0) and

Q,=- 2ut vt i, %\/4,1% v+ 2o v [2.7]
+ v+
Q= B ol 2 28]
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Time dependance of concetrations py(?); s= 1, 2, 3 can be found by application of

inverse Laplace transformation (8):
1 C+ioco
py()==— [doe”'¢,(@), s=123 [2.9]
270 %,
The contour in complex w plane for calculation of Bromvich integral (9,10) is given

on Figure 2.
/_ T

Figure 2. Contour in complex plane for finding of inverse Laplace transformation

Since all functions gs(@) have three simple poles @w=0, @=W, and w=W,, the integral
[2.9] is sum of residues in poles 0, W; and W,. The formula for finding of residuum at
simple pole is:

Res f(2) =lim(z ~2,)/(2) [2.10]

Applying the formulas [2.9] and [2.10] to [2.6] we obtain the solutions of the system
of diferential equations [2.]:

pwH | p(0)Q+[Qut vp(0)+ up,(0]Q, + wH o
QQ, Q,Q,- Q,)
~ p(0)Q3+ [2u+ v)p(0)+ up,(0)]Q, + uvH ¥
QZ(QI_ Qz)
wH | p, (0)QF + [(A+ v)p,(0)+ Ap,(0)+ vp,(0)]Q, + AvH 0 _
ngz Q1(Ql' Qz)

p)=

[2. 11]

p,(D)=

P05+ [(A+ v)p,(0)+ 4p,(0)+ vp, (0)]Q, + AvH ¥

[2.12]
Qz (Ql - Qz)
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H | py Q)9+ [ut Dpa(O)+ s (IR + JaiH g,

p3(t): ngz QI(QI - Qz)
_ PO+ [Cpt Dps(0)+ pp, (0)Q, + FuH [2.13]
Q,(Q- Q,)

These formulas will be used for determining of the age of the frescoes.
DETERMINING AGE OF THE FRESCO

Determining of age of the fresco requires series of mesurements of water conteints. It
should be pointed out that we do not know when was the initial momentum ¢ = 0, since we
do not know when the fresco was finished. Consequentely, initial concentrations p;(0),
p2(0) and p; (0) are unknown. There is a posibility to determine initial concentration of H,O
molecules in the fresco using computer scheme of paint distribution of fresco. With help of
this sheme we can reproduce paints of investigated fesco and measure its humidity. It could
be equal to initial concentration p;(0).

Concerning measurements we must remember that the fresco must not be damaged,
which means that no maesurements should be done on the fresco. It also means that the
formula [2.11] will not be used. Measurements of humidity percentage of wider environ-
ment are not recommended due to the possible fluctuations of humudity in wider area (rain,
snow, wind etc.). On the bases of above reasoning it remains to measure H,O contents in
different moments in time in the room where the freco is located. The humidity fluctuations
in the room are very rare. Besides, the paint is in direct contact with air of the room (see
Markov's graph). This direct contact gives more perceptible changes of humidity. Since the
wider environment and the paint are not in direct contact, the changes of humidity of wider
environment p;(f) would be weak, and this requires longer time intervals between two con-
secutive measurements. The final conclusion from preceding discussion is that all measure-
ments are related to determining the concentrations p,(f). The first measurement concetra-
tion p, gives p,(T), where T is the age of athe fresco in the moment of measurement. This
concentration will be denoted with B;.

On the basis of the formula [2.12], writen for t = T we get the following expression
formula:

R= Bl_ (D(xsysTaB.o)_ F(x>y;T;Z:H)exT$ f(x,y,z,T,H,BO) [314]
2sinh yT
Where
2u+ v+ A 1

x= %,y= 5\/4,uz+ V4 Z- 2V, z=vA, By= p,(0), B = p,(T) [3.15]

The functions @ and F, figuring in [3.14] are given by:
(D(x’y’T,BO): BO yCOShyT- xsmhyT o *T [316]

y
F(x,y,T,z,H):{ : 1 : _xsmhyT7+yC(7)shyT e"T}zH [3.17]
X =y y (" =y7)

190



APTEFF, 46, 1-269 (2015) UDC: 75.052:676.014.2]:351.746.2:612.232
DOI: 10.2298/APT1546185Z BIBLID: 1450-7188 (2015) 46, 185-193
Original scientific paper

The time unit in the formula [3.14] is one year. There appear six unknown values in
[3.14]: x, y, z, T, H and B,. To determine these unknown parameters, we must carry out
six measurements of concentration p,(f). The interval 7 between two consecutive mea-
surements can be taken to be one month, or half a month. In the first case T = 1/12 and in
the second case T = 1/24. The first of these measurement must be done a month or half
amount after the first measurement which has got value B=p,(¢).

The values of concentration obtained in moments 7+ 7, 7+ 2z,. . ., T+ 67, will be de-
noted by B,, Bj, ..., B, respectively. So we obtain the following system of the equations:

B,=F(x,y, T+1z,H) + ®(x,y, T+1,B)) + [2¢™"? sinh(T+7)] f (x.y.z T+ 7,H,By)
Bs=F(x,y, T+27,z,H) + ®(x,y, T+27,B,) + [2¢™7 7 sinh(T+27)] f (x,y,z, T+2 7,H, B))
B,=F(x,y, T+37,z,H) + ®(x,y, T+37,By) + [2¢™"" 7 sinh(T+37)] f (x,,z, T+3 7,H, By)

[3.18]
Bs=F(x,y, T+47,z,H) + ®(x,y, T+47,B,) + [2¢™7 7 sinh(T+4 1) f (x,y,z, T+4 7,H, B))
Bs=F(x,y, T+57,z,H) + ®(x,y, T+57,B) + [2¢™77 sinh(T+5 )] f (x,,z, T+5 7,H, By)
B,=F(x,y, T+67,z,H) + ®(x,y, T+6T,B) + [2¢™7 07 sinh(T+67)] f (x,y,z, T+6 7,H, By)

Besides, in order to find the age of the paint 7, which is the main goal of our analysis,
we must find the distribution frequencies p, v and A. These frequencies cannot be calcula-
ted directly from the formulas [3.18]. They can be determined with the help of the values
of x, y and z which are included into [3.18]. Knowing x, y and z, we can find p, v and A
from the relations [3.15]. The solving of the system of equations [3.18], requires the use
of numerical methods. The same requires the solving of the system [3.15]. Finishing this
section we quote the following illustrative example:

For: t1=1/24;

B, =2.7; B,=2.7002; By =2.7005; B, =2.7007;
Bs=12.70085; Bs = 2.70095; B;=2.701; [3.19]

we obtained:
T'=65.25 years; H=10; By =1.93; x = 0.12547; y =0.005966; z=0.000047 [3.20]
Substituting [3.20] into [3.15], we found the values for distribution frequencies:

A=0.011179; u=0.004847; v =0.04221.
It is seen the results obtained in this example are realistic (11,12).

CONCLUSION

Because of the special values, historical, cultural and other reasons, it is extremely
important work state Officials involved in the discovery of these works and their further
processing. The detection of counterfeits is particularly important forensic work and the
use of appropriate forensic methods, which help obtain material evidence and provides
the basis for the prosecution of perpetrators.
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The proposed method of determining the age of the frescoes has given satisfactory
result: the age T can be determined without touch on the paint. The theory is based on
really existing situation. Some idealizations are introduced by the fact that closed Mar-
kov’s graph is used. This eliminated actually existing effect consisting of influence of
walls, furniture etc. to the humidity of room. The main shortage of this approach is the
moment of selling the fresco, since it occurs out of the room included in our theory. In
quoted illustrative example only one set of six values B was used. In practice the more
realistic result could be obtained with # sets of six values B. These n sets would be ob-
tained by changing of intervals T between two successive measurements. In this way we
should obtain #n sets of results of the type [3.20]. The values given in [3.20] would be
calculated as arithmetic means of # values or as expectable values of them.
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DOPECAKA

Bojkan M. 3opuh’?, XKemro Huxau’, Padosan Padosanosuli®

! Vausepsurer y Hoom Cany, Ipuponro-matematrukn dakynret, Tpr Jlocuteja O6pamosuha 4,
21000 Hosu Caz, Cp6uja
2 MuHHCTApCTBO YHyTpambux nocnosa, YKII-Hanuonanuu kpumuHanucTiuko-rexsiaky Lentap, Bynesap
Muixajia [Tynuna 2, 11000 Beorpan, Cpbuja
? KpMMHHATMCTHYKO-TIONMIMjCKa akanemuja, [perpesuua, 11080 Beorpan — 3emyn, Cpouja

Hogene o xpuBmarom noctynky (3KII) Pemy6mike CpOuje umajy yBOIHH KOHIETIT
Ty)KWJIauKe McTpare y Be3U ca OBUM JOKa3nMa, II0CeOHe HOKa3He Pajme W IAPyrH codr-
Bep 3a (QYHKIMOHUCAkE KPUBUYHOT I'OBCHA. 3HAUCHE HOBEJA je J1a crpoBee yckiahu-
Bame CTaHAApAa ca pellelhbUMa CaBPEMEHOI KPUBHYHOI 3aKOHA y MpaKcH, HOCEOHO y
Be3u ca cranmapauma EY CpOwuje, koja ce mpujaBibyje 3a wiaHcTBO y YHuju. Crpeua-
Bambe Hajo30MIbHUjUX 00MKa KpuMHHaia je Gokyc HamiexHux oprana Cpouje u 'y Tom
KOHTEKCTY je crpedyaBame 1 00pOa mpoTuB cBUX obnuka dancudukara, Kao IITO je CiIy-
4aj ca Qancudurarima ppecaka ¥ YMETHHUIKHX CIMKA U FUXOBA MPOJaja Ha CBETCKOM
TPXKUIITY. Y H3JI0KSHOM pajly je MpeJIoKeH MeTo]] ofipeliBama crapoctu (pecaka. OH
ce 3aCHMBA Ha KopHuIlhewy 3aTBOpeHHX MapKoBibeBHX TpadoBa ca Tpu henuje. Mepema
caJprkaja MOJIEKyJia BOJIE y OKOJIMHH MOXE C€ ypaJHTH caMo 3a IPOCTOp y KOME ce Ha-
naze pecke. To 3Haum na je cienehm W3MOKEHH METOH KOjU C€ KOPUCTH — HEHECTPYK-
THBaH.

Kibyune peun: [Tonumja, hopeH3nka, KOHLIEHTpaIMja BIaXHOCTH, MapkoBibeBH rpadosy,
(pecke.
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GLYCEROL AS A CARBON SOURCE FOR XANTAN PRODUCTION BY
Xanthomonas campestris ISOLATES

Bojana 7. Baji¢*, Zorana Z. Roncevié, Sinisa N. Dodi¢, Jovana A. Grahovac
and Jelena M. Dodi¢

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

The success of xanthan biosynthesis depends on several factors, most importantly the
genetic potential of the production microorganism and cultivation media composition.
Cultivation media composition affects the yield and quality of the desired product as well
as production costs. This is why many studies focus on finding cheap alternative raw
materials, especially carbon sources, to replace commercially used glucose and sucrose.
In addition to the Xanthomonas campestris ATCC 13951 which is the primary industrial
production microorganism, other Xanthomonas strains can produce xanthan as well.
Under the same conditions, different strains produce different amounts of the biopolymer
of varying quality. The aim of this paper is to compare producibility of phytopathogenic
X. campestris strains, isolated from the environment with the reference X. campestris
ATCC 13951 strain and to estimate the possibility of xanthan production using alterna-
tive glycerol-based media than the synthetic glucose-based media. Submerged cultivation
on the medium based on glucose or glycerol (2.0 %w/v) was performed using the referen-
ce strain and eight isolated X. campestris strains. In order to assess the success of bio-
synthesis, xanthan yield and rheological properties were determined. Strains isolated
from the environment produced yields between 2.98 g/L and 12.17 g/L on the glucose-ba-
sed medium and 1.68 g/L and 6.31 g/L on the glycerol-based medium. Additionally, X.
campestris ATCC 13951 provided the highest yield when using glucose (13.24 g/L), as
well as glycerol-based medium (7.44 g/L). The obtained results indicate that in the appli-
ed experimental conditions and using all tested strains, glycerol is viable as a carbon
source for the production of xanthan.

KEY WORDS: xanthan, Xanthomonas campestris, glycose, glycerol

INTRODUCTION

In many industrial areas, the use of microbial polysaccharides, among which xanthan
has a prominent place, has increased significantly. Xanthan is the biopolymer with the
highest economic importance and is the subject of numerous research studies due to its

* Corresponding author: Bojana Z. Baji¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: baj@uns.ac.rs
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unique rheological properties such as a high degree of pseudoplasticity and high visco-
sity, even at low concentrations (1, 2).

Biotechnological, or more precisely microbiological, production has been an integral
part of everyday life since the earliest civilizations, but since the early 20th century mic-
roorganisms have been exploited in controlled conditions in order to produce a desired
product. Industrial production mainly uses reference strains of production microorga-
nisms, which are preserved in culture collections. However, there is a growing interest in
isolating new strains with improved properties. Since these production microorganisms
are isolated from the environment, they are more resistant to environmental changes than
the strains from a culture collection, which gives the option of manipulating the process
parameters in order to improve production. There is a possibility that newly isolated
strains could synthesize metabolites that have yet to be exploited in typical conditions for
biotechnological production. Additionally, it is possible that strains from the environment
will synthesize desired products from unusual substrates, which opens up the option of
using intermediary and by-products of various industries as substrates for the biotechno-
logical production.

Bacterial strains belonging to the genus Xanthomonas may produce xanthan, how-
ever, some species are more efficient, such as Xanthomonas campestris. The strains from
the culture collections, mainly X. campestris pv campestris NRRL-B 1459 or ATCC
13951, have been extensively used for industrial xanthan production (3, 4). Although
xanthan produced by these bacteria has commercially significant rheological properties, it
lacks marketability compared to the polymers from algae or plants due to high production
costs, which is the reason why its process efficiency should be increased. In order to
achieve this goal there have been suggested various approaches and techniques, one of
which is the isolation and selection from the natural environments and screening of X.
campestris strains for enhanced xanthan production (5). The ability to biosynthesize
xanthan and infectivity towards plants (phytopathogenicity) such as cabbage, cauliflower
and others are directly correlated (6), which is why it is significant to test the productivity
of strains isolated from the environment.

Xanthan produced using different X. campestris strains shows variations in yield and
viscosity, which can be seen in a large number of studies. Additionally, selected produc-
tion strains display different behavior in altered cultivation conditions. Therefore, the
composition of the cultivation medium for xanthan biosynthesis greatly influences the
quantity and quality of the produced biopolymer, which is why it is essential to determine
the optimal production medium for each strain in order to establish its industrial potential
1, 7).

The commercial media used for the production of xanthan contain glucose or sucrose as
the carbon source, whose cost represents a critical factor in its production process from an
economic perspective. If xanthan would be produced on a medium with a low-cost carbon
source, production costs would decrease (8), which is why numerous waste effluents have
been suggested as alternative carbon sources (2, 9). Glycerol, the main by-product of the
biodiesel production process, is one such cheap and available substrate used for the
biotechnological production of various products, one of which is xanthan (10, 11).

The aim of this paper is to compare the producibility of phytopathogenic Xanthomonas
campestris strains, isolated from the environment with the reference strain X. campestris
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ATCC 13951 and to estimate the possibility of xanthan production using a glycerol-based
medium, and compare the process efficiency to that involving synthetic media with glucose.

EXPERIMENTAL
Production microorganism

Nine Xanthomonas campestris strains were used as the producing microorganism for
xanthan biosynthesis. The reference strain ATCC 13951 and eight strains isolated from
the agricultural land of Vojvodina were stored on yeast maltose (YM®, Difco) agar slants.
The strains were isolated from the infected leaves of several different cruciferous plants,
such as cabbage (12, 14, 16, 18), kale (I1, 17) and cauliflower (I3, I5). The isolate was
identified as Xanthomonas campestris on the basis of its morphological and physiological
characteristics according to Bergey’s Manual of Determinative Bacteriology (12). Cultu-
res were subcultured at four-week intervals to maintain good viability and stability.

Cultivation media

The medium used for the inoculum preparation was YM® broth, while xanthan pro-
duction was performed on the media containing glucose or glycerol (Table 1). Literature
data (11) were used for the formulation of the cultivation medium based on glycerol. The
pH value of the medium was adjusted to 7.0+£0.2 and then sterilized by autoclaving under
standard conditions.

Table 1. Media composition for xanthan production

Medium Glucose medium | Glycerol medium
compound [g/L] [g/L]
Glucose 20 -
Glycerol - 20

Yeast extract 3.0 -

Urea - 0.9
KH,PO, 3.0 3.0
(NH4),SO, 1.5 -
MgSO,-7H,0O 0.3 -

Xanthan production

Xanthan production was carried out simultaneously in 300 mL Erlenmeyer flasks with
100 mL of the cultivation medium. Inoculation was performed by adding 10% (v/v) of
the inoculum prepared in aerobic conditions at 26°C in a laboratory shaker (KS 4000i
control, IKA®, Germany) at 150 rpm for 48 h. Biosynthesis was carried out in batch mo-
de under aerobic conditions for 5 days at a temperature of 30°C and agitation rate of 150

rpm.
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Analysis of the cultivation broth

At the end of the process, samples of the cultivation broths were analyzed. Rheologi-
cal properties of the cultivation broth samples were determined using a controlled-stress
rheometer HAAKE RS600 (Thermo-Electron Corporation, Germany) with cone-plate
C60/1Ti sensor, at 2540.1°C, and shear rates from 0 to 1000 1/s. Rheological parameters
were calculated according to the Ostwald de Vaele equation.

The samples of the cultivation broth were centrifuged at 10,000 rpm for 10 min (Het-
tich Rotina 380 R, Germany). The obtained supernatants were filtered through a 0.45 pm
nylon membrane (Agilent Technologies, Germany) and then analyzed by HPLC (Thermo
Scientific Dionex UltiMate 3000 series), to determine the residual glucose and glycerol
content. The HPLC instrument was equipped with a HPG-3200SD/RS pump, WPS-
3000(T)SL autosampler (10 pL injection loop), ZORBAX NH, column (250 mm x 4.6
mm, 5 um) and a RefractoMax520 detector. In order to determine glucose content, 75%
(v/v) acetonitrile was used as the eluent at a flow rate of 1.2 mL/min and an elution time
of 20 min at a column temperature of 25°C, while 70 % (v/v) acetonitrile was used as an
eluent in order to determine glycerol content with a flow rate of 1.0 mL/min, elution time
of 10 min and column temperature of 30°C.

Product separation

After the biosynthesis, the product separation from the cultivation medium was car-
ried out in order to evaluate xanthan production. In this study, xanthan was recovered
from the supernatant, which was obtained after ultracentrifugation (Hettich Rotina 380 R,
Germany) of the cultivation broth at 10,000 rpm for 10 min, by precipitation with 96%
(v/v) ethanol in the presence of KCl as the electrolyte. Ethanol was gradually added to the
supernatant at 15°C until the alcohol content in the mixture was 60% (v/v), at constant
stirring. A saturated solution of KCI was added when half of the necessary ethanol amo-
unt was poured into the supernatant in a quantity to obtain a final content of 1% (v/v).
The obtained mixture was kept at 4°C for 24 h in order to dehydrate the precipitated xan-
than, and then centrifuged at 3500 rpm for 15 min (Tehtnica LC-321, Slovenia). The pre-
cipitated polymer was then dried to constant weight at 60°C in order to determine raw
xanthan yield. Ethanol used for precipitation of xanthan was recycled by distillation.

RESULTS AND DISCUSSION

In accordance with the defined aim of the paper, xanthan biosynthesis was performed
using nine different production microorganism strains on a cultivation medium contai-
ning glucose or glycerol as the sole carbon source. In order to assess the success of bio-
synthesis, the rheological properties of the cultivation broths were determined at the end
of the process.

The rheological properties were defined by flow curves of the cultivation broths
which were a result of xanthan production by different production microorganism strains
in the cultivation medium containing glucose (Figure 1) or glycerol (Figure 2) as the car-
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bon source. Flow curves represent the relationship between the shear rate D (1/s) and the
shear stress t (Pa). As the figures show, the solutions are psedoplastic in nature which is
characteristic of xanthan solutions (7).

The rheological parameters, consistency factor and flow behavior index, as well as the
coefficient of correlation are presented in Table 2. High values of the correlation coeffi-
cient match the experimental results and the aforementioned functional dependence, mea-
ning the cultivation broths are pseudoplastic systems. The viscosity depends on the amo-
unt of xanthan in the cultivation broth, molecular weight and inter-molecular structures
which are formed due to functional groups in the molecule. A change in the viscosity of
the cultivation broth is a clear indicator of xanthan being produced (7). Given that the
viscosity, which is a direct measurement of the quality of a fluid (8), and the consistency
factor (K) are proportional, the values of the consistency factor K (Table 2) indicate a
different quality and quantity of the synthesized biopolymer.

16,00

14,00

12,00

t|Pa]

6,00
4,00
2,00
0,00 T T T T T T 1
0 200 400 600 800 1000 1200 1400
D [1/s]
— ATCC13951 =.=11 —n -— 1 S Sy -1 == S

Figure 1. Flow curves of the glucose-based cultivation medium obtained after the
xanthan biosynthesis
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Figure 2. Flow curves of the glycerol-based cultivation medium obtained after the
xanthan biosynthesis

Table 2. Rheological parameters and coefficient of correlation for cultivation broths
obtained after the biosynthesis using nine X. campestris strains on the glucose- and
glycerol-based media

Glucose-based medium Glycerol-based medium
X K
campestris n N [1] R’ K [Pa‘s"] n [1] R’
. [Pa-s"]

strain

?;9C5$ 0.8760 | 04070 | 0.9986 0.1977 04403 | 0.9876
11 0.4142 0.4955 0.9933 0.1370 0.4605 | 0.9950
12 0.4981 0.4081 0.9925 0.1622 0.4338 | 0.9716
13 0.0289 0.6884 0.9788 0.0539 0.4727 | 0.9376
14 0.0401 0.6527 0.9860 0.0633 0.5246 | 0.9144
15 0.0540 0.6132 0.9793 0.0880 0.4615 | 0.9646
16 0.3841 0.4955 0.9974 0.1301 0.4961 | 0.9292
17 0.0998 0.4891 0.9738 0.0552 0.5230 | 0.9477
I8 0.0307 0.6649 0.9814 0.1370 0.4605 | 0.9950

The consistency factor is the highest when the Xanthomonas campestris ATCC 13951
strain is used in the glucose-based medium (0.8760 Pa-s") and the glycerol-based medium
(0.1977 Pa-s"). The values of this rheological parameter using other strains range between
0.0289-0.4981 Pa-s" for the glucose-based medium and 0.0539-0.1622 Pa-s" for the gly-
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cerol-based medium. Based on the obtained results for the strains isolated from the en-
vironment on tested media, both glucose- and glycerol-based media, the lowest consis-
tency factor was obtained for the isolate I3 (0.0289 Pa-s" and 0.0539 Pa-s", respectively),
while the highest consistency factor was observed for the isolate 12 (0.4981 Pa‘s" and
0.1622 Pa-s", respectively). The values of the flow behavior index (n) that range from
0.4070 and 0.6884 for the glucose-based medium and from 0.4338 to 0.5246 for the
glycerol-based medium, are lower than 1, also confirm the pseudoplastic characteristics
of the cultivation media. The rheological parameters, consistency factor and flow beha-
vior index, obtained in this research have values similar to, but slightly lower than, the
values reported in the literature (13).

According to the experimental plan, the cultivation broths were precipitated in order
to determine the product yield. The obtained results show that the xanthan production by
X campestris was influenced by the strain as well as by the composition of the cultivation
medium (Table 3), which is in accordance with the literature data (14, 15). When using
the glucose-based medium, in applied experimental conditions, the values of xanthan
yield varied between 2.98 g/L. and 13.24 g/L. The highest values were obtained using
ATCC 13951 strain, while the strain I5 produced the lowest yield. In addition to the high
values obtained with the ATCC 13951 strain, two strains isolated from the environment,
I1 and 12, also produced high values of xanthan, which are 10.71 g/L and 12.17 g/L,
respectively. The obtained values are slightly lower than the values (14.74 g/L) listed in
the literature (3). Additionally, there are yield differences when glycerol-based medium
was used. The yields range between 7.24 g/L for ATCC 13951 and 1.68 g/L for the iso-
late I5. The highest yield values are slightly higher than the values listed in the literature
(11). From an economical point of view, when glycerol is used as a sole carbon source
the obtained yield values are low, but the mere possibility of using this alternative carbon
source in the biotechnological production of xanthan is very significant.

Table 3. Xanthan yield, sugar conversion and conversion into product obtained using X.
campestris strains on the glucose- and glycerol-based media

Glucose-based medium Glycerol-based medium
X. campestris i??:lglas Sugar Conversion** Xanthan Sugar Conversion**
strain [ g/L’] conversion* [%] [%] Yield [g/L] conversion® [%] [%]

ATCC 13951 13.24 89.15 66.22 7.44 68.70 37.20
11 11.71 72.34 58.55 3.86 62.70 19.29
12 12.17 85.18 60.86 3.56 40.55 17.82
13 5.29 57.23 26.44 1.94 62.55 9.72
14 6.60 54.03 32.99 241 4430 12.03
15 2.98 16.71 14.90 1.68 54.80 8.40
16 9.94 73.70 49.69 6.31 61.00 31.57
17 3.65 54.32 18.26 2.90 52.55 14.48
18 4.96 35.89 24.82 4.60 53.40 22.99

*sugar conversion [%] = (S-S)/So-100
**conversion [%] = P/Sy-100

Sy - sugar content in the inoculated medium
S - sugar content after 120 h of cultivation
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In addition to xanthan yield, values of the sugar conversion and conversion to product
are highest when X. campestris ATCC 13951 is used as the production microorganism on
both the glucose- and glycerol-containing medium. These results are in accordance with
the literature, which lists this strain as the most widely used in xanthan production re-
search (4, 16). These results can be explained by the fact that the composition of the culti-
vation medium and the environmental conditions used were most beneficial for the pro-
duction microorganism. In order to increase product yield and quality by using strains
isolated from the environment and select the best production microorganism, future
research is necessary.

Further research will especially focus on the optimization of the xanthan production
process on glycerol-based cultivation media, as well as media based on other industrial
effluents, in order to simulate a model plant for xanthan production which is a necessary
step to transfer the technology from the laboratory to the industrial level. If a plant were
designed to produce xanthan using one of the screened production microorganisms and
the same process parameters as in this paper, glycerol-based cultivation medium would
not be adequate. However, if this media would be one of the substrates, it would have to
be previously optimized and enriched regarding basic media components and raw glyce-
rol could be used instead of technical glycerol. Another approach is to focus on the pro-
duction microorganism through the process of screening and/or genetic modification.

CONCLUSIONS

The results obtained in this research indicate that all used X.campestris strains isolated
from the environment can be used for xanthan production, and the obtained yields point
out to clear differences between the tested strains. The use of X. campestris ATCC
13951 provided the highest yield when using a medium based on glucose (13.24 g/L) and
glycerol (7.44 g/L). The strains isolated from the environment produced xanthan yields
between 2.98 g/L and 12.17 g/L g/L on the glucose-based medium and 1.68 g/L and 6.31
g/L on the glycerol-based medium. Although the yield values on the glycerol- based me-
dium are lower than on the standard glucose-based medium, the obtained results indicate
that glycerol is viable as a carbon source in the applied experimental conditions using all
tested strains for the production of xanthan. Further research should encompass the opti-
mization of the glycerol-based media, as well as the process parameters, in order to in-
crease yield and quality of the desired product. It should also focus on the use of raw
glycerol from biodiesel production as an alternative cheap substrate.
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'JIMIEPOJI KAO U3BOP YIJbBEHUKA Y IIPOU3BOAIbU KCAHTAHA
HOPUMEHOM U3O0JIATA Xanthomonas campestris

bojana K. bajuh, 3opana 3. Ponuesuh, Cunuwa H. JJoouh, Josana A. I'paxosay,
Jenena M. Jloouh

Yuusepsuter y HoBom Cany, Texnonomku dakyarer, Bynesap napa Jlazapa 1, 21000 Hosu Cax, Cpouja

YcnemHocT OMOCHHTE3€ KCaHTaHa 3aBHCH Of HEKOJHMKO (akropa mely xojuma cy
BEOMa 3HAYajHH I'€HETCKH IMOTEHIMjaJl MPOU3BOJHOT MHKPOOpPraHM3Ma M CacTaB XpaH-
JpuBe nozyore. Cacras IOJUIOTe yTHYE Ha KBAJHUTET M MPUHOC JKEJHEHOT TPOM3BO/IA, A
¥ Ha TPOIIKOBE TPOM3BOIE. 300T TOra ce MHOTA NCTPaKWBama 0aBe HCITUTHBAKHEM MO-
ryhHoCTH TpuMeHe jepTHHHX M JOCTYIHHMX CHPOBHMHA Kao alTepHATHBA 3a TIYKO3Yy H
caxapo3sy, KOMepIHMjaiHO Hajuelrhe MpuMeUBaHNX U3BOpa yribeHuka. [lopexn coja Xan-
thomonas campestris ATCC 13951 koju je HajBHIIE TPUMEHUBAH IIPOU3BOJHU MUKPOOP-
raHu3aM 3a WHIYCTPHUjCKY HPOU3BOJIbY, KCAHTaH MOTY NPOAYKOBaTH W JAPYTU COjeBH
pona Xanthomonas, Ipu 4eMy pazIMYUTH COJEBH IOJI HCTHM YCIIOBHMA MPOIYKYjy pas-
JIMYUTY KOJMYHMHY OHOIOJIMMEpa pa3jinuuTor KBajurera. Lluip oBor pama jecte ymo-
pehuBame NMPOM3BOAHMX CIIOCOOHOCTH (UTONATOTEHWX cojeBa X. campestris, W30J0-
BaHHUX M3 TPHPOIHOT OKpYyKema ca peepeHTHUM COjeM U yrnopehuBame MoryhHoCTH
MIPOM3BOAE KCAHTaHA Ha TTOJUIO3H ca TIIMIEPOJIOM KAa0 N3BOPOM YIJbEHHKA Y OJJHOCY Ha
yoOHUajeHO NPUMEHBHBaHy CUHTETHYKY HOIOTY Ca TIIYKO30M. Y OKBHPY €KCIEPHMEH-
TAJHOT JIeNIa pajia U3BEJeHa je CyOMep3Ha KynTuBanuja pepepeHTHOT coja Xanthomonas
campestris ATCC 13951 u ocam m307aTa Ha MOIOTaMa YHje Cy OCHOBA TIIyK03a OJIHOC-
Ho riuuepoi (2,0 % w/v). Kako 61 ce nporeHuIa yeremaocT OHOCHHTe3e y IpUMEHe-
HUM EKCIIEPUMEHTAIHUM YCJIOBUMA, oJpel)eHe cy peosonike KapakTepucTuKe J00UjeHuX
KyJITHBAIlMOHUX TEYHOCTH, KO U MPHHOCH KCaHTaHa. M30aTi N3 nNpupoIHOT OKpYKema
NPOJIYKOBAJIM Cy KCaHTaH y KoJau4yuHU of 2.98-12.17 g/L Ha XpaHJbUBO] MOJJIO3H Ca TITy-
K030M, 0oJHOCHO 0of 1.68-6.31 g/L. Ha XpaHJEMBOj MOIUIO3M Ca TIMLEPOIOM. MehyTum,
npumeHoM pedepeHTHor coja X. campestris ATCC 13951 octBapenu cy Hajsehn npuHo-
CH KcaHTaHa Ha o0e xpanspuBe moiore (13.24 g/L 3a riyko3y u 7.44 g/L 3a rimmepon).
Kako cy cBu npoydyaBaHu COjeBM CHHTETHCAJIM KCAaHTaH Ha TIIMIEPOITy KAO jeIMHOM H3-
BOpPY YTJbEHHKA, CHPOBH TIHIIEPOJT MOXE OWTH MpEeaMeT HCTpaKUBama Kao jepTHHHjU
W3BOP YIJbEHUKA y TIOJUIOraMa 3a IPOU3BO/IibY KCaHTaHa.

Kibyune peun: kcauran, Xanthomonas campestris, TIyKo3a, TIHLEPOT
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OPTIMIZATION OF ALCOHOLIC FERMENTATION USING IMMOBILIZED
YEAST CELLS IN CALCIUM ALGINATE GEL

Jovana J. Puran* Zorana Z. Roncevié, Bojana 7. Bajié, Sinisa N. Dodié, Jovana A.
Grahovac, Aleksandar 1. Joki¢ and Jelena M. Dodi¢

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

Ethanol is an important industrial chemical with emerging potential as a biofuel to
replace fossil fuels. In order to enhance the efficiency and yield of alcoholic fermentation,
combined techniques such as cells immobilization and media optimization have been used.
The aim of this study was the optimization of sodium alginate concentration and glucose
and yeast extract content in the media for ethanol production with immobilized cells of
Saccharomyces cerevisiae. Optimization of these parameters was attempted by using a
Box—Behnken design using the response surface methodology. The obtained model predicts
that the maximum ethanol content of 7.21% (v/v) is produced when the optimal values of
sodium alginate concentration and initial content of glucose and yeast extract in the me-
dium are 22.84 g/L, 196.42 g/L and 3.77 g/L, respectively. To minimize the number of yeast
cells "eluted” from the alginate beads and residual glucose content in fermented media,
additional two sets of optimization were made. The obtained results can be used for further
techno-economic analyses of the process to select the optimum conditions of the fermen-
tation process for industrial application.

KEY WORDS: Ethanol, Saccharomyces cerevisiae, immobilization, optimization, RSM.
INTRODUCTION

Due to the diminishing fossil fuel reserves, there is a strong need for alternative ener-
gy sources. In the past decades, biofuels have been considered as an alternative fuel for
the future. Ethanol, environmentally friendly and renewable energy source produced thro-
ugh fermentation of sugars, has become one of the most promising biofuels. Efficient
ethanol production requires a rapid fermentation leading to high ethanol concentrations.
Fermentation of media with high initial sugar concentration has been suggested as an
effective way for increasing the ethanol yield (1). However, in the media with high sugar
and ethanol content, yeast growth and metabolic activities are significantly inhibited. The
inhibition can be caused by osmotic stress, and by the product and substrate concentra-
tions (2). In order to decrease these problems, cells immobilization has been used. En-
trapment in calcium alginate gel is one of the most commonly used techniques for the

# Corresponding author: Jovana J. Puran, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: dju@tf.uns.ac.rs
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cells immobilization because of the simple immobilization procedure, the high cell den-
sity in the gel and the non-toxic carrier (3, 4). Comparing with the suspended yeast, the
advantages of using calcium alginate entrapped yeast cells in alcoholic fermentation are
the greater specific rate of ethanol production by 40-50%, and twice as fast glucose con-
sumption (5).

The optimization of fermentation conditions, particularly nutritional and environment-
tal parameters, which greatly influence the product yield and economics of the process,
are very important to improve ethanol production (6). Also, for alcoholic fermentation
with immobilized yeast cells it is very important to define the optimal concentration of
cells carrier to avoid the carrier degradation due to the separation of carbon dioxide and
mass transfer limitation caused by low porosity of the carrier.

Response surface methodology (RSM) is a statistical technique for the modelling and
optimization of multiple variables, to determine the optimum process conditions by com-
bining experimental designs with interpolation by first- or second-order polynomial equa-
tions in a sequential testing procedure (7). This statistical technique provides useful infor-
mation for scale-up of any bioprocess and also to develop and improve the usage of semi-
continuous or continuous production process. RSM has already been successfully applied
for the optimization of ethanol production with immobilized cells of Saccharomyces ce-
revisiae (8, 9).

The aim of this study was the optimization of sodium alginate concentration and glu-
cose and yeast extract content in media for ethanol production with immobilized cells of
Saccharomyces cerevisiae.

EXPERIMENTAL
Producing microorganism and cells immobilization

Fresh baker’s yeast (Alltech, Senta, Serbia) was used as producing microorganism
throughout this research. Yeast was suspended in sterilized 0.9% (w/v) NaCl to form ba-
sic cells suspension which was used for the cells immobilization.

The cells-alginate mixture was formed by mixing of sodium alginate solutions (20, 40
and 60 g/L concentration) with basic cells suspension in a 1:4 volume ratio. Previously,
sodium alginate solutions were sterilized in autoclave at 121°C and pressure of 2.1 bar for
20 min and stored overnight at 20°C. The cells-alginate mixture was then cast into beads
by dropping from peristaltic pump with a tube of 3 mm in diameter into the sterile 20 g/L
CaCl, solution which was stirred continuously (magnetic stirrer, 150 rpm) at room tem-
perature. The beads were hardened by keeping in a CaCl, solution for 20 min with gentle
agitation. Finally, these beads were washed with sterile distilled water to remove excess
Ca®" ions and unentrapped cells before being used for the fermentation process. The ave-
rage diameter of the beads was approximately 3.0 mm.

Fermentation media

According to the defined aim of the study and the applied experimental design, in me-
dia for ethanol production, content of glucose (50-200 g/L) and yeast extract (0-4 g/L)
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were varied. The media were adjusted to the pH 5.0 with 10% (v/v) sulfuric acid and ste-
rilized by autoclaving at 121°C and a pressure of 2.1 bars for 20 min.

Fermentation conditions

The experiments were carried out in 300 mL Erlenmeyer flasks containing 100 mL of
fermentation medium of the appropriate composition. The inoculation was performed in
sterile conditions by adding immobilized biocatalysts so that the medium contains a yeast
cells number that guarantees a stable fermentation (10° cfu/mL). The fermentations were
carried out in batch mode under anaerobic conditions for 48 h at the temperature of 30°C
and agitation rate of 150 rpm.

Analytical methods

At the end of the process, the samples of fermented media were analyzed. Number of
yeast cells "eluted" from the alginate beads was determined with Neubauer Haemocyto-
meter under 400x magnification using an optical microscope (Wild M20, Heerbrugg,
Switzerland).

Residual glucose content was determined by high-performance liquid chromatograp-
hy. The samples of fermented media were centrifuged at 4000 rpm for 15 min, filtered
through a 0.45 um nylon membrane (Agilent Technologies Inc, Germany), and then ana-
lyzed. The HPLC instrument (Thermo Scientific Dionex UltiMate 3000 series) was
equipped with a pump HPG-3200SD/RS, autosampler WPS-3000(T)SL (10 pL injection
loop), column ZORBAX NH, (250 mm x 4.6 mm, 5 pm) and detector RefractoMax520.
Acetonitrile 75% (v/v) was used as eluent at a flow rate of 1.2 mL/min and elution time
of 20 min at column temperature of 25°C.

Ethanol was determined directly from the samples of fermented media by gas chro-
matography. The GC instrument (HP 5890 Series II GC, Agilent Technologies Inc, USA)
was equipped with a stainless steel Carbowax 20 M column and flame ionization detec-
tor. The column temperature was 85°C and the carrier gas was helium. The injector and
detector temperatures were maintained at 150°C.

Experimental design and optimization by RSM

The Box-Behnken design with three factors at three levels and three repetitions in the
central point and response surface methodology (RSM) were used to optimize ethanol
production by immobilized cells of Saccharomyces cerevisiae. According to this experi-
mental design, 15 experiments were conducted. Glucose content, X; (g/L), yeast extract
content, X, (g/L) and concentration of sodium alginate, X; (g/L) were used as the inde-
pendent variables (factors), and ethanol concentration, Y; (% v/v), number of yeast cells
"eluted" from alginate beads, Y, (10° cfu/mL) and residual content of glucose, Y3 (g/L)
were chosen for the dependent variable (responses). The three levels of each independent
variable were coded as -1, 0, and +1, which corresponded to the lower, middle, and
higher values, respectively. The experimental design is given in Table 1.
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Table 1. Box-Behnken experimental design and varied values of factors

Coded factor level Varied factor value [g/L]
Experiment X, X, X; | Glucose Yeast SO(‘iium
extract alginate
1 -1 -1 0 50 0 40
2 1 -1 0 200 0 40
3 -1 1 0 50 4 40
4 1 1 0 200 4 40
5 -1 0 -1 50 2 20
6 1 0 -1 200 2 20
7 -1 0 1 50 2 60
8 1 0 1 200 2 60
9 0 -1 -1 125 0 20
10 0 1 -1 125 4 20
11 0 -1 1 125 0 60
12 0 1 1 125 4 60
13 0 0 0 125 2 40
14 0 0 0 125 2 40
15 0 0 0 125 2 40

The relations between the independent variables and the responses were calculated by
the second-order polynomial equation:

Yi=b, + ZbX+ X X7 + X bXX; t

where Y; is the selected response; by is the intercept, and b;, b; and b;; are the linear, quad-
ratic and interaction regression coefficient, respectively, while X; and X; are the varied
factors.

Statistical analyses of the experimental results were performed using Statistica soft-
ware v. 12.0. The method of desirability function was applied for the determination of
optimal values of examined factors (Design-Expert 8.1).

RESULTS AND DISCUSSION

Among biofuels, ethanol has experienced unseen levels of attention. Therefore, im-
provement in its production technology is of huge economic importance. Techniques for
rapid fermentation that leads to higher ethanol concentrations in fermented media are de-
sirable (10). The combination of yeast cells immobilization and optimization of media for
alcoholic fermentation has been suggested as good solution to increase ethanol yield (8).
In this study, optimization of sodium alginate concentration and glucose and yeast extract
content in the fermentation medium was carried out using response surface methodology
and Box-Behnken experimental design.
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Data analysis

Based on the results of experiments formulated by the Box-Behnken design and reg-
ression analysis, quadratic polynomial equations were established to identify the relation
between the selected responses (Y; — ethanol concentration, Y, — number of yeast cells
"eluted" from alginate beads and Y3 — residual content of glucose) and examined factors
(X — glucose content, X, — yeast extract content and X3 — concentration of sodium algi-
nate). The results of the statistical analyses, i.e. coefficients of regression equations, their
significance and coefficient of determination (R”) for selected responses are given in
Table 2.

A positive sign for the values of the regression equations coefficients of interaction
indicates a synergistic effect, while a negative sign represents an antagonistic effect of the
factors on the selected response. The significance of each coefficient was determined by
the p-value. The coefficients of regression equations, at a confidence level of 95%, are
significant if their p-values are less than 0.05. These coefficients are bolded in Table 2.

The fitting of the experimental data to the regression model was checked and suitably
explained by the coefficient of determination (R?). The R* values closer to 1 suggest the
better correlation between the observed and predicted values. The high values of the de-
termination coefficient obtained for all responses (Table 2) indicate good fit of the ex-
perimental data to Equation [1]. These values suggest that only 1.8% of the total varia-
tions for the ethanol concentration and residual glucose content and 3.8% of the total va-
riations for "eluted" yeast cells number could not be explained by the obtained model.

Table 2. Coefficients of regression equations, their significance and coefficient of
determination (R?) for selected responses

Response Y Y, Y

Effect Coefficient p-value Coefficient | p-value | Coefficient | p-value
Intercept

by -0.270660 0.621060 77.83889 0.075316 17.58565 | 0.021650
Linear

b; 0.029273 0.001161 -1.28539 0.007595 -0.04037 0.417905
b, 0.093609 0.517033 -6.92708 0.480234 3.20208 0.070296
b 0.020710 0.309814 -1.27625 0.350419 -0.71979 0.012892
Quadratic

by -0.000046 0.024669 0.00550 0.002557 0.00018 0.284909
by 0.046963 0.070765 1.76250 0.259947 -0.30104 0.217013
b3z -0.000213 0.347094 0.00544 0.711323 0.00786 0.014158
Interaction

by 0.004815 0.000260 -0.01633 0.665228 -0.00033 0.953701
b; 0.000209 0.010580 0.01045 0.032285 -0.00010 0.861922
by -0.001908 0.377678 -0.02437 0.862119 -0.03812 0.121751
S 0.982 0.962 0.982

The most significant response in the alcoholic fermentation is the ethanol concentra-
tion in the fermented medium. In order to understand the interactions of the examined
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factors and determine their optimum values to achieve the maximum ethanol concentra-
tion, three-dimensional response surface plots, which are the graphical representations of
the regression equation, were generated. These plots are presented in Figures 1-3. Each
figure represents the effects of two factors on the selected response, whereas the third
variable was maintained at the central value from the experimental design.

The effects of the initial content of glucose and yeast extract on ethanol concentration
in fermented media at a constant sodium alginate concentration (40 g/L) are presented in
Figure 1. From this response surface plot it is evident that, in the applied experimental
conditions, ethanol production increased with increasing initial glucose and yeast extract
content in the fermentation media. A maximum ethanol content of about 7.0% (v/v) is

predicted by the model for the maximum values of glucose and yeast extract content, i.e.
175-200 g/L and 3-4 g/L, respectively.

': ."\’0
"'o 50050058
st 0 ' () ' ' R
{,,0,;0 0:%%
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Figure 1. The effects of the initial glucose and yeast extract content on the ethanol
production at a constant sodium alginate concentration (40 g/L)

The effects of the initial yeast extract content and sodium alginate concentration on
the ethanol concentration in fermented media at constant initial glucose content (125 g/L)
are presented in Figure 2. As in the previous case, the results shown in this figure indicate
that the ethanol yield does not depend on the sodium alginate concentration. However,
the initial yeast extract content in the fermentation media influenced the ethanol produc-
tion. The value of selected response increases from about 4.0% (v/v) to about 5.5% (v/v),

with an increase of the initial yeast extract content regardless of the sodium alginate con-
centration.
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Figure 2. The effects of the initial yeast extract content and sodium alginate
concentration on the ethanol production at a constant glucose content (125 g/L)

Although asimilable nitrogen is necessary for cells growth, its infuence on the ethanol
production by suspended yeast cells is also very significant (2, 11). As it can be seen
from the response surface plots presented in Figures 1 and 2, a higher initial yeast extract
content leads to a higher final ethanol concentration in the fermented medium, regardless
of the immobilized cells system used.

The response surface plot presented in Figure 3 illustrates the effects of the initial glu-

cose content and sodium alginate concentration on ethanol production at a constant initial
yeast extract content (2 g/L).

QAN 9/0) \OUWRW R

Figure 3. The effects of the initial glucose content and sodium alginate concentration on
the ethanol production at a constant yeast extract content (2 g/L)
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As it can be seen from the results presented on this figure, the increase of the glucose
content in the medium results in the maximum ethanol concentration. On the other hand,
it is evident that the ethanol production does not depend on the sodium alginate concen-
tration used for yeast cell immobilization for all initial glucose contents. According to the
predictions of the model, the ethanol yield is at a maximum (6.5% v/v) at the maximum
values of the initial glucose content (175-200 g/L), regardless of the sodium alginate
concentration. These results are in agreement with the fact that a combination of a high
sugar in the medium and immobilized yeast cells lead to high ethanol production (12, 13).

Optimization of bioethanol production

The final use of response surface methodology is the process optimization. A form for
optimization of the process with two or more outputs is the use of a desirability function
(D) which was proposed by Derringer and Suich in 1980. Individual response surfaces
are determined for each response. The predicted values obtained from each response sur-
face are transformed to a dimensionless scale d;. The scale of the desirability function
ranges between d=0 (for an unacceptable response value) and d =1 (for a completely de-
sirable one). Desirability function is calculated by combining the individual desirability
values using the geometric mean: D = (d; X dy x ... dp) Um This function has been fre-
quently used during the optimization of multiple response processes in science and engi-
neering (14).

In this study, the concept of desirability function was used to optimize glucose and
yeast extract content in the fermentation medium as well as sodium alginate concentra-
tion used for the immobilization of yeast cells. Depending on the selected responses,
three sets of optimization were made, and the obtained results are presented in Table 3.

Table 3. The optimal values of parameters and selected response

Factors and Goal Pr‘t;(lilll::!ed Goal Prj:]lszed Goal Prj:]lszed
responses First set Second set Third set

Glucose (g/L) in range 196.42 in range 197.28 in range 135.48
E{g?is)t extract in range 3.77 in range 3.87 in range 4.00
Na-alginate (g/L) in range 22.84 in range 46.83 in range 41.02
Ethanol (% v/v) maximize 7.21 maximize 6.98 maximize 6.10
"Eluted" cell num- | . o s
ber (cfimL-10°) In range 8.10 minimize 0.03 minimize 0.15
g;il;i ual glucose in range 42.95 in range 69.82 minimize 7.21
Desirability 1.00 1.00 0.92

If the only goal of the optimization is to achieve maximum ethanol concentration in
fermented media (first set), which is a direct indicator of the success of the alcoholic
fermentation, the desirability function has maximum value (1.00) at the initial contents of
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glucose and yeast extract of 196.42 g/L and 3.77 g/L, respectively, and sodium alginate
concentration of 22.84 g/L. By applying media with such nutrients contents and using
that concentration of sodium alginate for yeast cells immobilization the model predicts
ethanol concentration of 7.21% (v/v), number of "eluted" yeast cells of 8.10-10° cfu/mL
and residual glucose content of 42.92 g/L.

In the alcoholic fermentation with immobilized Saccharomyces cerevisiae it is very
important to minimize "elution" of yeast cells from the alginate beads. Therefore, the se-
cond set of optimization was performed to maximize the ethanol concentration and
minimize the number of "eluted" yeast cells in the applied experimental conditions. The
developed model with the desirability function of 1.00 predicts that the maximum ethanol
concentration of 6.98% (v/v) and minimum number of "eluted" yeast cells of 0.03-10°
cfu/mL are achieved when the optimal values of sodium alginate concentration and initial
content of glucose and yeast extract in the fermentation medium are 46.83 g/L, 197.28
g/L and 3.87 g/L, respectively.

The composition of the fermentation medium is of critical importance for the success
of the bioprocess. When defining the media composition it must be taken into account
that the higher process efficiency can be achieved when the residual nutrients content is
minimal. In addition, the unused nutrients represent losses from an economic viewpoint.
Also, the processing wastewater with the high level of organic pollution before discharge
into the environment increases the cost of the production process (15). Hence, in the third
set of optimization, in addition to achieving the maximum ethanol concentration in the
fermented medium and minimum number of "eluted" yeast cells, the minimum residual
content of glucose was selected as response. The established model predicts that the
maximum ethanol concentration of 6.10% (v/v), minimum number of "eluted" yeast cell
of 0.15-10° cfu/mL and minimum amount of residual glucose of 7.21 g/L are produced
when the optimal values of sodium alginate concentration and initial content of glucose
and yeast extract in the medium for bioethanol production with immobilized cells of
Sacharomyces cerevisiae are 41.02 g/L, 135.48 g/L and 4 g/L, respectively.

The results obtained in all three sets of optimization represent the basis for further
techno-economic analyses of the process to select the optimum fermentation conditions
for the ethanol production at an industrial scale. In addition, the results of the first optimi-
zation set represent the basis for further research which would include the prolongation of
fermentation time over the applied 48 h, aimed at minimization of the unmetabolized
glucose content in the fermented medium. On the other hand, in order to justify the use of
immobilized yeast cells for ethanol production on media with lower initial sugar content
(third set), future research should include application of semi-continuous or continuous
fermentation process.

CONCLUSIONS

The response surface methodology based on a Box-Behnken design was successfully
employed to optimize the ethanol production by immobilized cells of Saccharomyces
cerevisiae in the applied experimental conditions. The obtained second-order polynomial
models gave a satisfactory description of the experimental data. The optimized variable
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factors were determined as follows: glucose content of 135.48 g/L, yeast extract content
of 4 g/L and sodium alginate concentration of 41.02 g/L. Under the optimum conditions,
the model predicts a maximum ethanol yield of 6.10% (v/v), minimum number of "elu-
ted" yeast cells of 0.15-10° cfu/mL and minimum amount of residual glucose of 7.21 g/L.
The results obtained in this study can be used for further techno-economic analyses of the
process, to select the optimum conditions of ethanol production process for industrial
application.
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OIITUMM3AINJA AJIKOXOJIHE ®EPMEHTAIUJE REJIMJAMA KBACIHA
NMOBUWJINCAHUM Y KYIVTIMHAMA KAJIINJYM-AJITUHATA

Josana J. Bypan, 3opana 3. Ponuesuh, bojana K. Bajuh, Cunuwa H. [loouh, Josana A.
I'paxosay, Anexcanoap U. Joxuh, Jenena M. /loouh

Yuusepsurer y HoBom Cany, Texuonomxku daxynrer, Bynesap napa Jlasapa 1, 21000 Hosu Can, Cpouja

UumeHuIa 1a je OMoeTaHoI OOHOBJFUB M €KOJIOIIKH MPUXBATIEUX W3BOP €HEPIHje J0-
BeJIa je 10 APACTUYHOT NoBehamba HheroBUX MPOU3BOAHMX KaIlallUTeTa, a CAMUM THM H JI0
NOTpaXkibe 32 eprKacHOM TeXHUKOM (epMeHTanuje. ANKoxoiaHa GepMeHTalrja noaiora
ca BUCOKHUM cajipkajeM Inehepa je jenan ox HaurHa 11a ce noBeha edukacHOCT MPOU3BOA-
e eTaHoa. Y uiby 60Jber UckopHiihema CyncTpara i 04yBamba METa0O0IHUKEe aKTHB-
HocTH henuja kBacia y yciioBiuMa mnosehame KOHIIEHTpaIije HHXHOUTOpa 3HAYajHy YIIo-
Iy UMa MpUMeHa UMOOMIHCcaHuX henujckux cuctema. Y ajaKoXOJHOj (hepMeHTaluju ce y
HajBehoj Mepu nmpumemyje MeTon uMoOmM3anyje henmmja KkBaca yMpexaBambeM y KyrT-
JWIaMa KaJllljyM-ajirTiHaTa 300T jeJHOCTaBHOT ITOCTYIIKa MMOOWIN3aIyje y Oarum yc-
JOBMMa Kao U MOTYHHOCTH yMpeaBarba Belnke Konnuune hemuja. OcuM npruMeHe HMo-
OWmTICaHuX CHCTeMa yHarpeheme arkoxoiHe (pepMeHTanrje Moryhe je OCTBapHUTH OIITH-
MH3aIHjOM cacTaBa XpaHJbUBE Mo uIore. LI1yb OBOT HCTpakMBama je ONTUMHU3AIja KOH-
LIEHTpAaIlje HATPHUjyM-aITHHATa, KA0 M CagprKaja TIIyKo3e M eKCTpaKTa KBacla y XpaH-
JbMBO] MOZJIO3U 32 alKOXONHy (pepMeHTanujy nmodbuincanum henujama Saccharomyces
cerevisiae. Excrniepumentn Oasupanu Ha Box-Behnken-oBom pamzajuy wusBenenu cy
HIAPYKHUM MOCTYIIKOM Y epiieHMajepuma 3anpemune 300 ml y Tpajamwy on 48 h Ha Temre-
patypu ox 28°C, npu O6p3unu Memama o1 200 o/min mox aHaepoOHUM ycitoBuMa. OnTH-
MU3aIja AIKOXO0JIHEe (pepMEeHTalMje je U3BpIlcHa MPUMEHOM METOJIC KeJbeHe (PYHKITH]je
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Yy KOMOMHAIIM]U ca TOJMHOMCKIM 3aBHCHOCTHMA ITOCMAaTpaHuX oa3uBa. Hajsehu campixkaj
eranona on 7,21% (v/v) mocTmxe ce Kaja Cy ONTHMajHE BPEIHOCTH KOHLCHTpauuje
HATPHjyM-aJIMIMHATa M MOYETHUX calpiKaja INIyKo3e M EKCTPAaKTa KBacla y IOIUIO3H
22,84 g/1, 196,42 g/l u 3,77 g/1, penocnenom. OBaj nprHOC T00UjEH je ONTUMH3AII]OM 32
KOjy kejbeHa ¢uHKuMja uMa BpeaHocT 1,00. Kako Ou ce mMunmmmuzoBao Opoj henmja
KBaciia “ucnpanux” W3 Kyrikia Hocada, Kao W caap)kaj HeucKopHiheHe riiyko3e y mpo-
(dbepmenTHCaHo] OT03H ypaheHa cy jorr aBa ceta onTuMu3saiyje. JloOujeHu pesynraTu
NpECTaB/bajy OCHOBY 3a JlaJby TEXHO-CKOHOMCKY aHAIU3y Ipolieca Koja Ou pasperimia
OMPABIAHOCT MambEr CajpiKaja eTaHosa y MpodepMEHTUCAHO] OIO3H Ca [HJbEM YIITe-
JIe CacTojaka XpaHJbHBE MOAJIOre U CMakeHha OPraHCKor ontepehema OTHaIHUX TOKOBA.

Kibyune peun: Eranon, Saccharomyces cerevisiae, nmoOmmi3anyja, ontumusanyja, RSM.
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CHEMOMETRIC ESTIMATION OF THE RETENTION BEHAVIOR OF
SELECTED ESTRADIOL DERIVATIVES

Milica 7. Karadzi¢"*, Davor M. Loncar’, Lidija R. Jevri¢', Sanja O. Podunavac-
Kuzmanovié', Strahinja Z. Kovacevi¢' and Stela D. Jokié®

! University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
2SUPERLAB, Milutina Milankoviéa 25, 11070 Novi Beograd, Serbia
* JJ. Strossmayer University of Osijek, Faculty of Food Technology, F. Kuhaéa 18, 31000 Osijek, Croatia

Quantitative structure-retention relationship (OSRR) analysis has been performed in
order to correlate the retention of selected estradiol derivatives with their calculated mo-
lecular lipophilicity. The lipophilicity descriptors were derived computationally and most
important were selected. Linear regression (LR) Wad used for model establishing. Sta-
tistical quality of the generated models was determined by standard statistical and cross-
validation statistical parameters. Statistically significant and physically meaningful mo-
dels were obtained. The prediction results are very well correlated with the experimen-
tally observed data. Given predictive ability of the established models indicates that they
could be used for predicting the chromatographic behavior of the similar molecules in
normal-phase high-performance thin-layer chromatography.

KEY WORDS: estradiol derivatives, chromatography, QSRR, lipophilicity, linear reg-
ression

INTRODUCTION

One of the steroid hormones that naturally occurs in the human body is estradiol. It is
also an estrogen sex hormone, the primary female sex hormone. Estradiol can be found in
most vertebrates as well as many insects, fish and other animal species (1). In many stu-
dies, the identification and quantitation of estradiol is a subject of interest. The most sen-
sitive method and widely used technique for estradiol determination is liquid chroma-
tography (LC) (2-5). In environmental analyses, reversed-phase high pressure liquid
chromatography (RP HPLC) with different detectors is used (6). Although being less sen-
sitive, the method of thin layer chromatography (TLC) can be used for estradiol determi-
nation (7,8).

For understanding the chromatographic processes, it is very useful to establish the
mathematical models. Quantitative structure-retention relationship (QSRR) is a technique
for determining relationships between chromatographic properties of investigated mole-

* Corresponding author: Milica Z. Karadzi¢, University of Novi Sad, Faculty of Technology, Bulevar cara
Lazara 1, 21000 Novi Sad, Serbia, e-mail: mkaradzic@hotmail.com

219



APTEFF, 46, X-XXX (2015) UDC: 577.17:543.544
DOI: 10.2298/APT1546219K BIBLID: 1450-7188 (2015) 46, 219-227
Original scientific paper

cules and molecular descriptors. In QSRR studies, two groups of input data are needed,
dependent and independent variables (9). The use of computational methods increases,
particularly for prediction of the influence of various factors on biological activity and for
establishing correlations between them. A very important step in establishing the QSRR
models is to select the most suitable descriptors for predicting retention. In this paper,
molecular lipophilicity descriptors were calculated using suitable software for molecular
design.

One of the most important physicochemical properties of a molecule that determines
its bioactivity is its lipophilicity. Estimation of the lipophilic character of new, potentially
biologically active compounds is considered as one of the first parameters to be determi-
ned. Lipophilicity is a molecular property that expresses the relative affinity of a solute
for aqueous and organic phases (10). Rapidly increasing use of lipophilicity in modeling
of the biological processes indicates the great need for valid procedures for quantification
of this physicochemical property.

The aim of this study was to characterize the physicochemical properties of estradiol
derivatives and to find the possible relationship between retention characteristics and
lipophilicity parameters of investigate compounds in order to understand the separation
mechanism in the given chromatographic system. Additionally, the task was to evaluate if
established models can be used for the prediction of the retention behavior in given chro-
matographic systems and to mark the best predictive model for ten estradiol derivatives.
Ten estradiol derivatives were examined using normal-phase high-performance thin-layer
chromatography (NP HPTLC).

EXPERIMENTAL
Thin-layer chromatography

High performance TLC was performed on 10 x 10 cm plates that were pre-coated
with silica gel 60 with fluorescence indicator (Merck, Darmstadt, Germany). The investi-
gated compounds were dissolved in methanol (2 mg/ml). Glass capillaries were used to
apply samples on the plates 1 cm from the edge. The mobile phases were benzene-ace-
tone (9:1 v/v) and benzene-ethyl acetate (9:1; 8:2 v/v). After chromatograms develop-
ment, the plates were dried at the room temperature (20-22°C) and spots were detected
under UV light (A = 254 nm). The Ry values are averages from at least three chromato-
grams developed for each solute-mobile phase combination. All solvents used in the ana-
lysis were of analytical grade purity.

The names and 2D chemical structures of 10 investigated estradiol derivatives are
presented in Table 1.
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Table 1. 2D chemical structures and names of studied compounds
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AcO - acetoxy group; BzO - benzoyl group; Pr - propionyl group
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Molecular modeling and molecular descriptors

For 2D molecular structures, ChemBioDraw Ultra v12.0 software was used and 3D
structures were obtained by ChemBio3D Ultra v12.0 program (11). The 3D models were
subjected to energy minimization using molecular mechanism force field method (MM2).
The minimization was performed until the root mean square (RMS) value reached a value
smaller than 0.1 kcal/Amol. The values of the lipophilicity descriptors for each molecule
in the data set are computed using the software MarvinSketch v6.1, ChemBio3D Ultra
v12.0, ALOGPS 2.1, Molinspiration and PaDEL Descriptor (12-15). ChemBio3D Ultra
v12.0 calculates lipophilicity descriptors from 3D structure and all other programs calcu-
late lipophilicity descriptors from 2D structure. Software ALOGPS 2.1. is considered as
an accurate tool for predicting the lipophilicity and aqueous solubility of molecules (16).

QSRR analysis

LR was used for QSRR analysis. The LR analysis is used for modeling the relation-
ship between the dependent variable and just one independent variable. It attempts to mo-
del the relationship between two variables by fitting a linear equation to observed data.
Standard statistical parameters: Fisher’s criteria (F), correlation coefficient (r) and stan-
dard deviation (s) and cross-validation parameters: cross-validated coefficient of determi-
nation (r’,), adjusted coefficient of determination (rzadj), predictive residual sum of squa-
res (PRESS), total sum of squares (TSS), PRESS/TSS ration and standard deviation ba-
sed on predicted residual sum of squares (Sprgss) were used for model validation. High
values of cross-validation parameters (IZCV, rzadj > (.5) indicate that the derived QSRR
models have a high predictive ability (17). The QSRR modeling was conducted using
NCSS&GESS software (18).

RESULTS AND DISCUSSION
Chromatographic data

Chromatographic retention data (R,,) of the investigated compounds are shown in Table
2. In the mobile phases, benzene (Bz) was used as a diluent and acetone (Ac) and ethyl
acetate (EtAc) as the modifiers. As it can be concluded, at the same concentration of the
modifier the retention of compounds is higher in the eluent with ethyl acetate. This suggests
a higher solubility of the compounds in acetone. The higher concentration of the modifier in
the mobile phase Bz-EtAc causes a decrease of retention. Also, the replacement of the
hydroxy group with an acetyl group (molecules 1 and 2, 2 and 3, 1 and 3) leads to the
decrease of the retention values. The same pattern can be noticed when the hydroxy group
is replaced with a propionyl group (molecules 1 and 4,3 and 4, 7 and 8, 7 and 9, 8 and 9). If
the hydroxy group is replaced with a benzoyl group (molecules 1 and 5) a decrease of the
retention values is also observed. The compounds in which the hydroxyl group is replaced
with an acetyl, propionyl or benzoyl group are less retained, and they are less polar than the
compounds that have hydroxyl group. This chromatographic behavior is described by the
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phenomenon in the normal-phase chromatography: non-polar components pass more quick-
ly through the layer/column than polar components.

Table 2. Chromatographic retention data of studied compounds

Ry
Bz-An 9:1 | Bz-EtAc 9:1 | Bz-EtAc 8:2
1 0.259 0.589 0.087
2 -0.158 0.043 -0.358
3 -0.525 -0.399 -1.005
4 -0.589 -0.410 -1.817
5 -0.337 -0.176 -0.513
6 -0.395 -1.065 -1.399
7 0.753 1.235 0.550
8 0.347 0.689 0.158
9 -0.167 0.035 -0.327
10 0.288 0.653 0.122
QSRR analysis

The calculated lipophilicity descriptors are presented in Table 3. It can be concluded
that the values of the lipophilicity descriptors are similar, with exception of AlogP and
AlogP2, which are very small for the majority of the compounds.

Table 3. Calculated lipophilicity descriptors for ten investigated compounds

XLogP®

Comp
logPm'
LogP?
AlogPs®
AClogP?
miLogP?
AlogP?
MlogP?
XlogP2?
XlogP3®
miLogP*
ALogP®
ALogp2®
CrippenLogP®
MLogP®

—

375 | 391 | 357 | 3.84 | 3.43 | 3.81 | 3.63 | 423 | 401 | 343 | 044 | 0.19 | 3.61 | 322 | 3.47

2 | 3.66 | 388 | 391 | 407 | 3.46 | 3.85 | 3.98 | 442 | 2.81 | 3.46 | -0.25 | 0.06 | 3.58 | 345 | 1.95
3 | 410 | 411 | 488 | 455 | 416 | 423 | 434 | 516 | 3.38 | 417 | 047 | 023 | 383 | 3.33 | 3.66
4 | 550 | 542 | 549 | 548 | 519 | 556 | 477 | 5.67 | 432 | 519 | 0.85 | 0.73 | 440 | 3.44 | 440
5 | 571 | 578 | 525 | 554 | 5778 | 5.51 | 5.08 | 6.14 | 447 | 578 | 1.01 1.01 | 518 | 3.66 | 491
6 | 821 | 791|707 | 751|819 | 756 | 642 | 860 | 6.70 | 8.19 | 1.67 | 2.80 | 5.12 | 3.88 | 4.73
7 | 260 | 255|252 333|253 (282|298 | 286|281 |253]| 325 | 10.56 | 699 | 454 | 6.53
8 | 374 | 344 | 339 | 429 | 359 | 3.87 | 3.58 | 3.85 | 386 | 3.59 | -0.11 | 0.01 | 3.19 | 3.11 | 1.88
9 | 435 | 407 | 403 | 498 | 429 | 457 | 416 | 430 | 443 | 429 | 035 | 0.12 | 416 | 3.34 | 2.88
10 | 3.27 | 3.00 | 341 | 423 | 372 | 3.56 | 3.39 | 292 | 3.17 | 3.72 | 046 | 021 | 477 | 3.55 | 3.32

'MarvinSketch v6.1; 2ChemBio3D Ultra v12.0; *ALOGPS 2.1; *Molinspiration; *PaDEL Descriptor
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The LR analysis was carried out in order to correlate chromatographic retention (Ryy)
and calculated lipophilicity values and to determine the best QSRR models that can pre-
dict retention behavior. The best LR models that cover all three mobile phases (Table 2)
are described by the following equations:

Bz-An 9:1 Ry = 1.7631 — 0.4389 - AlogPs (1)
Bz-EtAc 9:1 Ry = 2.4695 — 0.5478 - AlogPs )
Bz-EtAc 822 Ry = 2.3460 — 0.6644 - AlogPs 3)

It can be seen that the retention behavior is best described by the AlogPs lipophilicity
descriptor. The statistical quality of established equations was determined by the standard
statistical and cross-validation parameters (Table 4).

Table 4. Statistical and cross-validation parameters for established LR models described
by equations 1-3

Eq. r F s rle g PRESS | TSS | PRESS/TSS | Spress
1 0.9057 | 67.24 | 0.1479 | 0.8436 | 0.8922 | 0.2541 1.6246 0.1564 0.1594
2 0.8927 | 58.24 | 0.1984 | 0.8201 | 0.8774 | 0.4618 | 2.5676 0.1799 0.2149
3 0.8244 | 32.87 | 0.3203 | 0.6073 | 0.7994 1.6061 4.0898 0.3927 0.4008

In this study, the high values of o, rzadj and F and the low values of PRESS and
Spress indicate a high predictive ability of the QSRR models described by equations 1-3.

For the confirmation of the absence of a systematic error, the residuals of the predic-
ted Ry, values were plotted against the experimentally observed R;, values (Figure 1).

Eq. 1 Eq. 2
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Figure 1. Experimentally observed versus residual R,, values
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All presented results indicate that the LR models can be successfully used to predict
the Ry, values of the investigated estradiol derivatives. Based on the result of the given
cross-validation parameters (Table 4) and graphs (Fig.1) it can be concluded that the best
models are described by equations 1 and 2, i.e. for the eluent that contains 10 % acetone
and ethyl acetate as modifiers. By the same criteria, the model described by equation 3 is
also satisfactory.

In some future NP HPTLC experiments, for suitable solvent systems, the established
LR models with the AlogPs lipophilicity descriptor can be used for the prediction of the
retention behavior of estradiol derivatives and similar compounds. In addition, it can be
concluded that by the lipophilicity parameter, the retention in NP HPTLC can be predic-
ted as good as in reversed-phase thin-layer chromatography.

CONCLUSION

In this paper, the QSRR analysis using LR models was performed in order to identify
the most important factors and quantify their influence, to select descriptors that best des-
cribe the retention behavior, and to derive mathematical models that could be able to
predict the NP HPTLC chromatographic behavior of the investigated estradiol derivati-
ves. The most appropriate molecular descriptor is AlogPs and the best statistical results
were obtained with 10% acetone and 10% ethyl acetate as modifiers. Predictive power of
the established models allows us to estimate the retention behavior for estrogen derivati-
ves and similar compounds, and understand their behavior in an NP HPTLC system.
Considering the small set of molecules encompassed by this study, the predictive ability
of the generated models is limited.
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XEMOMETPUJCKA ITPOLIEHA PETEHIIMUOHOTI IIOHAIITABA
OJABPAHUX JEPUBATA ECTPAJINOJIA

Munuya JK. Kapayuh', Jasop M. Jlonuap®, Juouja P. Jespuh', Carva O. Ilodynasay-
Kysmanosuh', Cmpaxurea 3. Kosauesuh', Cmena JI. Joxuh®

! Vausepsuter y HoBom Cany, Texsonomku dakynter, Bynesap uapa Jlasapa 1, 21000 Hoeu Cax, Cp6uja
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Amnanuza xopenanuja usmely xemujcke crpykrype u pereruuje (QSRR) je npumeme-
Ha y by AeduHKCcama Kopenalyje uamel)y pereHuuje ogadpaHmx epuBara ecTpauo-
Ja U BHXOBE PauyyHaTe MOJICKYJICKE JIHIOGHIHOCTH. J|eCKpUNTOPH IHHOPUIHOCTH CY
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JIOOMjeHn KOMITjyTepcku M u3abpanu cy HajomtHUju. JlmHeapHa perpecmja (LR) je xo-
pumihena 3a ycrocrtaBibambe Mojena. CTaTUCTUYKK KBAIMTET T'€HEPHCAHMX MOJela je
ofpeheH craHTapHUM CTATUCTHYKUM M KPOC BJIMIAUOHMM CTaTUCTUYKUAM IapamerT-
puma. CTaTUCTUYKK 3HA4YajHU M (U3MYKH CMHUCICHU MOJENU Cy 3aapkaHd. [Ipemukr
pe3yiTaTu cy BeoMma J00po KOpelrpaHu ca eKCIepUMEHTATHUM rojauuma. [Ipeaukrus-
Ha CIIOCOOHOCT yTBphCHUX MoOjeja yKasyje Jia OHM MOry OWUTH KOpPHIINEHU 3a MpPEIHK-
U]y XpoMarorpa)CKOT MOHAIIAka CIIMYHAX MOJICKYJIA Y HOPMAIHO (pa3HOj TAHKOCIIOj-
Hoj Xxpomarorpaduju Bucokor yunnka (NP HPTLC).

Kibyune peum: nepuBat ecTpajuoiia, Xpomarorpaduja, aHauu3a Kopenanuja nimely
XEMHjCKE CTPYKTYpPE U PETEHIH]je, IUIO(IIHOCT, IMHEeapHa perpecuja
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INFLUENCE OF IONIC STRENGTH ON THE RHEOLOGICAL PROPERTIES
OF HYDROXYPROPYLMETHYL CELLULOSE-SODIUM
DODECYLSULFATE MIXTURES

Jaroslav M. Katona®, Alena Tomsik, Sandra Dj. Bucko and Lidija B. Petrovi¢

University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

Mixtures of polymers and surfactants are commonly found in a range of products of
pharmaceutical, cosmetic, and food industry. Interaction between polymers and surfac-
tants influences different properties of these products, e.g. stability, flow properties, pha-
se behavior, etc. It is known from previous work that an interaction in binary mixtures of
hydroxypropylmethyl cellulose (HPMC) and sodium dodecylsulfate (SDS) takes place
when SDS concentration (Csps.) is higher than the critical association concentration
(CAC) and lower than the polymer saturation point (PSP). The interaction results in the
formation of an HPMC-SDS complex. The objective of this work was to study the effect
of the ionic strength on the HPMC—-SDS complex formation by rheological investigation.
The HPMC/SDS mixtures composed of 0.70 % wt. HPMC, and 0.00 % to 2.50 % wt. SDS
were prepared in deionized water, 0.0IM and 0.05M NaCl solution. It was found that an
increase in the ionic strength influences the HPMC-SDS complex formation by increa-
sing the zero shear viscosity of the mixtures in the interaction region (CAC<Csps<PSP),
while a decrease in the viscosity is observed for Csps>PSP. The HPMC/SDS mixtures
showed a shear thinning or a shear thickening flow properties depending on Csps. The
flow properties were influenced by the ionic strength of the mixtures.

KEY WORDS: polymer—surfactant interaction, nonionic cellulose ethers, hydroxypro-
pylmethyl cellulose, ionic strength

INTRODUCTION

Polymers and surfactants are commonly found in many food, pharmaceutical and che-
mical industry products. An interaction between a polymer and a surfactant often takes
place when they are jointly found in a solution. The polymer—surfactant interaction influen-
ces physico—chemical properties of the solutions and is often employed to achieve different
effects such as emulsification, colloidal stability, viscosity enhancement, gel formation,
solubilization, phase separation, etc. Details of polymer—surfactant interaction depend on
molecular characteristics and concentration of both polymer and surfactant (1, 2, 3).

* Corresponding author: Jaroslav M. Katona, University of Novi Sad, Faculty of Technology, Bulevar cara
Lazara 1, 21000 Novi Sad, Serbia, jkatona@uns.ac.rs
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Hydroxypropylmethyl cellulose (HPMC) is a nonionic water—soluble cellulose ether.
It is obtained by partial substitution of hydroxyl groups of cellulose with hydrophobic
hydroxypropyl and methyl groups. The substituents make HPMC a typical amphiphilic
polymer with properties such as ability to adsorb at air—water and oil-water interface,
emulsification, self-assembly, and association with other amphiphilic molecules (4, 5). In
this regard, the addition of low molar mass surfactants, especially anionics such as sodi-
um dodecylsulfate (SDS), to HPMC solution may result in a polymer—surfactant interac-
tion. The HPMC-SDS interaction takes place when the SDS concentration (Csps) exceeds
the critical association concentration (CAC), which is a minimal surfactant concentration
required for the onset of association of the surfactant and the polymer (6). The HPMC—
SDS interaction takes place via hydrophobic moieties of the components, where SDS
binds to HPMC chains and thereby brings about formation of the HPMC-SDS complex.
The binding and complex formation support physical cross—links between entangled
HPMC chains, which result in an increase in the viscosity of the HPMC/SDS mixtures.
At the same time, formation of negatively charged SDS micelles along HPMC chains
progressively converts the nonionic polymer into a polyanion. As Cgsps is further increa-
sed, the electrostatic repulsive forces between the neighboring HPMC chains start to
dominate, the network structure is gradually lost, and consequently, the viscosity of the
HPMC/SDS mixture drops. Individual HPMC chains become fully solubilized with SDS
when Cgpg reaches the polymer saturation point (PSP). The increase in Csps above PSP
causes only a slight decrease in the viscosity of the HPMC/SDS mixtures as a result of
formation of free SDS micelles in the solution, which brings about slight conformational
changes of the SDS—solubilized HPMC chains (7, §, 9).

In this work, the influence of the ionic strength on the formation of the HPMC-SDS
complex was studied by a rheological investigation of HPMC/SDS mixtures of different
SDS concentration and different ionic strength.

EXPERIMENTAL
Materials

Hydroxypropylmethyl cellulose (trade name Methocel K100M CR, methoxyl content
22.6 %, hydroxypropyl content 10.5 %) was obtained from Colorcon Ltd., England. The
viscosity average molar mass was M,=717,490 g/mol, and the overlap concentration was
¢'=0.072 % w/v, as determined by capillary viscometry (10). Sodium dodecylsulfate
purity >99 %, was obtained from Merck, Germany. The critical micelle concentration
determined at 20°C by conductometric titration was CMC=0.244 % w/v. All samples
were used without any further purification. Demineralized water was used as a solvent.

Preparation of solutions

The HPMC stock solutions of different ionic strength (0.00M, 0.01M and 0.05M
NaCl) were prepared by dispersing HPMC powder in the corresponding NaCl solutions at
80-90°C by gentle stirring. The stock solutions were left for 24 h at room temperature
before further use. Stock solutions of SDS of different ionic strength (0.00M, 0.01M and
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0.05M NaCl) were prepared by dissolving SDS in the corresponding NaCl solutions at
20°C.

The HPMC/SDS mixtures of desired ionic strength (0.00M, 0.01M and 0.05M NacCl)
were containing 0.7 % w/w HPMC and 0.00-2.50 % w/w SDS, and were prepared by
mixing HPMC stock solutions with the SDS stock solutions and appropriate dilution with
NaCl solutions. The mixtures were vigorously hand—mixed, and were left for 48 h prior
to further use.

Rheological measurements

Rheological measurements were performed on a RheoStress 600HP rheometer (Ther-
moHAAKE, Germany), at 20°C. The cone and plate geometry was used (d=60 mm,
0=1°), and the steady-state controlled rate method was employed to measure apparent
viscosity M at different shear rates (11). The apparent viscosity was normalized against
the zero shear viscosity Mg (i.e. N/1y) when plotting the viscosity curves. The zero shear
viscosity was determined at sufficiently low shear rates, where the apparent viscosity is
shear rate independent and a Newtonian plateau is observed.

RESULTS AND DISCUSSION
The zero shear viscosity of HPMC/SDS mixtures of different ionic strength

The influence of Cgps on the zero shear viscosity of HPMC/SDS mixtures of different
ionic strength is shown in Figure 1.

NaCl, mol/l

—&—0.00
—8—0.01
—A—0.05

My Pas

0,14

0,01 r . . . ; . .
0,0 05 1,0 1,5 2,0

Cypsr % Wi.

Figure 1. Influence of SDS concentration on the zero shear viscosity of the HPMC/SDS
mixtures of different ionic strength
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It can be seen that the increase in Cgpg increased the viscosity of the 0.00M NaCl
HPMC/SDS mixture, to reach a maximum at Csps=0.35 % wt. The increase in the visco-
sity is due to the formation of the HPMC-SDS complex, which takes place when Cgpg is
higher than the critical association concentration CAC=0.15 % wt. The complex forma-
tion takes place via hydrophobic interactions, where SDS molecules bind to the HPMC
chains. SDS forms micelles around the hydrophobic moieties of the neighboring HPMC
chains, which strengthens the network of entangled HPMC chains and results in an incre-
ase in viscosity (12, 13). Further increase in Cgpg brings about a decrease in the viscosity
of the HPMC/SDS mixture. The binding of SDS causes an increase in the negative net
charge of HPMC chains and thus electrostatic repulsion between neighboring HPMC
chains takes place, which results in gradual disentanglement of chains, network loose-
ness, and consequently, in a drop in the viscosity of the mixtures (14). The changes in the
viscosity of the HPMC/SDS mixtures take place no more, and a constant value is reached
at the Cgpgs of 1.50 % wt. This indicates that the HPMC-SDS interaction is finished, and
that Cgps reached the polymer saturation point (PSP). At the PSP, all hydrophobic
moieties of the HPMC chains are fully solubilized with SDS micelles, the intermolecular
links between the neighboring HPMC chains are broken, and the 3D network structure is
completely lost (8, 9).

The same trends in the change of the zero shear viscosity as a function of Cgpg are ob-
served when the ionic strength of the HPMC/SDS mixtures is increased, indicating the
same HPMC-SDS interaction mechanism. However, at increased ionic strength, the vis-
cosity in the interaction region is higher when compared to the zero ionic strength mix-
ture, Figure 1. This is especially true for the 0.05 % wt. NaCl mixtures (data not shown),
where for the Cgps ranging from 0.15 to 0.55 % wt., the viscosity was so high that it was
not possible to prepare homogeneous samples for rheological measurements. The increa-
sed viscosity comes from the pronounced charge screening effect of Na' ions, which
enables formation of SDS micelles with higher aggregation number around the hydropho-
bic moieties of HPMC chains (1, 15). This strengthens the network and results in an in-
crease in the viscosity. At Cgps>PSP, an increase in the ionic strength of the HPMC/SDS
mixtures leads to a decrease in the viscosity. Namely, the charge screening makes HPMC
chains solubilized by SDS effectively less charged, which makes them smaller, and this
consequently brings about a decrease in the viscosity of the mixtures.

Influence of shear rate on the viscosity of HPMC/SDS mixtures of different ionic
strength

The viscosity curves of the HPMC/SDS mixtures having different concentration of
SDS and 0.00M NaCl ionic strength are shown in Figure 2. The mixtures with Cgpg <
0.35% wt. and >1.50 % wt. show a typical shear thinning flow behavior, where viscosity
decreases on the increase in the shear rate. However, when Cgpg=0.55-1.00 % wt. shear
thinning is observed only at lower shear rates. When a critical shear rate is reached, the
viscosity of the mixtures sharply increases, flow profile changes from shear thinning to
shear thickening, indicating a shear—induced structure formation (16).
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Figure 2. Viscosity curves of the HPMC/SDS mixtures containing 0.7 % wt. HPMC,
0-2.50 % wt. SDS, and 0.00M NaCl

The shear thickening flow is also observed when ionic strength of HPMC/SDS mixtu-
res is increased, Figure 3 and Figure 4, where the shear thickening region extends to hig-
her SDS concentrations. In the 0.01M NaCl mixtures the shear thickening flow is obser-
ved up to Csps=1.50 % wt., while in the 0.05% wt. NaCl mixtures the shear thickening
flow is observed up to Cgps=2.00 % wt., indicating that an increase in ionic strength of
HPMC/SDS mixtures supports the shear—induced structure formation.
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Figure 3. Viscosity curves of HPMC/SDS mixtures containing 0.7 % wt. HPMC,
0-2.50 % wt. SDS, and 0.01M NacCl
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Figure 4. Viscosity curves of HPMC/SDS mixtures containing 0.7 % wt. HPMC,
0-2.50 % wt. SDS, and 0.05M NaCl.

The influence of the SDS concentration on the critical shear rate, i.e. the shear rate
where the onset of shear thickening takes place, for the HPMC/SDS mixtures of different
ionic strength is shown in Figure 5.
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Figure 5. Influence of the SDS concentration on the critical shear rate for the
HPMC/SDS mixtures of different ionic strength

It can be seen that the critical shear rate increases when the Cgqpg of the HPMC/SDS
mixture is increased, regardless of the ionic strength of the mixtures. This indicates that
for a more solubilized HPMC-SDS complex a larger shear is needed to bring about con-
formational changes of the HPMC chains. The conformational changes make the new
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hydrophobic moieties available for the establishment of the intermolecular link supported
by SDS binding, and eventually lead to an increase in viscosity. On increasing the ionic
strength of the HPMC/SDS mixtures the critical shear rate decreases. This is attributed to
the charge of the screening effect of Na" ions, which makes the HPMC-SDS complex
effectively less charged and thus more flexible and prone to conformational changes
under the effect of shear, as opposed to highly charged polyanions having a rigid, rod—
like conformation.

CONCLUSION

Interaction in the HPMC/SDS mixtures takes place when Cgpg is higher than the critical
association concentration CAC=0.15 % wt. and ends at the polymer saturation point
PSP=1.50 % wt. The increase in the ionic strength of the HPMC/SDS mixtures influence
the interaction, as evidenced by an increase in the viscosity of the mixtures in the interac-
tion region (CAC<Cgps<PSP), and a decrease in viscosity for Csps>PSP. The HPMC/SDS
mixtures show a shear thinning or shear thickening flow behavior, depending on Cspg and
ionic strength of the mixtures, indicating that a product design having desirable rheological
properties can be achieved by careful tuning of polymer—surfactant interactions.
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YTHUIAJ JOHCKE JAYNMHE HA PEOJIOIIKE OCOBHUHE CMEIIA
XUAPOKCHUITPOIITMJIMETHUJI HEJYJIO3E
N HATPUIYM JOJAEHWICYJIPATA

Japocnas M. Kamona, Anena Tomwux, Canopa B. Byuko, Jluouja b. Ilemposuh,
Jaopanka JI. @Ppaj

Yuusepsurer y HoBom Cany, Texnonomku daxynrer, Bynesap napa Jlazapa 1, 21000 Hosu Can, Cpouja

[TpousBoan apmaneyTcke, KO3METHYKE, IpeXpaMOEHe M XeMHUjCKe HHIYCTPHje BPIIO
YEeCTO y CBOM CacTaBy calpke cMelle rmonuMmepa u cypdakranara. MHTepaknnja n3mehy
nonmMepa U cypdakranara yTuie Ha HU3 OCOOMHA THX MPOU3BOAA KAo IITO Cy HIIp. CTa-
OmITHOCT, peoronke ocoduHe, cenapaija ¢asza u cir. [lo3Haro je ma 10 HHTEpaKIuje U3-
Mmehy xuapoxcunporunmernn nenyiose (XIIML]) u nvatpujym noneumncyndara (CC)
nonasu kana je konnentpauuja CJC Lcnc Beha og kKpuTHYHE KOHLEHTpaLHje acoLuja-
mmje (JALL) a mama ox koHueHrpanuje 3acuhema nonumepa (IICIT). Kao nocnenuia
JaTe uHTepaknuje aonasu a0 Gpopmupama XIIMI-CJIC komrmiekca. 1{usb oBor pana je
UCIUTHBamke yTHLAja joHcke jaunHe Ha (popmupame XIIMII-CJIC komekca mytem peo-
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JOMIKUX Mepema. Y TOM by, npunpemibere cy XIIMI/CJC cmeme xoje cy cagpxane
0,70 % m/m XTIML, 0,00 % m/m o 2,50 % m/m CJC y nejonuszoBanoj Boau, u 0,01M u
0,05M pactBopuma NaCl. JloOujeHu pe3yntatu yka3yjy Ja BUCKO3UTET IPH HYJITO] Op-
3uHu cmunama cMema XIIMLI/CIAC pacre ca moBehameM joHCKE jauuHE y OIICETY
XIMII-CAC unrepaxuuje (LLAL<Ic;c<IICII), nox onaga 3a Lcp>TICIL XITIML/CAC
CMellle NOKa3yjy NCeyAOINIACTHYHO WIH JIMIATAaHTHO HPOTHLAKkE Y 3aBUCHOCTH Of Llcjyc.
JoHcka jaurHa Takole yTude Ha peosIoiiKe 0COOUHE CMelIa.

Kbyune peun: nmommMep—cyphakTaHT HHTEPAKIMja, HEJOHCKH €TPHU LENyJI03€, XUIPOK-
CHITPOIMIIMETHII LIeITyJI03a, JOHCKA jaurHa
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CHROMATOGRAPHIC LIPOPHILICITY AS A PREDICTOR OF
ANTIPROLIFERATIVE ACTIVITY OF 17-PICOLYL AND
17-PICOLINYLIDENE ANDROSTANE DERIVATIVES TOWARD
PROSTATE CANCER

Strahinja Z. Kovacevié'*, Sanja O. Podunavac-Kuzmanovié', Lidija R. Jevrié,
Evgenija A. Djurendi’, Jovana J. Ajdukovi¢’ and Pavle T. Jovanov’

!"University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

2 University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry and Environmental
Protection, Trg Dositeja Obradovica 8, 21000 Novi Sad, Serbia

* University of Novi Sad, Institute of Food Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

The present study describes the quantitative retention — (anticancer) activity relation-
ship analysis of a series of 17-picolyl and 17-picolinylidene androstane derivatives based
on the chromatographic data obtained by reversed-phase high performance liquid chro-
matography (C18-RP-HPLC) in a mobile phase consisting of 90% of methanol and 10%
of water. The obtained retention factor or chromatographic lipophilicity factor (logk o)
was correlated with the antiproliferative activity of studied compounds (ICsy) toward
androgen-receptor negative prostate cancer cell line (AR-neg. PC-3). Correlation analy-
sis was carried out by applying non-linear artificial neural networks (ANNs) method.
Statistical validation showed that the obtained ANNs can successfully predict the ICs va-
lues of structurally similar androstane derivatives.

KEY WORDS: Prostate cancer, chemometrics, chromatography, lipophilicity, molecular
modeling.

INTRODUCTION

Lipophilicity is a molecular parameter widely used in estimation of biological and en-
vironmental behavior of many substances (1-3). There are several experimental methods
for its approximation, such as shake-flask method with water-octanol partition system,
potentiometric titration, etc. or computational approaches. One of the experimental ap-
proaches for lipophilicity determination is chromatography, usually on reversed phases
(RP) (4). There are many studies which deal with the chromatographic determination of
lipophilicity, mostly by high performance liquid chromatography (HPLC) and thin layer

* Corresponding author: Strahinja Z. Kovacevi¢, University of Novi Sad, Faculty of Technology, Bulevar cara
Lazara 1, 21000 Novi Sad, Serbia, e-mail: strahko@uns.ac.rs
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chromatography (TLC) (5-7). The chromatographic lipophilicity is usually expressed as
the Ry parameter (TLC) or logk, (HPLC). These parameters refer to the retention of a
compound in pure water (0% of the modifier in the mobile phase). However, the chro-
matographic lipophilicity (Ry or logk) can be determined in different stable chromato-
graphic conditions with mobile phases which are a combination of certain volume frac-
tions of water and a modifier (usually methanol or acetonitrile).

A series of eighteen 17a-picolyl and 17(F)-picolinyliden androstane derivatives showed
significant antiproliferative activity toward androgen-receptor negative prostate cancer cell
line (AR-neg. PC-3) and was analyzed applying the quantitative structure-activity relation-
ship (QSAR) approach (8). In a recent study (9), the chromatographic lipophilicity of these
compounds was determined by the RP-HPLC method applying C18 stationary phase and
the mobile phase composed of 90% of methanol and 10% of water. The obtained lipophili-
city parameter was defined as logky .

The main aim of the present study was to find possible correlations between the expe-
rimentally obtained chromatographic lipophilicity (logky ) of the analyzed androstane
derivatives and their antiproliferative activity toward AR-neg. PC-3 cells defined by ICs
values. This is so-called quantitative retention-activity relationship (QRAR) approach.
This approach emphasizes the significance of the chromatographic lipophilicity parame-
ter in the prediction of different biological properties (anticancer activity, antifungal acti-
vity, antibacterial activity, etc).

In this study, the correlation analysis was carried out using artificial neural networks
(ANNGs) as a non-linear approach. ANNs were applied in many QSAR and QSRR (quan-
titative structure-retention relationship) studies with great success (10,11). They can find
the complex relationships between the variables and enable the prediction of certain cha-
racteristics (biological behavior, physico-chemical parameters, etc.) on the basis of cer-
tain easily available parameters (molecular descriptors).

EXPERIMENTAL

The IUPAC names of the investigated androstane derivatives 1-18 and their antiproli-
ferative activity (IC50) toward AR-neg. PC-3 cell line are given in Table 1. The basic
structures of the analyzed derivatives are given in Figure 1. The compounds were synthe-
sized and tested according to the previously described procedures (12-14). The complete
RP-HPLC determination, with diode array detector (DAD) and evaporative light scat-
tering detector (ELSD), of chromatographic lipophilicity of studied derivatives is given in
the reference (9). The molecular descriptors were calculated on the basis of 2D chemical
structures by using SimulationPuls ADMET Predictor program. Regression analysis and
ANN modeling were carried out by using Statistica 10, NCSS 2007 and Microsoft Excel
software.
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Table 1. The [IUPAC names and ICs, values of studied compounds

No. IUPAC name ICso (uM) | Reference
1 17a-picolyl-androst-5-en-3f,173-diol 6.30 (12)
2 4B,5B-epoxy-17B-hydroxy-17a-picolyl-androstane-3-one 65.50 (12)
3 5a,60-epoxy-17a-picolyl-androstane-N-oxide-3f3,17B-diol 33.60 (14)
4 17a-picolyl-androst-4-en-3f3,17p-diol 22.30 (14)
5 17B-hydroxy-17a-picolyl-androst-4-en-33-yl acetate 31.30 (14)
6 17B-hydroxy-17a-picolyl-androst-4-ene-3,6-dione 4.30 (14)
7 4,17B-dihydroxy-17a-picolyl-androsta-4,6-dien-3-one 25.60 (14)
8 17a-picolyl-androsta-3,5-dien-17f-ol 24.70 (14)
9 17a-picolyl-androst-5-en-3$3,4p,17p-triol 52.10 (14)
10 17(E)-picolinyliden-androst-4-en-3-one 12.90 (12)
11 4B,5B-epoxy-17(E)-picolinyliden-androstane-3-one 14.30 (12)
12 17(E)-picolinyliden-androst-4-en-3-one-N-oxide 10.10 (12)
13 3B-acetoxy-17(E)-picolinyliden-androst-5-ene-N-oxide 0.55 (12)
14 4-methoxy-17(E)-picolinyliden-androst-4-en-3-one 34.10 (14)
15 17(E)-picolinyliden-androst-4-en-3-ol 10.10 (13)
16 17(E)-picolinyliden-androst-4-en-3B-yl acetate 66.20 (13)
17 17(E)-picolinyliden-androst-4-ene-3,6-dione 88.90 (13)
18 17(E)-picolinyliden-androsta-3,5-diene 19.90 (14)

N

Figure 1. The basic structures of (1) 17-picolyl and (2) 17-picolinylidene androstane
derivatives

The rings A and B of the steroid core in the studied compounds are modified by diffe-
rent substituents, such as acetoxy, epoxy, N-oxide and methoxy functional groups.

Before the ANN modeling, the output data were normalized in the range from 0 to 1,
applying the min-max normalization formula:

VYnorm = (I _AU_AL) . (O/_ymin)/(ymax_ymir)) +AL [1]

where V,omms YVmar a0d Vi, are the normalized, maximum and minimum value of the depen-
dent variable y, and AU, AL are the values of margins which limit extrapolation ability of
the network (AU =AL =0.01) (15).
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RESULTS AND DISCUSSION

The ANN models were obtained by self-training (ST) ANN module in Statistica 10
program. Radial basis function (RBF) network was applied as a type of network. It is an
ANN that uses radial basis functions as activation functions. The RBF values depend
only on the distance from the origin of a Euclidean space, so that:

¢ (x) = ¢ (lxl) 2]

The RBF artificial neural network can be presented as the sum of N radial basis func-
tions:
y () =%" @i (lk—x) (3]

X; — center, w; — weights

The output value of an RBF network is a linear combination of radial basis functions
of the input data and neuron parameters. The input data (independent variables) were
logky oo and S+SF parameters. The S+SF factor represents the ratio of the equilibrium so-
lubility of an ionizable chemical compound‘s salt to its intrinsic solubility. It was obtai-
ned by in silico calculations by SimulationPlus software. The output data were normali-
zed ICs, values. During the ST-ANN regression modeling 200 networks have been trai-
ned and the number of hidden neurons varied in the range of 2-12. The data used for the
ST-ANN modeling are shown in Table 2.

Table 2. The data used for the ST-ANN modeling of antiproliferative activity of studied

androstanes
Input data Output data
Compound Set logko.eo S+SF 1Cs0 (norm) €XP-
1 Training 0.048 1070.0 0.0738
2 Training 0.093 1250.0 0.7304
3 Validation -0.431 94.8 0.3766
4 Training -0.128 1070.0 0.2513
5 Validation 0.439 1910.0 0.3511
6 Training -0.389 1110.0 0.0516
7 Test -0.413 1030.0 0.2879
8 Test 0.750 2010.0 0.2779
9 Training -0.423 506.0 0.5818
10 Training 0.276 2590.0 0.1470
11 Training 0.266 2550.0 0.1625
12 Training -0.053 303.0 0.1159
13 Test 0.371 356.0 0.0100
14 Training 0.350 3300.0 0.3821
15 Validation 0.414 1960.0 0.1159
16 Training 0.770 3700.0 0.7382
17 Training -0.074 2080.0 0.9900
18 Training 1.194 3440.0 0.2246
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The whole set of data was divided into three subsets: training set (12 compounds), test
set (3 compounds) and validation set (3 compounds). The test set must be used to deter-
mine generalization error, while validation set is used to find the best ANN configuration
and training parameters (by comparing the validation set error and the training set error
during training).

The ANN modeling resulted in two acceptable networks with satisfactory characteristics
(Table 3). The architecture of the obtained networks is the following: 2-10-1, referring to
the number of input data — the number of hidden neurons — the number of output data. The
correlation coefficients and root mean square errors of the training set (Ryqin, RMSE;4i), test
set (Riss RMSE,;) and validation set (R, RMSE,.;is) describe the statistical performance
of the networks as very good. The R and RMSE values indicate a good fitting of the data,
which is confirmed by the graphical comparison of the experimental and predicted I1Cs, data
(Figure 1), as well as the experimental I1Cs, and residuals (Figure 2).

Table 3. The characteristics of the obtained ANN models

Net Hidden Output
name | activation | activation | Xirain Riest Ryuia | RMSE iy | RMSE .y | RMSE,iq
ANNI Gaussian Identit 0.9745 0.8096 0.5940 0.0023 0.0039 0.0149
ANN2 Y 0.9826 0.9896 0.5763 0.0015 0.0032 0.0169

As it can be seen from Figure 2, the determination coefficients are higher than 0.80,
the slope of the linear relationship is very close to 1, while the intercept is close to zero
for both models. These facts are another confirmation of the assumption of the good qua-
lity of the ANN models. The relatively small dissipation of the points around linear rela-
tionship can be observed as well.
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L] 4 L ‘
100 1 y=0.9176 x + 0.0522 1.00 ¥=0.951 x + 0.0256
Y RI=08774 R?=0.8806
2 | Z0.80
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Figure 2. Comparison of the experimental and predicted ICs, data for the network ANNI1
(A) and the network ANN2 (B) (e - training set, 4 - test set, A — validation set)

The graphical comparison of the experimental and predicted data can give an insight
into the real prediction ability of the formed regression models and the ideal dependence
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between these data is linear, with the intercept equal to 0 and slope equal to 1. The com-
parison of the experimental data and residuals (Figure 3) shows the random distribution
of the residuals around the y = 0 axis and their relatively low amplitude, which is another
confirmation of the reliability of the established ANN models.

Global sensitivity analysis (GSA) was applied to estimate the influence of every input
variable on variations in the values of the parameters of the ANN model, which also have
an influence on the output values. The GSA coefficients of input variables describe the
change in the network’s outputs due to the variations in the parameters that affect the net-
work. A large sensitivity index of an input parameter suggests that the network’s perfor-

mance can be significantly changed with small variation in the input parameter (16).
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Figure 3. Comparison of the experimental ICsy data and the residuals for the network
ANNI (A) and the network ANN2 (B)

The GSA coefficient equal to 1 or less is a sure sign that the variable should be omit-
ted from the ANN model (16). The results of GSA for the ANN models are shown in
Table 4. Each variable has a significantly higher GSA coefficient than 1, which indicates
the significance of the variables in the models.

Table 4. GSA coefficients of the input data for the obtained ANN models

Network logky.o S+SF
ANNI1 10.23 23.86
ANN?2 11.51 21.04

Average 10.87 22.45

It must be emphasized that the presented ANN models predict the antiproliferative ac-

tivity of the analyzed androstane derivatives in normalized form, so it is necessary to
transform the predicted value in natural form by using the equation for min-max norma-
lization.
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CONCLUSIONS

The presented results indicate the possibility of the application of the experimentally
obtained lipophilicity parameter (logky o) in the prediction of the antiproliferative activity
(ICsp) of 170-picolyl and 17(E)-picolinylidene androstane derivatives toward prostate
cancer cells. Also, another important parameter in the prediction of ICsy values is the in
silico S+SF descriptor. The non-linear artificial neural networks were the most suitable
regression method in defining these QRAR mathematical models. As a result of the ANN
modeling, two ANN models with satisfactory statistical characteristics were obtained.
The obtained models indicate that the chromatographic lipophilicity, determined under
controlled chromatographic conditions, could be used as a reliable predictor of anticancer
activity of structurally similar androstane derivatives.

Acknowledgement

This paper was performed within the framework of the research project No. 114-451-
347/2015-02, financially supported by the Provincial Secretariat for Science and Techno-
logical Development of Vojvodina.

REFERENCES

1. Nasal, A.; Siluk, D.; Kaliszan, R. Chromatographic retention parameters in medicinal
chemistry and molecular pharmacology. Curr. Med. Chem. 2003, 10, 381-426.

2. Kaliszan, R. QSRR: Quantitative structure-(chromatographic) retention relationships.
Chem. Rev. 2007, 107, 3212-3246.

3. Heberger, K. Quantitative structure-(chromatographic) retention relationships. J.
Chromatogr. A 2007, 1158, 273-305.

4. Jevrié, L. R.; Koprivica, G. B.; Misljenovié, N. M.; Jovanovi¢, B. Z. Chromato-
graphic behavior and lipophilicity of s-triazine derivatives on silica gel impregnated
with paraffin oil. APTEFF 2010, 41, 159-168.

5. Kovacevi¢, S. Z.; Podunavac-Kuzmanovi¢, S. O.; Jevri¢, L. R.; Loncar, E. S. Asses-
sment of chromatographic lipophilicity of some anhydro-D-aldose derivatives on dif-
ferent stationary phases by QSRR approach. J. Ligq. Chromatogr. Relat. Technol.
2015, 38, 492-500.

6. Kovacevic, S. Z.; Jevrié, L. R.; Podunavac-Kuzmanovi¢, S. O.; Loncar, E. S. Chemo-
metric estimation of the RP TLC retention behaviour of some estrane derivatives by
using multivariate regression methods. Cent. Eur. J. Chem. 2013, 11, 2031-2039.

7. Joki¢, S.; Podunavac-Kuzmanovié, S. O.; Jevrié, L. R.; Sudar R.; Vidovi¢, S.; Aladié,
S.; Kovacevié¢, S. HPLC Retention Behavior of Triacylglycerols Extracted from Soy-
bean Oil by Supercritical CO,. Croat. Chem. Acta 2014, 87, 261-269.

8. Kovacevi¢, S. Z.; Podunavac-Kuzmanovié, S. O.; Jevri¢, L. R.; Djurendié, E. A.; Aj-
dukovi¢, J. J. Non-linear assessment of anticancer activity of 17-picolyl and 17-picoli-
nylidene androstane derivatives — Chemometric guidelines for further syntheses. Eur.
J. Pharm. Sci. 2014, 62, 258-266.

245



APTEFF, 46, 1-269 (2015) UDC: 543.544.7:547.92]:616.65.006
DOI: 10.2298/APT1546239K BIBLID: 1450-7188 (2015) 46, 239-247
Original scientific paper

9. Kovacevié, S. Z.: Kovacevi¢, S. Z. Chemometric modeling of chromatographic beha-
vior and biological activity of a series of androstane derivatives (Hemometrijsko mo-
delovanje hromatografskog ponasanja i bioloske aktivnosti serije androstanskih deri-
vata). Ph.D. Thesis, University of Novi Sad, july 2015.

10. Garkani-Nejad, Z.; Jalili-Jahani, N. Modeling the activity of 2-phenylnaphtalene inhi-
bitors using self-training artificial neural networks. Cent. Eur. J. Chem. 2010, 8, 877-
885.

11. Garkani-Nejad, Z. Use of self-trainig artificial neural networks in a QSRR study of a
diverse set of organic compounds. Chromatographia 2009, 70, 869-874.

12. Djurendié, E. A.; Daljev, J.; Sakag, M.; Canadi, J.; Jovanovi¢ Santa, S.; Andri¢, S.;
Klisuri¢, O.; Koji¢, V.; Bogdanovi¢, G.; Djurendi¢-Brenesel, M.; Novakovié, S.; Pe-
nov Gasi, K. Synthesis of some epoxy and/or N-oxy 17-picolyl and 17-picolinylidene-
androst-5-ene derivatives and evaluation of their biological activity. Steroids 2008,
73,129-138.

13. Djurendié, E. A.; Ajdukovi¢, J. J.; Saka¢, M. N.; Canadi, J. J.; Koji¢, V. V.; Bogdano-
vi¢, G. M.; Penov Gasi, K. M. 17-Picolinylidene-substituted steroid derivatives and
their antiaromatase and cytotoxic activity. ARKIVOC 2009, 13,311-323.

14. Djurendié, E. A.; Ajdukovié, J. J.; Saka¢, M. N.; Csanadi J. J.; Koji¢, V. V.; Bogdano-
vi¢, G. M.; Penov Gasi, K. M. Synthesis and cytotoxic activity of some 17-picolyl and
17-picolinylidene androstane derivatives. Eur. J. Med. Chem. 2012, 54, 784-792.

15. Jayalakshmi, T.; Santhakumaran, A. Statistical normalization and back propagation
for classification. IJCTE 2011, 3, 89-93.

16. Shojaeefard, M. H.; Akbari, M.; Tahani, M.; Farhani, F. Sensitivity analysis of the
artificial neural network outputs in friction stir lap joining of aluminium to brass. Adv.
Mater. Sci. Eng. 2013, 2013, 1-7.

MNPEABUBAIBE AHTUKAHIIEPOI'EHE AKTUBHOCTH 17-IIMKOJIWJI A 17-
IMMKOJMHWINJAEH AHIPOCTAHCKHUX JEPUBATA HA OCHOBY
XPOMATOI'PA®CKE JIMTO®PHUJITHOCTHU

Cmpaxura 3. Kosauesuh' *, Camwa O. Ilodynasay-Kysmanoeuh', Juduja P. Jespulh’,
Eescenuja A. Bypenoul’, Josana J. Ajoykoeuli’, ITasne T. Josanos®

! Vuusepsurer y Hosom Cany, Texsonomku pakysrer, Bynesap napa Jasapa 1, 21000 Hosu Caz, Cpbuja
2 Vuusepsuter y Hosom Cajy, [IpupoiHo-MaTeMaTHuky (akyitet, JlenapT™MaH 3a XeMHjy, GHOXeMH]y 1
3alITUTY )XKUBOTHE cpeaune, Tpr docuteja O6panosuha 8, 21000 Hosu Can, Cpbuja
3 Vunpepsuter y Hosom Cay, MucTHTYT 32 npexpambene TexHonoruje, bynesap napa Jlasapa 1,
21000 Hosu Cap, Cpbuja

W3BeneHa aHanm3a omnucyje KBAaHTUTATHBHE 3aBHCHOCTH M3Mel)y peTeHIIMOHOT MOHa-
mama cepuje 17-nukonui U 17-MIKOJIMHWINIEH aHAPOCTaHCKHUX JAepuBaTa, AeduHuca-
HOT TIoMOhy TeuHe Xpomarorpaduje BUCOKUX Heppopmancu Ha oOpHyTHM Pazama (C18-
RP-HPLC) ca mobuiHoM dazom cactaBibeHoM o 90% meranona u 10% Bojie, 1 lbUXOBE
antunpoiudeparnBre aktuBHOCTH (ICsp) mpema hennjama aHnporeH-peLenTop HeraTuB-
Hor Kanmepa npocrare (AR-neg. PC-3). Perenmmionn ¢akxrop (logky o), 0OAHOCHO Xpoma-
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torpadcka munodrHOCT, KopenupaH je ca ICsy BpemHOCTUMAa MUCIHTHUBAHHUX JEpUBaTa
IPUMEHOM HeJIMHEeapHe METOJEe BEIUTAUYKUX HEYypPOHCKHX Mpexa. CTaTMCTHYKa Banuia-
IMja rokaszajia je Ja JoOujeHe HEYpOHCKE MpEKe MOrY YCIHENIHO OMTH IpUMEHEHE 3a
npensubhame aHTHIPOIH(EPATUBHE AKTUBHOCTH CTPYKTYPHO CIMYHHMX aHIPOCTAHCKHX
JiepuBara.

Kibyune peun: Kannep npocrate, XeMoMeTpHja, XxpoMaTorpaduja, TUIOPIITHOCT, MOJIC-
JIOBAFhE MOJIEKYJIA.
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ESTIMATION OF CHROMATOGRAPHIC LIPOPHILICITY OF SOME D-
HOMO ANDROSTENE DERIVATIVES

|Nada U. Perisi¢ Janjid!, Katarina M. Penov Gasi', Evgenija A. Djurendi¢', Marina P.

Savic', Strahinja Z. Kovacevi®®, Stela D. Jokic® and Sanja O. Podunavac-Kuzmanovié®*

! University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry and Environmental
Protection, Trg Dositeja Obradovi¢a 8, 21000 Novi Sad, Serbia
2 University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
3 1.J. Strossmayer University of Osijek, Faculty of Food Technology, F. Kuhaca 18, 31000 Osijek, Croatia

Quantitative structure-retention relationship (OSRR) method was applied to study the
chromatographic behaviour of D-homo-androstene derivatives 1-7. Retention constants
(R\) of the analysed derivatives were determined by reversed-phase high-performance
thin-layer chromatography (RP HPTLC) on C18 plates by using four mobile phase mix-
tures: methanol-water, acetone-water, acetonitrile-water, and dioxane-water. Correla-
tion analysis based on multiple regression method was applied in order to model chro-
matographic retention by means of nine different lipophilicity descriptors (logP). The de-
veloped QSRR models were cross-validated and high-quality validation parameters were
obtained by leave-one-out method. It was found that the derived OSRR models have a
good predictive ability.

KEY WORDS: QSRR, chemometrics, RP HPTLC, lipophilicity

INTRODUCTION

Androgens are a group of chemically related sex steroid hormones. These steroid hor-
mones orchestrate growth and development of the male reproductive system. Later in life,
these hormones trigger male puberty, influencing vocals, body ornamentation, muscle
mass, and behaviour such as sex drive and aggressiveness. Like all steroid hormones,
androgens produce effects by docking with receptors on the cell's membrane surface or
inside the cell in the liquid cytoplasm. Receptor binding triggers different chemical signa-
ling systems depending on receptor location (1). Androgens are converted to other steroid
hormones through enzymatically catalyzed reactions (2-4).

The physicochemical properties predicted from structure are helpful in the search of
new molecules of similar or increased biological activity. The development of steroidal
drugs is often followed by research on structure-activity relationship (SAR) studies (5-7).
Quantitative structure-activity relationship (QSAR) approach, including multivariate data

* Corresponding author: Sanja Podunavac-Kuzmanovi¢, University of Novi Sad, Faculty of Technology,
Bulevar cara Lazara 1, 21000 Novi Sad, Serbia, e-mail: sanya@uns.ac.rs
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analysis in combination with statistical design, has become extensively used. This me-
thod represents an attempt to correlate biological activities of compounds with structural
or molecular descriptors including physicochemical, electronic, geometrical, topological
or thermodynamic parameters. Progress in the use of QSAR methods has shown the
importance of the hydrophobic or lipophilic nature of biologically active molecules.
Octanol-water partition coefficient, referred to as logP, is a frequently used parameter in
organic synthetic chemistry. It is a quantitative descriptor of lipophilicity, one of the key
determinants of pharmacokinetic properties (8). LogP is commonly used in QSAR studi-
es and drug design, since this property is related to drug absorption, metabolism, bioavai-
lability and toxicity. There are many methods for estimating logP, experimental as well
as computational. The traditional shake flask method is often replaced by alternative me-
thods, such as reversed-phase liquid chromatography (RPLC). Chromatographic methods
are experimentally simple, low cost, accurate, and have high-throughput. Quantitative
structure-retention relationship (QSRR) analysis is among the most extensively studied
manifestations of linear free-energy relationships (LFER). These are the statistically deri-
ved relationships between the structures of solutes and their chromatographic retention
(9). The application of RP HPTLC, as well as normal-phase (NP) HPTLC chromato-
graphic data of androstene derivatives to a QSRR and QSAR studies has been described
in our previous papers (10,11). In this context, the aim of the present study was to investi-
gate chromatographic behaviour of D-homo-androstene derivatives 1-7 and determine the
quantitative relationships between the retention constants and their chemical structures. A
central object of this study was to establish multivariate quantitative lipophilicity-reten-
tion relationships and to derive the high quality models which correlate the lipophilicity
of these compounds with their retention data.

EXPERIMENTAL

The structures of the investigated androstene derivatives 1-7 are presented in Fig. 1.
The compounds were synthesized according to earlier described procedures (12,13). The
chemical structures of the molecules were drawn by HyperChem software (HyperCube
Inc, Version 7.5). Semiempirical AM1 calculations were used for compounds geometry
optimization by the program implemented in HyperChem. Chromatographic analysis was
performed on 10 cm x 10 cm HPTLC plates coated with Cig silica F,s4 (Merck). The solvent
mixtures used as mobile phases are listed in Table 1.

Table 1. The solvent mixtures used as mobile phases

Mobile phase Volun‘le frac‘tion of
organic modifier, ¢
Methanol-water 0.5-0.9
Acetone-water 0.5-0.8
Acetonitrile-water 0.5-0.7
Dioxane-water 0.5-0.7
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The compounds investigated were separately dissolved in methanol (1 mg/ml), and 0.2 ul
of the solutions were spotted on the plates. Chromatograms were developed by the ascending
technique at room temperature, without previous saturation of the chamber with the solvent.
The plates were dried at room temperature and the spots were visualized under UV light at A =
254 nm. The R; values were the averages of at least three measurements. For the subsequent
calculations, the mean Ry, values were used, which were calculated by use of the following
equation: Ry =log(1/Rr - 1). The calculated Ry values for different concentrations of organic
solvent were used to check the linearity of their relationship with the volume fraction of the
organic modifier according to the equation: Ry = Ry’ + m@,, where ¢ is the volume fraction
of organic solvent in the mobile phase, Ry (intercept) is the Ry value extrapolated to zero
concentration of organic modifier (best estimation of the lipophilicity), and m (slope) is related
to the specific hydrophobic surface area of the androstene derivatives.
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Figure 1. Chemical structures of the investigated compounds

The partition coefficients (ACDlogP, AlogP, IAlogP, AB/logP, milogP, logPxow,
XlogP CSlogP, ClogP) were calculated for the compounds by using different theoretical
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procedures from the internet data (Table 2). The complete regression analysis including
linear and multilinear regression (MLR) was carried out by NCSS 2007 Statistical
Software.

Table 2. Calculated partition coefficients obtained by different software

Cmpd | ACDlogP | AlogP | IAlogP | ABNlogP | milogP | logPxew | XlogP CSlogP ClogP
1 2.99 2.76 325 2.69 354 2.73 3.88 3.92 2.79
2 3.0l 2.56 321 2,65 3.51 251 438 3.87 3.15
3 2.62 2.56 1.32 2.61 3.01 2.30 4.22 3.75 2.73
4 4.23 4.24 4.75 433 475 3.65 5.05 5.14 3.87
5 261 255 297 245 3.17 2.02 3.26 3.73 2.32
6 2.12 2.09 1.03 222 2.64 1.88 3.77 3.53 221
7 211 1.95 3.02 2.26 267 2.09 3.26 357 1.84
RESULTS AND DISCUSSION

The obtained Ry, values were plotted against the organic modifier concentration in the
mobile phase (¢). In all the cases, the linear relationships were obtained between Ry va-
lues and ¢. This linearity is indicative of reversed-phase chromatography. The theoretical
R\ values for 0% organic modifier in the mobile phase were determined from the linear
equations. The results from regression analysis of these relationships are compiled in
Table 3. The obtained statistical parameters illustrate good quality of the correlations.

Table 3. Correlation data for the partition RP HPTLC equation Ry =Ry’ + me

Compound Ry m r s
Methanol-water

1 2.018 -2.447 0.989 0.065
2 1.494 -1.956 0.995 0.039
3 1.540 -1.938 0.997 0.029
4 2.714 -2.868 0.983 0.101
5 1.871 -2.203 0.986 0.078
6 1.790 -2.193 0.992 0.051
7 3.271 -3.470 0.997 0.055
Acetone-water

1 0911 -1.418 0.975 0.041
2 0.726 -1.278 0.985 0.035
3 0.919 -1.590 0.966 0.045
4 1.448 -2.003 0.973 0.054
5 1.137 -1.686 0.987 0.028
6 1.102 -1.655 0.994 0.029
7 1.611 -2.070 0.997 0.020
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Table 3. Continuation

Compound Ry m r s
Acetonitrile-water

1 1.929 -2.670 0.994 0.026
2 1.893 -2.693 0.993 0.028
3 2.009 -3.015 0.996 0.024
4 2.721 -4.011 0.998 0.022
5 2.203 -3.200 0.992 0.038
6 2.097 -3.183 0.993 0.029
7 3.055 -4.580 0.994 0.040
Dioxane-water

1 2.252 -3.821 0.991 0.047
2 1.385 -2.554 0.988 0.031
3 1.401 -2.633 0.990 0.034
4 3.031 -4.633 0.997 0.032
5 1.942 -3.237 0.997 0.023
6 1.833 -3.306 0.996 0.024
7 3.579 -5.239 0.995 0.048

Correlations Between Retention Constants and Specific Hydrophobic Surface Area

In order to elucidate the relationship between the lipophilicity (Ry’) and the specific
hydrophobic surface area (m) of androstene derivatives 1-7, the relationships between
these two hydrophobicity parameters were studied. In all of the solvents, the linear corre-
lations were observed between the intercept Ry’ and the slope (m), as shown in the equa-
tions given in Table 4.

Table 4. Equations of the relationship between RMO and m

Modifier Equation r S
Methanol-water Ry'=-0.770 - 1.176 m 0.995 0.074
Acetone-water Ry’ = -0.648 - 1.059 m 0.981 0.067
Acetonitrile-water | Ry’ = 0.197 - 0.622 m 0.993 0.058
Dioxane-water RM0: -0.775 - 0.820 m 0.996 0.082

From the data presented in Table 4, as well as from the plots presented in Fig. 2, it is
evident that highly significant relationships were found between the lipophilicity and spe-
cific hydrophobic surface area with all the mobile phases.
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R,'=-0.571 -0.832 m ; r=0.993; s=0.237

O Methanol-water
@® Acetone-water
B Acetonitrile-water
A Dioxane-water

-5 4 3 2 -1 0 1 2 3

Figure 2. Correlation between Ry and m

This finding indicates that the investigated androstene derivatives behave as a homo-
logous series of solutes. The good correlation between Ry’ and m reflect the suitability of
the systems examined for estimating the lipophilicity of the compounds. These chromato-
graphic data (Ry and m), which describe the partitioning between a non-polar stationary
and a polar mobile phase, may therefore be appropriate for the assessment of the lipophi-
licity. Also, it can be concluded from the obtained data, that RP-HPTLC on C18 can suc-
cessfully be used for the determination of the lipophilicity parameters of androstene deri-
vatives. Therefore, these parameters can be applied in QSRR studies.

Correlations Between Retention Constants in Different Organic Modifiers

The obtained Ry’ values depend on the modifier used. Lower Ry values were obtai-
ned with acetone-water as mobile phase (average value 1.151), than for methanol-water
(average value 2.100), dioxane-water (average value 2.203), and acetonitrile-water (ave-
rage value 2.272). Different mutual relationships were observed between the Ry values
calculated for the different modifiers (Table 5).

Table 5. Correlations between Ry values determined using different mobile phases

Equation R s

Ry Meort = 0.161 + 1.685 Ry’ acet 0.930 0.265
RoiMeort = -1.110 + 1.413 Ry acn 0.955 0.214
Ry Meort = 0.361 + 0.789 Ry’ piox 0.994 0.079
R’ acet = -0.577 + 0.760 Ry acn 0.969 0.085
R’ acet = 0.361 +0.789 Ry "biox 0.916 0.137
Rylacn = 1.178 +0.497 Ry biox 0.926 0.184

MeOH = methanol, Acet = acetone, ACN = acetonitrile, Diox = dioxane
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The slope and intercept values in Table 5 depend on the mobile phase used. High va-
lues of the correlation coefficient for these relationships indicate that chromatographic
behaviour of the investigated androstene derivatives is similar in all the mobile phases.

Correlations Between Retention Constants and logP values

To obtain the quantitative effects of the lipophilicity parameters of androstene deriva-
tives on their retention constants, QSRR analysis with nine different partition coefficients
(logP) was applied. Usually, lipophilicity parameters are linearly related to retention con-
stants, but in the more general case this relationship is not linear (14). Therefore, a com-
plete regression analysis was made, resorting to (multi)linear, quadratic and cubic rela-
tionships. It is obtained that the fitting equations improve when resorting to higher order
(second or third order) polynomials. Among the presented lipophilicity parameters,
ClogP has the highest correlation with Ry, for all the eluents. Therefore, this lipophilicity
parameter was retained and used to find two-variable polynomials between the Ry’ and
logP values. The introduction of a second parameter improves the statistical indices of
the QSRR model. The second parameter brings about some variations in these relation-
ships, showing that similar QSRR models can be obtained with different combination of
partition coefficients (Table 6). The best QSRR models with two variables were obtained
with second order polynomials. The resulted models are as following:

Methanol-water
Ry’ =1.142 ClogP? - 0.463 10gPxowy - 7.529 ClogP + 3.611 10gPgowy + 7.736
r=0999; s=0.045; n=7; F=31642 [1]

Acetone-water
Ry’ =0.442 Clong -0.069 logPKOWW2 -3.083 ClogP + 1.023 logPyoww + 3.826
r=0.999; s=0.013; n=7, F=1108.36 [2]

Acetonitrile-water
Ry =1.207ClogP? -0.618 10gPxows” -7.270 ClogP + 4.285 10gPxouw + 5.809
r=0.996; s=0.045; n=7, F=231642 [3]

Dioxane-water
Ry = 1.106 ClogP? -0.315 10gPxoww -7-.895ClogP + 3.505 10gPxoww + 8.423
r=0997; s=0.105; n=7; F=92.11 [4]

These results clearly show that by selecting the appropriate lipophilicity descriptors it
is possible to obtain several mathematical models with excellent statistical characteristics.
Moreover, owing to the errors in the experimental data, small statistical differences bet-
ween QSRR polynomials are not significant. From Eqgs. 1-4, it is evident that for model-
ling of retention for the set of androstene derivatives ClogP and logPy .y 1S prominent.
The statistical quality of the regression equations was justified by the parameters like 7, s
and probability factor related to the F-ratio. Cross-validation statistical technique has
been applied for the observation of the quality with regard to predictive ability of these
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models. It calculates the following parameters: PRESS (predicted residual sum of squa-
res), SSY (total sum of squares), Pov (cross-validation determination coefficient), and rzadj
(adjusted determination coefficient). Statistical data presented in Table 6 indicate that
very good mathematical models were obtained for all of the mobile phases. The high ¢y
values, observed in cases of Egs. 1-4, are indicative of their reliability in the prediction of
the retention constant. For the verification of the predictive power of the developed
models, the predicted Ry values of the analysed compounds were calculated by using
different logP values and compared with the experimental ones. The predicted retention
constants for all of the mobile phases are presented in Table 7. Based on the magnitude of
residue, there is a close agreement between the observed and calculated retention.

Table 6. Cross-validation parameters

Equation | PRESS | SSY PRESS/SSY | Py P adi

1 0.2462 | 2.5843 | 0.0953 0.9047 | 0.9953
2 0.0182 | 0.7532 | 0.0242 0.9758 | 0.9986
3 0.0406 | 1.1805 | 0.0344 0.9656 | 0.9771
4 0.1237 | 4.0987 | 0.0302 0.9698 | 0.9838

The propagation of the residuals on both sides of zero indicates that no systemic error
exists in the development of regression models.

Table 7. Predicted Ry values of androstene derivatives calculated
by using Equations 1-4

Solvent Methanol-water Acetone-water Acetonitrile-water Dioxane-water
Comp. Ry Residue Ry Residue Ry Residue Ry Residue
1 2.025 0.007 0.918 0.007 1.976 0.047 2.229 -0.023
2 1.496 0.002 0.728 0.002 1.901 0.008 1.345 -0.040
3 1.547 0.007 0.904 -0.015 1.932 -0.077 1.511 0.110

4 2.712 -0.002 1.468 0.020 2.721 0.000 3.035 0.004

5 1.819 -0.052 1.144 0.007 2.228 0.025 1.856 -0.086
6 1.825 0.035 1.102 0.000 2.104 0.007 1.855 0.022

7 3.272 0.001 1.609 -0.002 3.046 -0.009 3.591 0.012

On the basis of the correlations between Ry’ and logP, all of the mobile phases are
suitable for the RP HPTLC systems for the determination of octanol/water partition coef-
ficients, and thus of the lipophilicity of the molecules. Our findings suggest the use-
fulness of the chromatographic method in fast characterization of the lipophilicity of
structurally closely related molecules.

CONCLUSIONS
The retention constants (Ry") of seven D-homo-androstene derivatives were compared
for four mobile phase mixtures: methanol-water, acetone-water, acetonitrile-water, and

dioxane-water. Linear relationships were found between Ry and specific hydrophobic
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surface area (m) for all of the mobile phases; this is characteristic of closely related
compounds. Also, there are the linear correlations among the Ry values calculated for
the different mobile phases. High quality QSRR models that relate Ry and two variables
were obtained with second order polynomials. It can be concluded that for modelling of
the retention for the analysed set of androstene derivatives ClogP and logPgw are pro-
minent. It indicates that these models can be successfully applied to predict the chromato-
graphic behaviour of this class of compounds.
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MNPOIEHA XPOMATOI'PA®CKE JIMTIO®PUJITHOCTHU D-XOMO
AHJPOCTEHCKHUX JEPUBATA

lHa()a V. lepuwuh Jarbuh|1, Kamapuna M. ITenos F'aw', Eszenuja A. Bypenouh’,
Mapuna I1. Casul’, Cmpaxura 3. Kosauesuh’, Cmena JI. Joxuli’,
Cara O. Ilooynasay-Kysmanoeuh’*

! Vuusepsurer y Hoom Cany, [puponso-matemaTuuku daxymnrer, JlenapTvan 3a XxeMujy, GHOXeMH]y 1
3alITUTY *KUBOTHE cpeaune, Tpr Jocureja O6panosuha 3, 21000 Hosu Cax, Cpouja
? Vuugepsurer y HoBom Cajty, Texuonomku daxynrer, Bynesap napa Jlazapa 1, 21000 Hoeu Cax, Cp6uja
*J. I. litpocmajep Vuusepaurer y Ocujexy, [IpexpamGeno-rexuomnomku (akyrer, ®. Kyxaua 18,
31000 Ocujex, XpBarcka

VY pany je npezacTaBibeHoO AehHHUCAKE XpoMaTorpadcekor noHaiama D-xomo annpo-
cTeHckuX nepuBata 1-7. Perenuuone kouctante (Ry’) MCIIMTHBAHUX JepuBaTa ae(UHH-
caHe Cy IIoMOhy TaHKOCIIOjHEe XpoMaTorpaduje BUCOKUX neppopMaHcu Ha 0OpHYTHM (a-
3ama (RP HPTLC) na C18 miouama xopumnthemeM deTupu MoOMIHE (asze: METaHOI-BO-
Ja, alleTOH-BOJIA, alleTOHUTPIJI-BOJA U AUOKCaH-Bona. [IprMereHa je KopellalioHa aHa-
JIM3a 3aCHOBaHA Ha MYJITHILIO) JMHEapHO] (TTOJMHOMCKO]) PETPECHjU ca IHJbEM MOJEI0-
Barkba XpOMATOrpa)CKOr IOHAIlaka Ha OCHOBY MOEBET JECKPUITOpa JIMMO(UIHOCTH
(logP). Ho6mjern QSRR Momenu cy BanmmoBaHW YHAKpCHOM BanumanujoMm. OnrumaiHe
BpPEIHOCTH IMMapaMeTapa YHaKpCHE BajHIaluje yKa3yjy Ha 3Ha4YajHy NMPEIUKTUBHY MOh
JIOOHMjEeHHX MoJIena.

Kbyune peun: QSRR, xemomerpuja, RP HPTLC, nunogumHocr.

Received: 14 July 2015.
Accepted: 11 October 2015.

258



APTEFF, 46, 1-269 (2015) UDC: 635.71+547.913]:543.544.3
DOI: 10.2298/APT1546259Z BIBLID: 1450-7188 (2015) 46, 259-269
Original scientific paper

BASIL (Ocimum basilicum L.) ESSENTIAL OIL AND EXTRACTS OBTAINED
BY SUPERCRITICAL FLUID EXTRACTION

Zoran P. Zekovié'*, Snezana Dj. Filip?, Senka S. Vidovi¢', Dusan S. Adamovié® and
Ahmed M. Elgndi’

!University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia
% University of Novi Sad, Technical Faculty Mihajlo Pupin, Djure Djakovica b.b., 23000 Zrenjanin, Serbia
3 Institute of Field and Vegetable Crops, Maksima Gorkog 30, 21000 Novi Sad, Serbia

The extracts obtained from sweet basil (Ocimum basilicum L.) by hydrodistillation and
supercritical fluid extraction (SFE) were qualitative and quantitative analyzed by GC-MS
and GC-FID. Essential oil (EO) content of basil sample, determined by an official method,
was 0.565% (V/w). The yields of basil obtained by SFE were from 0.719 to 1.483% (w/w),
depending on the supercritical fluid (carbon dioxide) density (from 0.378 to 0.929 g mL™).
The dominant compounds detected in all investigated samples (EO obtained by hydrodistil-
lation and different SFE extracts) were: linalool, as the major compound of basil EO (con-
tent from 10.14 to 49.79%, w/w), eugenol (from 3.74 to 9.78%) and &-cardinene (from 3.94
to 8.07%,). The quantitative results of GC-MS from peak areas and by GC-FID using exter-
nal standard method involving main standards, were compared and discussed.

KEY WORDS: Ocimum basilicum L., essential oil, extracts, gas chromatography,
composition

INTRODUCTION

Ocimum basilicum L. (sweet basil) is a plant belonging to the Lamiaceae family, and
the most cultivated variety in the world (especially in Mediterranean countries). The basil
leaves can be used fresh or dried, as a spice, to enhance the flavor of foods. Essential oil
(EO) extracted from fresh leaves and flowers can be used as aroma additives in food,
pharmaceuticals, and cosmetics (1). There are several types of basil oil traded commer-
cially. Extracted from different varieties of sweet basil, these are known as European
(French or sweet basil), Egyptian, Reunion (Comoro), Bulgarian and Java basil oils (2).
The plants of this species generally present a fresh, minty and sweet flavor, with linalool,
methylchavicol and various sesquiterpenes being responsible for this (3). Many investiga-
tors have studied the chemical composition of the basil EO, and it has been found to be
very variable, with linalool, methylchavicol, eugenol and/or methyl cinnamate as the
main constituents (3-6). There are various classifications that include the extensive range

* Corresponding author: Zoran P. Zekovi¢, University of Novi Sad, Faculty of Technology, Bulevar cara Lazara
1,21000 Novi Sad, Serbia, e-mail: zzekovic@tf.uns.ac.rs
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of subspecies of this herb. One of them is based on the content of linalool and methylcha-
vicol (estragole), which are the two major components of O. basilicum L. EO (7), yield-
ing four chemotypes: chemotype A and chemotype B, with linalool and methylchavicol
as the main component of the EO, respectively; chemotype AB, the principal constituent
of which is linalool, but with a relatively high content of methylchavicol; and chemotype
BA, which contains methylchavicol as the main constituent, followed by linalool. The
basil EO content, as well as EO composition varies depending on the environment and
the O. basilicum chemotype. For example, samples from Fiji have EO content only 0.2%
(dominant compounds: linalool 22.3%, methyl eugenol 24.7% and (E)-methyl cinnamate
23.6%), samples from Cuba have a much higher EO content of 1.9-2.5% (dominant
compounds: methyl chavicol 66.8%, 1,8-cineol 5.4% and linalool 5.0%), and saples from
Burkina Faso have content of EO of 0.7-1.8% (dominant compounds: 1,8-cineol 60.2%,
o-terpineol 6.5% and B-pinene 5.7%) (8).

Supercritical fluid extraction (SFE) is regarded as a promising alternative technique to
steam distillation (or hydrodistillation) and solvent extraction for the extraction of flavor
and fragrance compounds from natural materials. Carbon dioxide is the most commonly
used supercritical fluid in food and pharmaceutical industry. It is non-toxic, non-explosi-
ve and easy removable from the product, and possesses relatively low critical temperature
and pressure (T, = 31.1°C, p. = 73.8 bar). The solvent properties of carbon dioxide can be
described as a function of fluid density (9). Selection of the extraction pressure and
temperature range is an important factor affecting the final composition of the extract and
process yield, since the solubility of every component in the supercritical fluid will pri-
marily depend on these parameters (10).

In this study two chromatographic methods (GC-MS and GC-FID) were used and
compared for the qualitative and quantitative determination of basil extract compounds,
i.e. chemical composition of basil EO (obtained by hydrodistillation) and different basil
extracts (obtained by SFE using carbon dioxide).

EXPERIMENTAL
Plant material and chemicals

Sweet basil (Ocimum basilicum L.) was cultivated by the Department for Organic
Production and Biodiversity, Backi Petrovac, Institute of Field and Vegetable Crops, Ser-
bia (year 2011). The collected plant material (basil leaves and flowers) were dried and
stored at room temperature. The moisture of material (after drying at 105°C, 2 h) was
11.44% (w/w). The sample was ground and sieved using sieve sets produced by Erweka,
Germany (mean particle size 0.657 mm).

Commercial carbon dioxide (Messer, Novi Sad, Serbia) was used for SFE. All other
chemicals were of analytical reagent grade.

Hydrodistillation

The EO content was determined using the Ph. Jug. IV procedure (11).
260



APTEFF, 46, 1-269 (2015) UDC: 635.71+547.913]:543.544.3
DOI: 10.2298/APT1546259Z BIBLID: 1450-7188 (2015) 46, 259-269
Original scientific paper

Supercritical carbon dioxide extraction

The extraction process was carried out on a laboratory-scale high pressure extraction
plant (HPEP, NOVA, Swiss, Effretikon, Switzerland), described previously (12). The
main plant parts and properties, by manufacturer specification, were: the diaphragm type
compressor (with pressure range up to 1000 bar), extractor (internal volume 200 mL,
maximum operating pressure of 700 bar), separator (internal volume 200 mL, maximum
operating pressure of 250 bar), pressure control valve, temperature regulation system, and
regulation valves. Maximum carbon dioxide mass flow rate is 5.7 kg h ™.

The sample of basil (50.0 g) was placed in the extractor vessel. The flow rate of car-
bon dioxide was 3.225 g min™, the pressure 100 and 300 bar, and of the temperature 40
and 50°C (values higher than carbon dioxide T, but relatively low, to avoid thermal de-
composition). The separator conditions were 15 bar and 23°C. The extraction was carried
out and the extraction yield was measured after 4 hours of the process. After each extrac-
tion, the obtained extract was placed in a glass bottle, sealed and stored at 4°C to prevent
any possible degradation.

GC-MS and GC-FID

The GC-MS experiments were carried out on a GC/MS Agilent Technologies Series
6890N/5975B (Santa Clara, California, USA), and an HP-5 MS capillary column (30.0 m
x 0.25 mm L.D., film thickness 0.25 pm) was used. The working conditions were: the he-
lium flow rate: 2 ml min™, temperature: injector 250°C; detector 300°C; initial 60°C with
a linear increase of 4°C min”! to 150°C, detector: 35-550 D, total analysis time: 58.06
min. The injected volume of investigated sample solution in methylene chloride (about 1
mg mL") was 5 pL, using split-ratio 1:30. The compounds were identified using the
NIST 05 and Wiley 7n mass data base. The results of compound content were expressed
as relative (area) percent (%).

For the quantitative determination (to measure contents of basil EO compounds) use
was made of a flame ionization detector (FID). The standard compounds ((+)-limonene,
eucalyptol, linalool, o-terpineol, methylchavicol and geraniol) were purchased from Carl
Roth GmbH (Germany). The GC conditions were the same as for GC-MS. Each standard
was dissolved in methylene chloride, and then, different concentrations (from 1 to 500 pg
mL™") were obtained as standard solutions. After the GC-FID analyzes, six equations (for
six standard compounds), which describe the dependence of the compound concentration
on the peak area, were obtained (min. value of correlation coefficient was 0.99). The final
result was expressed as compound content (C) in % (w/w).

In this work, triplicate tests were done for each sample, and the results are presented
as mean value.

RESULTS AND DISCUSSION

The content of EO, determined by the official procedure (11) was 0.565% (V/w). The
samples of EO were characterized qualitative and quantitative by two chromatographic
methods, GC-MS and GC-FID (Figure 1 and Table 1). The predominant compounds in
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EO were linalool (50.09%), indicating that the investigated sample of basil is of chemo-
type A, d-cadinene (8.11%), and germacrene (5.76%). Other EO compounds, with the
content higher than 3%, were: y-cadinene (3.13%), methylchavicol (3.30%), B-selinene
(3.58%), eugenol (3.76%) and a-bergamotene (4.13%). The results (Table 1), expressed
as relative (area) percent of compound (GC-MS), are very similar to those obtained by
“real” quantitation by external standard method (GC-FID), expressed as compound con-
tent in % (w/w). This conclusion could be explained by the nature of the EO compounds
which are all evaporable, and, at the other hand, by the EO isolation procedure, i.e.
hydrodistillation (or steam distillation). The composition of EOs of different drugs can be
very similar. For example, EOs of sweet basil (O. basilicum L.) and coriander (Corian-
drum sativum L.) have the same main compound — linalool (50.09% and 52.4%, respect-
ively) and a lot of other constituents (camphor, geraniol, a-terpineol) (13). Therefore, for
a quantitative analysis of similar samples (other aromatic plants EOs), GC-MS method
could be successfully used. In this way, the result of the EOs composition and compo-
unds content can be obtained much easier and faster, using only GC-MS (with no need
for standards and calibration as in the GC-FID method).
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Figure 1. GC chromatogram of basil EO obtained by hydrodistillation

262



APTEFF, 46, 1-269 (2015)
DOI: 10.2298/APT1546259Z

UDC: 635.71+547.913]:543.544.3
BIBLID: 1450-7188 (2015) 46, 259-269

Original scientific paper

Table 1. Results of GC-MS and GC-FID analyses of basil EO obtained by

hydrodistillation
EO
Area C*
Compound pe(f;:;nt (%, Wiw) EY** tr*** (min)
B-Pinene 0.39 0.39 2.20 7.245
Myrcene 0.29 0.29 1.64 7.876
(+)-Limonene 0.39 0.41 2.32 9.348
1,8-Cineole (Eucalyptol) 2.50 2.69 15.20 9.391
Trans-B-Ocimene 0.19 0.19 1.07 10.180
Linalool 50.09 49.79 281.31 12.727
Camphor 0.49 0.48 2.71 14.036
Terpinene-4-ol 0.33 0.33 1.86 15.483
a-Terpineol 0.35 0.46 2.60 16.149
Methylchavicol 3.30 3.38 19.10 16.284
Geraniol 1.53 1.66 9.38 18.600
Bornyl acetate 0.55 0.54 3.05 19.393
Eugenol 3.76 3.74 21.13 22.306
B-Elemene 1.15 1.14 6.44 23.153
Trans-Caryophyllene 0.67 0.66 3.73 24.051
a-Bergamotene 4.13 4.11 23.22 24.584
a-Humulene 1.03 1.02 5.76 25.217
B-Cubebene 0.69 0.69 3.90 25.538
Germacrene 5.76 5.73 32.37 26.147
Germacrene D 1.52 1.51 8.53 26.633
B-Selinene 3.58 3.56 20.11 26.933
y-Cadinene 3.13 3.12 17.63 27.240
a-Selinene 0.97 0.96 5.42 28.972
Spathulenol 0.72 0.72 4.07 29.409
5-Cadinene 8.11 8.07 45.60 31.355
DR I il 4.38 4.36 24.62
X 100.00 100.00 564.97

* C - compound content

** EY - extraction yield (mg per 100 g of basil)
*¥* tp — retention time (min)

*#%* n.i.- not identified

After the SFE investigations of basil using carbon dioxide (CO,), the samples of ex-

tracts were obtained (see Experimental) using different combinations of pressure and
temperature, i.e. solvent density, of supercritical CO, for basil extraction (Table 2). The
obtained extraction yields presented in Table 2, can not be explained by the increase of
the solvent density because the final yield of extract depends also on extraction tempera-
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ture, i.e. a higher temperature means a better solubility of basil compounds, which results
in a higher extraction yield. It is difficult to explain what is more important for compound
extraction in the SFE process — solvent density or temperature. The effect of temperature
on compound solubility at a constant pressure is due to two mechanisms: the increase in
vapor pressure with temperature resulting in an increased solubility, and the decrease in
solvent density causing a decrease in solubility. The solubility of the solute may increase,
become constant or decrease with the temperature rise at a constant pressure, depending
on whether the solute vapor pressure or the solvent density is predominant (14).

Table 2. SFE conditions and extraction yield

Pressure (bar) 100 100 300 300
Temperature (°C) 50 40 50 40
Density (g mL™") 0.378 0.568 0.881 0.929
Extraction yield (%, w/w) 0.894 0.719 1.483 1.287

GC-MS and GC-FID results of obtained CO, extracts are shown in Table 3.

Table 3. Results of GC-MS and GC-FID analysis of basil extracts obtained by SFE at
different extraction conditions

Sample (p, T) 100, 50 100, 40 300, 50 300, 40

Compound AP* C** AP C AP C AP C
(%) (%, wiw) (%) (%, wiw) (%) (%, wiw) (%) (%, wiw)

1,8-Cineole (Eucalyptol) 0.48 0.25 0.61 0.23 0.89 0.45 2.00 1.10
Linalool 21.33 11.79 27.80 16.60 23.55 10.14 26.09 10.72
Camphor - - 0.39 0.23 0.29 0,12 0.38 0.16
a-Terpineol 2.00 0.79 1.03 0.60 1.42 0.54 1.50 0.8
Methylchavicol 1.93 0.62 1.58 0.87 1.19 0.60 1.14 0.66
Geraniol 1.22 0.65 1.25 0.81 1.10 0.56 0.96 0.44
Bornyl acetate - - 0.44 0.26 0.40 0.17 0.64 0.26
Eugenol 17.69 9.78 15.56 9.29 13.72 591 16.09 6.61
B-Elemen 1.38 0.76 0.99 0.59 0.66 0.28 1.16 0.48
Trans-Caryophyllene 0.81 0.45 0.73 0.44 0.52 0.22 0.61 0.25
a-Bergamotene 5.24 2.90 4.26 2.54 4.14 1.78 5.57 2.29
a-Humulene 1.25 0.69 1.11 0.66 1.07 0.46 1.20 0.49
B-Cubebene 0.98 0.54 0.58 0.35 0.96 0.41 0.86 0.35
Germacrene 529 2.92 5.30 3.16 4.30 1.85 5.63 2.31
y-Elemene 0.75 0.41 - - 0.67 0.29 - -
B-Selinene 335 1.85 2.94 1.75 2.14 0.92 3.51 1.44
y-Cadinene 4.83 2.67 4.55 2.72 3.36 1.45 4.31 1.77
a-Selinene 1.88 1.04 0.99 0.59 0.70 0.30 1.29 0.53
Spathulenol 2.26 1.25 2.12 1.27 1.66 0.72 2.01 0.83
3-Cadinene 13.05 7.21 11.64 6.95 9.16 3.94 10.67 4.38
2 n.d. 14.27 7.89 16.13 9.64 28.11 12.10 14.38 5.92
z 99.99 54.46 100.00 59.56 100.00 43.21 100.00 41.79
Other extracted
compounds (%)° 45.54 40.44 56.79 58.21

*AP - area percent

** C - compound content

*** n.i. - not identified

*- Coextracted, non-polar and non-evaporable basil compounds (of course, not present in the basil EO
obtained by the hydrodistillation process)
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The results from Table 3 show the great difference between the contents of basil EO
compounds obtained by the GC-MS method and by the GC-FID method. The percents of
the compounds detected by GC-FID in the CO, extracts are from 41.79% (sample obtained
at 300 bar and 40°C, i.e. solvent density of 0.929 g mL™) to 59.56% (sample obtained at
100 bar and 40°C, i.e. solvent density of 0.568 g mL™"). On the basis of our previous SFE
investigations of different aromatic plants (and other raw materials) carried out during last
20 years (12, 14-28), the best combination of pressure and temperature for EO separation
(isolation) is 100 bar and 40°C — the resulting extracts are most similar to “classical” EOs.
The other extracted compounds — OEC (Table 3, the last row) from the extracts (mass
percent from 40.44 to 58.21%) are not (and could not be, without some kind of derivation,
such is esterification) detected by the GC-FID (or GC-MS) method. The highest yield, i.e.
content of OEC (58.21%) was obtained using supercritical CO, with highest the investiga-
ted density (0.929 g mL™), i.e. the highest solvent "solubility power". On the other hand, the
values obtained by GC-MS, result in a "wrong" picture of basil compounds contained in the
CO, extracts (and, probably, all other extracts obtained using different solvents and extracti-
on procedures). It can be concluded that the GC-MS method can be used only for qualitati-
ve and quantitative analyze of "real" EOs obtained by distillation (containing only evapo-
rable compounds).

The predominant compounds in the CO, extracts are linalool (from 10.14 to 16.60%),
eugenol (from 5.91 to 9.78%) and d-cadinene (from 3.94 to 7.21%), depending on the SFE
conditions, whereas the dominant EO compounds of the same basil sample obtained by
hydrodistillation were linalool (49.79%), 6-cadinene (8.07%) and germacrene (5.73%), see
Table 1.

The obtained results (Table 3) can be discussed the following way: The compound
which is dominant in all the basil products is linalool, whose content in EO was 50.09%
(i.e. 49.79%, w/w). The highest content of this compound in CO, extracts was obtained at
100 bar and 40°C (16.60%), but the highest extraction yield of linalool was not achieved
under these extraction conditions. The extraction yield of the basil SFE at 300 bar and 50°C
was 1.483% (Table 2), and linalool content in the extract is 10.14% (Table 3), i.e. 150.38
mg of linalool has been extracted from 100 g of plant material. On the other hand, at 100
bar and 40°C, the extraction yield was 0.719%, linalool content 16.60% and 119.35 mg per
100 g of basil sample was obtained. This sort of calculation is necessary for all compounds
of interest (Table 4).

Table 4. Extraction yields of the predominant compounds of the basil CO, extracts

Sample (p, T) EO 100, 50 100, 40 300, 50 300, 40
Compound C* EY** C EY* C EY C EY C EY

Linalool 49.79 | 28131 | 1079 | 96.46 | 16.60 | 119.35 | 10.14 | 150.38" | 10.72 | 137.97
Methylchavicol 338 | 19.10 | 0.62 | 554 | 0.87 | 625 | 060 | 890 | 0.66 | 8.49

Eugenol 374 | 2113 | 9.78 | 8743 | 929 | 6679 | 591 | 87.64 | 6.61 | 8507
a-Bergamotene 411 | 2322 | 290 | 2593 | 2.54 | 1826 | 1.78 | 2640 | 2.29 | 29.47
B-Selinene 356 | 20.11 185 | 1663 | 1.75 | 1258 | 092 | 13.64 | 144 | 1853
3-Cadinene 807 | 4560 | 721 | 6446 | 695 | 4997 | 3.94 | 5843 | 438 | 5637

* - compound content (%, w/w)
** - extraction yield (mg per 100 g of basil)
a - the highest compound SFE yield (bold)
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The compound solubility depends on the solvent density, i.e. on the process pressure
and temperature. The solvent density of 0.378 g mL™" (100 bar and 50°C) was the most sui-
table for the extraction of d-cadinene (the highest compound solubility). The extraction
yield was 64.46 mg/100 g (Table 4). The combination of pressure of 300 bar and tempera-
ture of 50°C (solvent density 0.881 g mL™") of CO, resulted in the highest yields of linalool
(150.38 mg/100 g), methylchavicol (8.90 mg/100 g) and eugenol (87.64 mg/100 g). The
best solubility of a-bergamotene and B-selinene was observed at the highest investigated
density of CO, (0.929 g mL™), i.e. at the pressure of 300 bar and temperature of 40°C. On
the other hand, the obtained extraction yields using SFE were higher for some compounds
(eugenol, a-bergamotene and d-cadinene) than that obtained by hydrodistillation (Table 4).
In the same table, the results of compound content (C; %, w/w) show a similarity (more
than all other extracts) of the CO, extract obtained at 100 bar and 40°C (solvent density
0.568 g mL™) to basil essential oil obtained by hydrodistillation.

CONCLUSION

In the sweet basil, the determined EO content was 0.565% V/w, with linalool as the
predominant compound (50.09%), which indicates that the investigated sample of basil is
of chemotype A. The extraction yields obtained by SFE, using CO,, were from 0.719 to
1.483% (w/w), depending on the carbon dioxide density (from 0.378 to 0.929 g mL™).
The predominant compounds of the CO, extracts were linalool (from 10.14 to 16.60%),
eugenol (from 5.91 to 9.78%) and 4-cadinene (from 3.94 to 7.21%), depending on SFE
conditions. The GC-MS method can be successfully used only for qualitative and quanti-
tative analyses of "real" EOs, obtained by hydrodistillation (containing only evaporable
compounds). On the other hand, for all other extracts (including CO, extracts), obtained
by different extraction methods and solvents, GC-FID method, using appropriate external
standards, is right way for a precise quantitative determination.
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ETAPCKO YJbE U EKCTPAKTH BOCUJbKA (Ocimum basilicum L.)
JOBWJEHU CYIIEPKPUTHNYHOM EKCTPAKIIMJOM

3opan I1. 3exosuh, Cnesxcana b. Qunun’, Cenxa C. Budoeuh’, Ihwan C. Aodamoeuli’,
Moxamed A. Enznou’

! Vanpepaurer y Hoom Cajty, Texnonomku dakynrer, Bynesap napa Jlasapa 1, 21000 Hosu Can, Cp6uja
2 Vuusepsurer y HoBom Cany, Texuuuku (axynrer Muxajio ITynus, Bype Baxosuha 6.6, 23000 3pemanus, Cpouja
* VincTuTyT 32 patapcTBo U OBpTapcTBOo, Makcuma Topkor 30, 21000 Hosn Can, Cp6uja

Exctpaktu 6ocmibka (Ocimum basilicum L.) noOujeHH pa3inYUTHM €KCTPAKIIUOHHM
NOCTYNIUMa (XUIPOAECTUIIAIMjA U CYIEPKPUTHYHA SKCTPAKIUja YIJbeH THOKCHIIOM) CY
KBAJMUTATUBHO U KBaHTUTaTUBHO aHamm3upaHu GC-MS u GC-FID meromama. Caapixaj
etapckor yipa (EY) Oocuibka, ompehen odurmjamaom meromom, je usHocuo 0,565%
(V/m). IlpuHOC CymepKpUTHYHE EKCTpakimje Oocuibka je 6uo oxm 0,719 no 1,483%
(m/m), y 3aBUCHOCTH OJ] TYCTHHE CYNEPKPUTHIHOT (UIyHJa - YIIbeH JTUOKCHA (MCIIUTH-
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BaHU OIICET TYCTHHE pacTBapada je 6mo ox 0,378 mo 0,929 g/mL). /lomrHaHTHA jenumbe-
ha Koja Cy JIETEKTOBaHAa y CBUM HcnuTHBaHUM y3opuuma (EY nobujeHo xuapoaecria-
LMjOM M Pa3IMYUTH CYNEPKPUTUYHU EKCTPAKTH) CY: JIMHAJIOON, Ka0 INIaBHA KOMIIOHEHTa
EY Gocubka (canpxaj ox 10,14 1o 49,79%, m/m), eyrenon (ox 3,74 no 9,78%) u d-ka-
muHeH (o7 3,94 no 8,07%). KBanTuTaTuBHY capxaj komnoHeHara oapehen momohy GC-
MS (penaruBHu nporeHar, %, oapelen npeko nospiuHe muka) 1 GC-FID (%, m/m, ox-
pehen npuMeHOM MeTo/Ie CIIoJballIBbEr CTaH1ap/a) je yropeheH u npoancKyToBaH.

Kibyune peun: Ocimum basilicum L., eTapcko yibe, eKCTpaKTH, TacHa XxpoMmaTorpaduja,
cacraB
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YINYTCTBO 3A UCAIBE PAJIA







Acta Periodica Technologica 06jaBibyje TIperiielHe U HAyYHE PaJioBe KOjU TIOKPUBA]jy
cBe obOmactu mpexpambeHe, XeMHjcKke U (papmareyTcke TEXHOJIOTHje, Ka0 M IPOLECHOT
HHKESHEPCTBA M CIIMYHUX HAYYHHX O0JIACTH.

Acta Periodica Technologica ce mtamma Ha SHIIIECKOM je3UKy. Yacomuic Moxe cap-
XKaBaTU U JI0AATKe Be3aHe 3a KOHrpece, Hay4YHe CKYIOBE U CHMIIO3H]jyMe.

JocraBbame pykonuca. CBa KOpeCIOAEHIMja Be3aHa 3a Ipelajy pyKomuca paja,
o0aBemTemha 0 OJUTyKaMa ypeIHHKA U 3aXTeBHMa 3a PEBH3Hjy PYKOIINCA BPLIN CE eJIeK-
TPOHCKOM TOIITOM ca cienehux anpeca: sdjilas@tf.uns.ac.rs wim bastajab@uns.ac.rs.

Jla Ou pykommc OHMO y3€T y pa3MaTpare 3a 00jaB/bHBakE MOpa Jia 337J0BOJbH cienche
KpHUTEpHjyMeE:

- J1a je IPUIPEMIbEH Y CKJIaJIy ca OBUM YIIyTCTBOM,

- Jla pe3yiTaTH Koju cy oOpaljeHn y pyKonucy HHCY IPETXOAHO IMyOJMKOBaHM (M3Y-
3eB aKo Cy y GopMM M3BOAA paja WK y LEIMHH LITAMIAHH Y U3BOAUMA PajoBa
HAYYHHX CKYIIOBa, MM aKO Cy J1e0 00jaBJbEHOT MpeaBamba U akaIeMCKe Te3e),

- Jla HHje MpeJar 3a MTaMIly y HeKU JPYTH YacoIuc 1

- na muje win Hehe Outh 00jaBJbEH HETAe APYTIE Y UCTOM OOJNHKY, HAa E€HTIECKOM
WM HEKOM APYIOM je3uKy, 0e3 IMcaHe carjlacHOCTH HM3haBaya Jacomuca Acta Pe-
riodica Technologica.

AKo je paz 00jaBJbeH y LIGIMHU WIN CaMO HEroB 7160 Ha HEKOM Hay4HOM CKYILy, TO C€

MOpa jaCHO Ha3HAYHUTH Y PYCHOTH Ha HACIOBHO] CTPAHH PYKOIHCA.

IMpunpema pykonuca:

Jesnk: Pykomyc Mopa OMTH HaITMCaH Ha €TIIECKOM je3UKY.

Mpunpema: Pyxomnuc mopa 6utH nmpunpemsbeH Ha MakcumaiHo 10 crpanuna A4 dopma-
Ta (0ZHOCH ce caMO Ha Hay4yHe panose), y MS Word-y, Times New Roman ¢onrom ca
BeMMYMHOM ciioBa 10 pt, IBOCTPYKHM NPOPEIOM H ca CBUM MapruHama ox mo 3 cm. Cse
CTpaHHIIe PYKOIIca MOpajy OuTH HyMepucane. Tabene u ciike Mopajy OUTH MMOCTaBIbe-
HE Ha MECTY I10jaBJbHBakba y TEKCTY.

Onmty m3rien. Pykonuc Tpeba na je n3noxeH jacHo U jAa canpxu: HacnoBHy crpany,
UzBon pana, Kibyune peun, YBoa, Ekcniepumentannu neo, Pesynrare u quckycujy, 3a-
KJby4ak, 3axBanHuily u Jlurepatypy (cBe Ha €HIVIECKOM je3HKy), kao u M3Boj paga u
KJbYYHE PEUH Ha CPIICKOM jE3HKY.

HacnosHa ctpana: Ha npBoj cTpanu pykonuca Tpeda Ja cTOju HacloB paja (0e3 cum-
6ou1a, hopmyia miM ckpaheHuIa) HaIMCcaH BEJIUMKUM OoJimpaHuM cioBuma. HacioB paga
Tpeba Na je KOHIM3aH M jacaH W Ja ce OJHOCH Ha cajpkaj pykomwuca. Vcnoj HaciioBa
pana umanux CIOBUMa HalMCATH ITyHA MMEHA CBUX ayTopa (MMe, Cpellibe CIIOBO U IPe3H-
Me), 6e3 HayIHUX U IpOoeCHOHATHHX 3Bama. ViMe ayTopa Koju je 3aIyKeH 3a CBY Kopec-
MTOJICHIIN]jY, TOKOM CBHX (ha3a perieH3nje U 00jaBJbHBama pajia, jaCHO O3HAYUTH 3BE3/U-
oM. Takol)e, HEOITXOIHO je HABECTH U EK-ETOBY e-mail azmpecy, Kao U IMyHY HOIITaHCKY
azapecy. MHCTHTYIHjY(€) ¥ KOjOj Cy ayTOpH 3anociieHH (MM aHTa)KOBAHH) HABECTH HCIIO/
MMEHA CBHX ayTopa. YKOJIMKO ayTOpH HUCY U3 MCTE MHCTHTYIMj€ U3a UMEHA CBAKOT ay-
TOpa O3HAYUTH OpOjeM y WMHJAEKCY NPHIAAHOCT MHCTUTYLMJU M UCTU OpOj y HMHJAEKCY
HarMcaTy UCIIpe]l Ha3uBa oJroBapajyhe nHctuTynuje.



H3Box panga (100-250 peun, umanux cioBa) HaIMCcaTH MCIIOJ] HACIOBA paja U UMEHA ay-
Topa. M3Box Tpeba na caap)ku InJb NCTPAKUBAYKOT paja, METOJE, pe3ylaTaTe U IUCKY-

chjy.
Kibyune peuyu (HOpMaHa CIOBa, MAKCHMAITHO 5 KIJBYYHUX pedun) HaBecTH ucroxa M3sona
pana.

YBoj Tpeba fa caapiku MoJaTKe Be3aHe 3a MPETXOAHU HCTPaKMBAUKH paJl ca OAroBapa-
jyhum pedepennama, kao 1 IpodIeM U LUJb UCTPAKHUBAHA OITMCAHUX Y pay.

ExcniepumenTanHu aeo. Marepujan u merone, Koju cy kopuuthenu y pany, Tpeda na
Oy/y jacHO W JIETaJbHO M3JIOKCHU KaKO OM OCTaM HAyYHHUIIM MOTJIM Ja UX ToHoBe. [le-
TaJbHO OMHCATH CaMO HOBE TEXHHKE M METOJE, JIOK je 3a Beh mo3Hate MeTojie JOBOJHHO
HaBecTU oaroBapajyhe pedepeniie.

Pesyaratn m auckycuja. Pesynratu Mopajy OuTH npHKa3aHu KOHIM3HO W jacHO, y Ta-
OeraMa WM WITycTpanyjama. 3HadajHOCT pe3yiTaTa UCTpaXUBamba MPUKa3aTy 0e3 MoHaB-
Jbarba MaTepHjajia m3JI0KEHOT Y YBoay. bpoj u BennunHy Tabena, wiaycTpaiyja, rpaduka
U XeMHjCKUX (popMyJsIa CBECTH Ha HEOIIXOJJaH MUHUMYM.

3akspyuak Tpeba Aa Mmokake 3Ha4ajaH JOMPHUHOC MPOOIeMAaTHKe PyKoONrca U MOTYNHOCT
BCHE JJaJbe IPHMEHE.

3axpaannua. Texct 3axBanauie Tpeba ga Oyae mro kpahw.

Pedepennie y TekcTy O3HAYUTH 10 PeNOCICTy TOjaBJbUBaba apaliCKUM OpojeBHMa y 3a-
rpagama ( ). Ce myOnukaiyje HaBeleHe Y PYKOIHUCY pajia HaBeCTH M y JIUCTH pede-
peHiu Ha noceOHOj cTpanuim Tekcta. CkpaheHu Ha3MBHM vacomnuca Tpeda aa Oy/ay Haru-
canu y ckiany ca Chemical Abstracts Service (CASSI Search Tool; http://cassi.cas.org).
Crucak pedepeHnn Tpeba HAMUCATH MO PEMOCIEAY HUXOBOT MOjaBJbUBAA Y TEKCTY.
HapecTn nmeHa cBux aytopa (He KOPUCTHTH ,,... B CAPaJHHIN"), Ca ’UXOBHUM HHHIIH]ja-
JuMa u3a oarosapajyher npesumeHna. M3a ckpalieHux Ha3uBa yacomuca 03HAYUTH TOJIHHY
n3gama (004x), cBecky (umanuk), 6poj (ako MOCTOjH), ¥ MPBH W TOCIENHBH Opoj cTpa-
HULE paja.

IIpumepu:

Yaconucu: Pascual, E.C.; Goodman, B.A; Yeretzian, C. Characterisation of Free Ra-
dicals in Solubile Coffee by Electron Paramagnetic Resonance Spectroscopy. J. Agric.
Food Chem. 2002, 50 (21), 6114-6122.

Krouee: Morris, R. The Last Sorcerers: The Path from Alchemy to the Periodic Table;
Joseph Henry Press: Washington, DC, 2003; pp 145-158.

Kruee ca euwe nocnasma: Puls, J.; Saake, B. Industrially Isolated Hemicelluloses. In
Hemicelluloses: Science and Technology, Gatenholm, P., Tenkanen, M., Eds.; ACS
Symposium Series 864; American Chemical Society: Washington, DC, 2004; pp 24-37.

Krouee ussooa paoosa: Noe, W.; Howaldt, M.; Ulber, R.; Scheper, T. Immunobase
elution assay for process control, 8" European Congress on Biotechnology, Budapest,
17-21 August 1997, Book of Abstracts WE 163, p. 246.

Tesze: Linstead, J.B. Effects of adding natural antioxidants on colour stability of
paprika. Ph.D. (or M.S.) Thesis, University of Glasgow, november 2006.



Hamenmu: Lenssen, K. C.; Jantscheff, P.; Kiedrowski, G.; Massing, U. Cationic Li-
pids with Serine Backbone for Transfecting Biological Molecules. Eur. Pat. Appl.
1457483, 2004.

Heobjasmwenu (nenybnuxosanu) nooayu: Tpeda na Oyay UUTUpAHH y3 KOMEHTap .,y
HITaMITK, ,,He00jaBJbEHH pe3yaTaTH  , JIMYHE Oenerike™.

THooayu npeyzemu ca unmeprnema: Tpeba aa caapixe ayTopa, HACJIOB, HHTEPHET ape-
cy u jgatyMm npucryna noxanmma: [Tpumep: Wright, N.A. The Standing of UK Histo-
pathology Research 1997-2002. http://pathsoc.org.uk (accessed 7 October 2004).

M3B0a ¥ K/by4YHE peuH Ha CPCKOM je3uKy Tpeba HamucaTd NHUPUITHYHEM THCMOM Ha
Kpajy pykomuca pazna (Iocie CIHCKA JINTEPATyPHUX MOJaTaka) M Y IPOLINPEHOM OOJIHKY
(Hajuiue 1 crpanuna). HacnoB pana HamucaTH HOPMaJTHUM, BEJTMKHM CJIOBHMA, a HCIOJ
Bera umanuk CIOBHMA HAIHCATH UMEHA ayTopa (MMe, CPEelihe CIIOBO U MPEe3rMe) Kao U
Ha3WB HHCTUTYLHjE Y KOjOj pase.

XeMHjcka HOMEHKJIATypa M jenuHune. Aytopu cy obaBe3HH na kopucre SI cucrtem
JEeIMHHAIIA ¥ XEMHjCKY HOMEHKIIATypy Koja je y ckirany ca mpaBmimma Chemical Abstract-
arzae rof je To Moryhe.

Tabese. CBaka Tabena Tpeda Aa je HyMepucaHa aparckuM OpojeM H3a Kojer Cliein Ha3uB
tabesne (Table 1. Result...). [llupuna Tabene He cme 6utH Beha ox 12,5 nm.

I'padunm n ciuke. Caku rpaduk WK CIMKY Takohe Tpeba HyMepucaTH aparckuM 0po-
jem m3a kojer cinenu HasuB (Figure 1. Chromatogram of...). I'padguu Mopajy Ouru npu-
npemsbenu momohy nporpama Microsoft Excel, Origin nnn Statistica. llleme Mopajy outn
npunpemsbeHe nomohy nporpama Microsoft Visio mnu Corel Draw. Cse rpaduke u meme
HEONXOJHO j€ JIOCTaBHTH Kao IoceOHe (ajimoBe y OpHIMHAIIHOj eKCTeH3Hju (HOp. Xls,
xlsx, vdr, cdr). Ckerupane mpHO-Oeje meMe TocTaBUTH Kao ¢ajnose ca tif, wmf mmu
bmp ekcrensujom. Gotorpaduje y mpHO-0€I10j TEXHUIN JOCTABUTH Kao moceOHe (ajioBe
ca jpg eKCTCH3MjOM.

Xemujcke opmysie u MaTeMaTHUKe jeqHayuHe. Hanucaru xemujcke dopmyiie U Ma-
TEMaTHYKe jelHaYMHE jaCHO M MPELM3HO M TAa4HO MOCTABUTH MHJAEKCE Ha CBOja MecTa.
JenHaunHe y TEKCTy O3HAUMTH aparickuM OpojeBHMa y yIrilacTUM 3arpajama | |. 3Hauema
kopurtheHux ckpaheHuIla ¥ cuMOoja Tpeba JeTabHO 00jaCHUTH NPUIMKOM HHHXOBOT
TIPBOT I10jaBJbUBAKA Y TEKCTY HJIH JJATH MOCE0aH CIHCAK Ha MOCCOHO] CTPAaHUIIM Ha KpPajy
pyKoruca.

JonaTtHe nHdopmanuje

Pykormc Tpeba mociatu ypeqHUKY Yacommca y J1Ba OALITAMIIaHa IpUMepKa Ha cieaehy
anpecy: Ilpod. ap Coma DBunac, Texnomomku ¢axynrer Hou Caxn, byneBap mapa Jla-
3apa 1, 21000 Hoeu Cax, ca Ha3zHakoM ,,Pan 3a gacommc Acta Periodica Technologica®.
EnextpoHcky Bep3ujy pykonuca nociartu Ha cienehe e-mail aapece: sdjilas@tf.uns.ac.rs
i bastajab@uns.ac.rs. Oj ayTopa ce o4ekyje Ja MpeyIokKe KaTeropujy pyKormca paaa
(mpernenHu paj WM OPUTHHATIHYA HAYIHU PaT).

Penensuja. CBu pajioBH JOCTaBJbEHH YPEIHMINITBY dacomuca Ouhe mociatu Ha pereH-
3Wjy KOJ HajMar¢ JIBa HE3aBHUCHA pPelicH3eHTa Koju he OUTH 3aMOJbeHH J1a PelICH3H)y J0C-



TaBJHEHOT' MM PYKOIIMCa U3BpLIC y poKy ox 4-6 Henesba. KoHauny omyky o ImyOimKo-
Bamy pykommca qoHocH YpehuBauku ogbop gacommca. Pykommc moxxe Outn BpaheH ay-
TOpPUMa Ha MCHPaBKY U JIOIYHY, YKOJHKO jé TO HEONXOAHO. VcnpaBibeH U NONyHmeH py-
Komuc Tpeba BpaTUTH YPETHHUIITBY Yacomrca MTo je mpe Moryhe (Hajmasse 3a 2 Helesbe)
HAKOH JI0CTaBJbaba IPUMEI0N 1 KOMEHTapa peLeH3eHaTa ayTopuMa.

Pax mpunpemibeH 3a mrammy: Y mocieqsoj (asu mpumpeme pyKomuca ayTopy 3aay-
JKEHOM 32 KOPECIIOJICHIN]Y eJIEKTPOHCKOM MoIToM Ouhie 1ocTaBibeH paj NpUIpeMIbeH
3a MITaMITy Ha KOPEKIHjy HCKJbYYMBO TEXHHYKE MPHUPOJE U CArJaCHOCT 3a MITAMIIAmE.
CBe KOpeKIHje ayTOpU JOCTABIbAjy SIEKTPOHCKOM IOIITOM y POKy ox 48 caTu oj IpH-
jeMa pajia IpUIPEMIBCHOT 32 IITAMITY.

Cpa muTama Be3aHa 3a 00jaBJPHBAEC PaJoBa Y YacOMUCy ClIATH HA e-mail ypeaHuka
yacornuca (sdjilas@tf.uns.ac.rs).
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