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Polyphenols and their derivatives are complex compounds that are responsible for the color and quality of red wines.
The goal of the research was to determine the polyphenolic composition and its influence on the color and quality of the
Cabernet Sauvignon variety. Wines obtained from Skopje, Ovce Pole and Gevgelija-Valandovo regions were
investigated. In young wines, chemical analysis of total polyphenols, total anthocyanins, tint and color intensity was
performed. The analyses were carried out by using spectrophotometric methods and standard chemical methods. With a
higher content of total polyphenols (3385 mg/L EGA) and anthocyanins (978 mg/L), the wine from Skopje wine region
was distinguished. The richest chemical composition has the wine from the Ovce Pole wine region with the highest
content of alcohol (14.58 vol.%), dry extract (30.8 g/L) and total acids (5.8 g/L). The polyphenolic composition of the
wines depends on a number of factors: the variety-clone, the substrate, the agro-technical and ampelotechnical measures,

the yield, the degree of maturity, the health condition, the harvesting and transport and the terroir.
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INTRODUCTION

Polyphenols and their derivatives are a large
complex of compounds that are responsible for the
characteristics, color and quality of the wines,
especially the red wines. They are a heterogeneous
family composed of two main groups: flavonoids
and non-flavonoids. Flavonoids in grapes and wine
are mainly found as: anthocyanins, flavonols,
flavan-3 ols (tannins or proanthocyanidins) [1, 2].
Non-flavonoids include phenolic acids and
stylbenes. Polyphenols significantly affect the
sensory characteristics of both, the grapes and the
wine, since they are responsible for some
organoleptic properties such as: aroma, color,
bitterness and astringency. Thus, the anthocyanins
are responsible for the color of red wines, while
proanthocyanidins, which are still called condensed
tannins, are responsible for the bitterness and
astringency of the wines. The polyphenolic structure
of the wines depends on a number of factors and can
be divided into: unchangeable (constant) and
variables. Invariable factors are: variety-clone,
basis, soil and location. The group of variable
factors includes: climatic conditions, agro-technical
and ampelotechnical measures, yield, level of
maturity, health condition, manner of harvesting
and transport. Terroir has a major influence on the
quality of grapes and wine [3, 4]. Defining the
terroir  conditions includes:  soil,  subsoil,
microclimate, orography, exposure, level and
composition of subsoil waters. The listed elements
of the terroir give the specificity of the
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wines originating from the existing conditions. The
soil types influence the choice of the substrate, the
variety and the quality of the grapes and the wine.
Climate conditions (temperature, precipitation and
insolation) during the year of production have the
biggest impact on the quality of the grapes. The
Skopje, Ovce Pole and Gevgelija-Valandovo wine
areas, according to climatic characteristics, are in
the continental-sub-mediterranean climate. The
Skopje wine region is a typical area where the
influence of the sub-mediterranean and eastern
continental climate is combined [5].

Both the distance from the Aegean Sea and the
proximity to the higher mountains contribute to the
climate in this area, to be less homogeneous with
pronounced variations of certain climatic elements.
Ovce Pole and Gevgelija-Valandovo wine areas are
characterized by a warmer climate and more sub-
mediterranean influence. Climatic conditions have
an impact on the variety and quality of the grapes
(raw material) for wine production. Years of
production in developed wine-growing countries on
the basis of climatic conditions and quality of
harvesting of the wines are declared as: good, very
good and excellent. The warm climate conditions
with an average annual air temperature of 11.5 °C-
12.5°C, with vegetation temperature amount of
3800°C - 4000°C and precipitation up to 600 mm,
are generally acceptable for the production of wine
varieties such as Cabernet Sauvignon, Burgundy
Black, Merlot and others. They provide a raw
material for the production of red dry and
intensively colored wines.
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MATERIAL AND METHODS

The tests were carried out with the variety
Cabernet Sauvignon grown in three vineyards:
Skopje, Ovce Pole and Gevgelija-Valandovo. The
grape  variety = Cabernet  Sauvignon  was
simultaneously taken up in full technological
maturity from the three vineyards. Its processing
was carried out in the experimental winery at the
Agricultural Institute-Skopje. The grape pulp was
treated with sulfides (with 50 mg/L). The
maceration lasted 7 days and the fermentation was
carried out at 25 £ 2 °C for a duration of 10 days.
For more efficient extraction of the phenol
components in the grape pulp, 3ml/HI enzyme and
25g/HI wine yeast were added. After fermentation,
the wine was separated from the sediment and
correction of SO, was made. So, the free SO; is not
less than 25 mg/L and the total SO; is not higher
than 100 mg/L. After that the wine was packed in
bottles. Packaged wines were kept at 15 = 2 °C
temperature with adequate care. In the obtained
young wines alcohol, total extract, sugar, total acids,
volatile acids, free and total SO, and pH were
measured at an accredited oenological laboratory of
the Agricultural Institute-Skopje, according to the
adopted methods of OIV. [5, 7, 11] Analysis of total
polyphenols was performed according to the
method of Folin-Ciocalteu, following the procedure
below:

The wine sample was diluted 1/25. Then 5 mL of
distilled water and 1 ml of the diluted wine were put
in a 10 mL volumetric flask. 0.5 mL of Folin

Table 1. Chemical composition of must

Ciocalteu’s reagent and 1.5 mL of Na.COs (20%
solution) were added to the solution and after 3 min
the volumetric flask was filled up to the mark with
distilled water. Then the solution was left in a water
bath for 16 min at 50°C. The colored samples were
analyzed spectrophotometrically, at a wavelength of
765 nm. The obtained results are expressed in mg/L
EGA (Equivalents galic acid) [6, 7]. For
determination of anthocyanins, tint and intensity of
the wine, it was necessary to centrifuge it, with 5000
revolutions per minute, with duration of 30 min.
Centrifuged wine was diluted 1/100 with acidified
ethanol (ethanol + concentrated HCI) [11, 12]. The
diluted samples were analyzed
spectrophotometrically, at a wavelength of 420, 520
and 550 nm. The values were obtained using the
formulas for anthocyanins, nuance and intensity.
Sensory assessment of guilt was performed by a
five-member tasting committee.

RESULTS AND DISCUSSION

The chemical composition of the grape must is
represented by: sugar content, total acidity content
and pH. The lowest sugar content was registered in
the sample of the Skopje wine area (215.0 g/L) and
the highest value was obtained in the sample from
the Ovce Pole region (245.0 g/L) [7, 10]. The Ovce
Pole wine district was characterized by the highest
total acid content (7.0 g/L). With the lowest content
of total acid were the samples from Gevgelija-
Valandovo wine region (5.7 g/L). The obtained
results of the chemical composition of the must are
shown in Table 1.

Parameter Skopje region
Sugar (g/L) 215.0
Total acids (g/L) 6.7
pH 3.43

Ovce Pole region

245.0 220.0
7.0 5.7
3.35 3.61

Gevgelija-Valandovo region

Table 2. Chemical composition of wine

Parameter Skopje region Ovce Pole region Gevgelija-Valandovo region

Alcohol (vol%) 12.68 14.58 13.00
Total extract (g/L) 29.70 30.8 28.9

Sugar (g/L) 1.0 1.0 1.0

Total acids (g/L) 5.7 5.8 4.9
Volatile acids (g/L) 0.56 0.34 0.42
Free SO2(mg/L) 26.88 30.00 25.40
Total SO2(mg/L) 70.40 64.00 52.04
pH 3.19 3.30 3.45
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The following parameters were examined for the
obtained wines from all three vintages: alcohol, total
extract, sugar, total acids, volatile acids, free and
total SO, pH, total phenols, anthocyanins, tint and
intensity (Table 2). The highest content of alcohol
(14.58 %) was obtained for the wine sample from
Ovce Pole region. The content of total acids varied
from 4.9 to 5.7 g/L which is within the permissible
limit for quality red wine. The obtained results for
volatile acids from 0.34 to 0.56 g/L indicated that
they are microbiologically healthy wines [8, 9].
According to the content of the total extract (28.9 to
30.8 g¢/L) the wines are tasty and with high
quality.The obtained values for total phenols,
anthocyanins, tints and intensities in the young wine
are shown in Table 3. The content of total phenols
is variable. The result obtained for the wine sample
from Skopje region is the highest (3385.00 mg/L
EGA) and the lowest value (2342.00 mg/L EGA) is
obtained for the sample from Gevgelija-Valandovo
vineyard. The results for anthocyanins, from 422.77
to 978.84 mg/L EGA, for the samples from
Gevgelija-Valandovo and Skopje, respectively, are
shown in Table 3. The tint value (0.3265-0.3640) is
within the permissible limits for young red wines.
Its increase depends on storage and ripening period
of the wine. The intensity (1.0155-1.3265) is within
the allowed limits for young red wines, it has a
variable character, decreases during maturing and
aging of the wine.

Young wines from Cabernet Sauvignon varieties
are of intense red color, with an odor that resembles
to currant, blackberry, green pepper and other less
pronounced spicy aromas. As a result of the higher
content of tannins in the grapes, the young wine of
taste is slightly coarse (mandatory
maturation). Fully formed and ripened wine from
the Cabernet Sauvignon variety is distinctive with a
specific taste, intense color, light, harmonious.

Parameter  Skopje Ovce Gevgelija-
region Pole Valandovo
region region
Color 2.0 2.0 2.0
Clearness 2.0 2.0 2.0
longer Odor 3.2 3.3 3.0
Taste 10.3 10.6 10.2
Total 17.5 17.9 17.2

Table 3. Phenolic compounds in wine

Parameter Skopje Ovce Gevgelija-
region Pole Valandovo
region region
Total phenols
mg/L (EGA) 3385.00 3020.00 2342.00
Anthocyanins
mg/L (EGA) 978.84  732.42 422.77
Tint 0.3640  0.3265 0.3397
Intensity 1.2570  1.3265 1.0155

Phenolic compounds in wine

15,0
10,0
5,0
0,0

”.’" Gevgelija-Valandovo...
Skopje region

<
Q
R

5 & @
& & F

O@&
Skopje region
m Ovce Pole region

u Gevgelija-Valandovo region

Chart 1.

Table 4. Sensory evaluation of the wine

=@ Skopje region

Chart 2.

Sensory evaluation of the wine

=@— Ovce Pole region

Color
20,0
15,0
10,0
Total 5.0
0,0

/J

Taste

Gevgelija-Valandovo region

Clearness

Odor

293



A. Serafimovska et al.: Polyphenol composition of wine from the variety Cabernet Sauvignon

In assessing the gquilt, 4 parameters (color,
clearness, odor and taste) were taken, which form
the total tasting assessment. The maximum number
of points is 20. The best quality and the highest
sensory score (17.9) was evaluated for the wine
from Ovce pole region. The lowest points had the
wine from Gevgelija-Valandovo region (17.2
points). The results of the sensory evaluation of the
guilt are presented in Table 4.

CONCLUSIONS

On the basis of the obtained results and
performed tests on the Cabernet Sauvignon variety,
the following conclusions can be made:

- Climatic and soil conditions in the Skopje,
Ovce Pole and Gevgelija-Valandovo vineyards are
very favorable for successful breeding of Cabernet
Sauvignon. It provides a raw material for the
production of quality and premium wines. It is
recommended for growing in all the wineries of the
Republic of Macedonia.

- The sugar content (215.0 - 245.0 g/L) and total
acids (5.5-7.0 g/L) in the must are within the
biological properties of the variety.

- The wine is characteristic for the variety
Cabernet Sauvignon, it has a rich chemical
composition: alcohol (12.68- 14.58%), total extract
(28.9 to 30.8 g/L), total acids (4.9-5.8 g/L),
anthocyanins 422.77-978.84 mg/L) and total
phenols (2342.0-3385.0 mg/L EGA).

The best quality and highest sensory evaluation
was established for the wine from Ovce Pole
Vineyard.
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Reaction stoichiometry and mechanism of tetravalent cerium liquid-liquid extraction
in the Ce(IV)-H,SO,4-Cyanex 302-kerosene system
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The single-stage extraction of cerium(IV) from sulfuric acid solutions with Cyanex 302 was scrutinized. The
quantitative extraction of 0.002 mol L™ Ce(IV) at pHeq ~ 4.0 was achieved by 0.1 mol L™ Cyanex 302 diluted in
kerosene. The stoichiometry of the extracted species and the mechanism of extraction were elucidated on the basis of
conventional slope analysis method. The distribution data were utilized to cover the determination of the conditions of
feed solution pH, extractant concentration, organic-to-aqueous volume ratios, and reaction temperature for maximum
extraction of cerium(IV). The temperature variation studies indicate that the overall extraction reaction is an exothermic
process, which is confirmed from the negative value of AH. The positive value of AG suggests that the extraction process
is non-spontaneous and the positive value of AS indicates that extraction of Ce(IV) is more efficient at high temperatures.

Keywords: Cerium(IV); Liquid-liquid extraction; Cyanex 302; Mechanism; Stoichiometry.

INTRODUCTION

Cerium compounds are widely used in magnets,
polishing powders, phosphors, fluorescent powders,
catalysts, and colorants [1-4]. This element is well found
in minerals of monazite and bastnaesite groups.
Generally, the easy oxidation of Ce(lll) into Ce(IV) is
used to separate Ce from other rare earth elements (REES)
[5]. Compared with REEs(lII), Ce(IV) is more easily
extracted [6, 7]. Liquid-liquid extraction is one of the
common metal separation techniques from aqueous
solutions [8-14]. This technique was utilized for the
selective extraction of cerium from acidic leach
liquors [8, 15-19]. The sulfuric acid leach liquors are
among the cases from which Ce(lV) extraction is
considered. 2-ethylhexyl phosphonic acid 2-
ethyhexyl mono ester (EHEHPA, also known as
PC88A, P-507 and lonquest 801), di(2-
ethylhexyl)phosphoric acid (D2EHPA or HDEHP
also known as P204), Cyanex 923 as extractants for
the Ce(IV) extraction have been scrutinized [16, 17,
20-25]. Cyanex 923 is considered as an effective
extractant for Ce(IV). Wuping et al. [16, 24]
investigated the extraction of Ce(IV) and F from
simulated sulfuric acid liquor of bastnaesite with
Cyanex 923. The latter can extract not only Ce(IV)
as Ce(HS04)2(S0.). 2(Cyanex 923) but also F as
HF(Cyanex 923). The extraction mechanism of
Ce(lV) together with F can be related to the
formation of Ce(HF)(HSO4)2(SOs) .2(Cyanex 923).

However, the common organophosphorus esters,
including di(1-methyl-heptyl) methyl phosphonate
(P350), TBP, TOPO, Cyanex 925, and Cyanex 923
have their own downsides for the extraction of
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Ce(lV). For instance, P350 cannot be utilized to
extract Ce(IV) due to the difficulty of removing
potential reducing impurities. For Cyanex 925 also
the problem of reduction of Ce(IV) exists in sulfate
medium [26]. TBP as an extractant for Ce(IV),
requires high TBP concentrations and high acidities.
Its ability to extract Ce(IV) is also low compared to
other extractants. Cyanex 921 (TOPO) also has a
high potential for the extraction of Ce(IV), but its
solubility in aliphatic diluents is limited. A further
disadvantage of TOPO is the slow kinetics of
extraction. In the case of Cyanex 923, the impurities
in Cyanex 923 reduce tetravalent cerium to the non-
extractable trivalent state, and at high acidity, a third
phase causing the decrease in extraction would
appear. Cyanex 923 is more expensive than di(2-
ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP)
and less utilized to Ce(lV) extraction [6, 23, 27].
D2EHPA requires higher acidity level in the
stripping process which could affect the operational
cost.

Despite the high extraction efficiency of
D2EHPA for the REEs, the stripping difficulties in
the loaded organic phase have limited its uses,
especially for extraction of heavy REEs. Recently,
particular attention has been paid to EHEHPA as an
alternative extractant to D2EHPA for the separation
of rare earth elements due to the high separation
factors between any two adjacent rare earths [28]. In
addition, REE-loaded extractants can be stripped at
lower acidities in EHEHPA systems compared to
D2EHPA systems [29-31], but the kinetics of

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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extraction is slower and extraction efficiency is
lower. Therefore, the development of new extraction
systems for Ce(1V), especially in H.SO. media, is a
topic of great importance. In the field of solvent
extraction, a recent development is the use of
organophosphinic acid derivatives and their sulfur
analogues (Cyanex reagents). Cyanex 302 and
Cyanex 301 are mono- and disulfide analogues of
Cyanex 272 The sulfur substitution decreases the
pKa values (6.4, 5.6 and 2.6 for Cyanex 272 [32],
Cyanex 302 [33] and Cyanex 301 [34], respectively)
allowing working at lower pH [35]. Cyanex reagents
differ from other commercial organophosphorus
reagents (e.g. D2EHPA, DDPA, TBP, EHEHPA,
etc.) in that the former reagents contain P-C bonding,
whilst the latter contain P-O-C bonding. The
presence of P-C bonding in Cyanex reagents makes
them less susceptible to hydrolysis and less soluble
in water [36]. Among organophosphorus extractants,
dithio-substituted dialkylphosphinic acid, Cyanex
302, not yet used for cerium extraction, has received
increasing regard due to its capability in the recovery
of metal ions and for their separation from agueous
solutions [37-43]. Also there is no report on the
extraction equilibrium and stoichiometry of Ce(1V)
in the Ce(IV)-H2S0O4-Cyanex 302-kerosene system.

The present study aims to optimize the extraction
reaction of cerium(lV) in the Ce(IV)-HzSO,-
Cyanex 302-kerosene system. The stoichiometry of
the extracted cerium(lI\V) complex and a plausible
extraction mechanism were proposed by using slope
analysis and graphical methods. The influence of
aqueous pH, extractant concentration, and
temperature on the extraction of Ce(1V) was studied.
The extraction thermodynamics by Cyanex 302
from sulfuric acid solution was obtained under the
experimental conditions and thermodynamic
functions AH, AG and AS of the investigated system
were determined.

EXPERIMENTAL
Reagents and apparatus

The stock solution of Ce(IV) was prepared by
dissolving Ce(SO4)2-4H0 in sulfuric acid (H2SO4)
(Merck) and diluting with distilled water. An amount
of 1 mol L sodium hydroxide (Merck) was used for
pH adjustment. The solution was standardized
against 0.05 M EDTA solution [44] utilizing
Eriochrome Black T as indicator. The commercial
extractant, Cyanex 302 (bis-(2,4,4-trimethylpentyl)
mono-thio-phosphinic acid) was supplied by Cytec
Canada Inc. The organic phase was prepared by
dissolving the extractant in kerosene (Sigma—
Aldrich).
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The concentration of Ce(IV) in the agueous phase
was measured with an inductively coupled plasma
atomic emission spectrometer (ICP-AES) (Varian,
Liberty 150AX Turbo, Australia). The aqueous pH
adjustment was done using a digital pH meter
(Metrohm 691 instrument). Also, extraction tests
were conducted in a temperature-controlled
circulating water bath 000-7126 (Haake A80).

Extraction procedure

Solvent extraction experiments were conducted
in stoppered glass tubes immersed in a thermostated
water bath (25.0 + 0.5 °C) using equal volumes (10
mL) of the aqueous solution (0.5 < pHgniy < 6)
containing 0.002 mol L* Ce(IV) and organic phase
containing the desired concentrations of extractant,
Cyanex 302. Preliminary experiments demonstrated
that equilibrium was achieved within 20 min. After
phase disengagement, the aqueous phase was
separated using a separating funnel, and the metal
concentrations were determined by ICP-AES as
mentioned above. The concentrations of the metal
ions in the organic phase were calculated from the
mass balance between the organic and agueous
solutions. The distribution coefficient (ratio), D, was
calculated as the concentration of metal ion present
in the organic to the aqueous solution at equilibrium.
All the experiments were conducted at ambient
temperature. The percentage extraction (%E) is
defined as follows:

D

\4
D+(ﬂ)
Vorg

%E =

x 100 1)

Stripping procedure

The stripping procedure was similar to the
extraction one, with the exception that the aqueous
phase was a prepared agqueous stripping phase and
the organic one consisted of the metal-loaded
organic phase obtained in the extraction process. The
fully loaded organic solution with the highest
extracted metal concentration was chosen for the
further stripping studies. Cerium(IV) in this solution
was stripped by (0.1, 0.5 or 1.0) mol L* mineral acid
(H2SOs4, HCI or HNO3) solution at 25+0.5 °C and at
O:A of 1. The shaking time was 1 h. After
equilibration and phase separation, the amount of the
metal ions in the aqueous phase was measured by
ICP-AES. The percentage stripping (%S) was
calculated as follows:

%S = ([Ce(IV)](aq,eq)/[Ce(IV)](o,ini)) x 100 (2)
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RESULTS AND DISCUSSION
Effect of aqueous feed pH

The pH dependence of the extraction of Ce(lV)
with Cyanex 302 was determined in the initial pH
range 2.25-4.5 with 0.08 mol L™ extractant as shown
in Fig. 1. The percentage extraction of cerium(IV) is
near to zero for solutions with pH lower than 2. This
indicates that for highly acidic media, hydronium
ions strongly compete with metal ions to be
extracted by the Cyanex 302. Extraction of cerium
(IV) was achieved at lower pH, suggesting that
Cyanex 302 has more acidity, thus allows the
extraction at a lower pH [45]. Similar results have
been observed regarding the impact of pHeq on the
extraction of various metal ions such as Cu?*, Co?*,
Ni?*, Zn?*, and Fe?* with Cyanex 272 and 302 [46].
The extraction increased with pH to almost 88% at
PHiniy 4.0, pH(eq) const. = 3.72. Results suggest that
the optimal pH value of the aqueous feed solution
should be fixed at 4, in order to obtain efficient
extraction.

Effect of extractant concentration

The effect of the extractant concentration on the
extraction of cerium(lV) was investigated by
varying its concentration, as depicted in Fig. 2.
Percentage extraction increased by augmenting the
concentration of the extractant, due to the higher
presence of extractant molecules. It was observed
that the quantitative extraction of cerium(lV) was
obtained by using 0.1 mol L Cyanex 302. Increased
ion extraction with increasing Cyanex 302
concentrations has been reported in various studies
[47-49].

100 1
80
60 -
40

20 A

Percentage extraction, %E

0 1 1 1 J
2,0 2,5 3,0 3,5 4,0
pH(eq)

Fig. 1. Effect of pH e on the percentageextraction of Ce(IV)

under conditions of 0.002 mol L=1 Ce(1Vv), 0.08 mol L
Cyanex 302 (V/V,= 1), T=(25.0+0.5) °C. Eq. time =20
min.

Stoichiometry of the extraction reaction

R.PSOH, the elemental constituent of Cyanex
302, is dimeric in non-polar diluents [46, 50]. In

aqueous solution, Ce(lIV) virtually exists as
Ce(OH)2?* and Ce(OH)s* [11, 51-53] which can
form complexes with co-existing HSO4 and SO4*

(L)

100
a0 -
8D -
70
60 -
50 -
an
30
20
10 -

D i
0.000 0025 0050 0075 0100 0125 0150

Percentage extraction,

[Cyansx 302], mol L™

Fig. 2. Effect of extractant concentration on percentage
extraction of Ce(IV) under conditions of 0.002 mol L™ Ce
(IV); pH(ini) = 4.0, pH(eq) const. =3.72; (Vo/Va) =1; T=(25.0
+0.5) °C, Eq. time = 20 min.

On considering the existence of
Ce(OH),LE " in  the aqueous phase, the
equilibrium for its extraction by HA can be
represented as (“x”, “2 — n + k” and “n/k” are
experimental extractant, pH and co-existing ligand
dependences, respectively):

Ce(OH), LMY 4 xHyAy0) S [

n(aq)
Ce(OH)ZLn—k-A(Z—an)((Zx —2+n-— k)/
2)H, Ayl o) + kL™ + (2 —n+ k)H* (3)
On defining “D” as

[Ce(OH)2Ln_kA—n+k)((2x—24n—k)/2)HzAz]

(Oeq) (4)

Ce(OH)zLEIZ(_ar:I);

the Kex of equation (3) can be expressed as:
log D = logK,, + mpH + xlog[H,A,] ) — klog[L™] (5)

where “aq” and “o” represent the aqueous and
organic phase, respectively; and m = (2 — n + k).

The equation (5) illustrates the basic equation for
a chelate-forming solvent extraction system by a
dimeric acidic extractant. All concentrations and pH
terms in equation (5) refer to the equilibrium values.
Consequently, equation (5) represents that the value
of log D should be independent of [Ce(IV)] at a set
of constant equilibrium pH, [extractant] and [anion].
Corrected D-values (i.e. Dc) at a set of constant
equilibrium pH and [extractant] can be calculated by
mass-balance (equation (6)):

log D¢ = logK,, + mpH + xlog[H,A;] ) — klog[L™]
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log D¢ = logD + m(pH(ini) - pH(eq)) + xloy[HZAz](o,ini)
_lo.g{[HZAZ](o,ini) - x[Ce(IV)(o,eq)]} (6)

At a constant [H2A>], the plot of log D¢ vs. pHeq)
should be a straight line with a slope of “m” (the
number of protons liberated during chelation
reaction). Fig. 3 represents the log Dc vs. pH(eq) plot
at constant [extractant],) of 0.10 mol L™
Experimental points fall on a curve rather than on a
straight line. Curve with limiting slope of almost 2
(1.8) is obtained at low pHs (l.pH) (pHeq < 2.3),
while the tangential slope is almost unity (1.26) at
pH(eq) ~3.0 and 0.40 at pH(eq) 3.7. It can be
concluded from this result that the pH dependence is
defined by the equilibrium pH range used: two
hydrogen ions, 2 H* are liberated per Ce(IV) being
complexed and extracted by Cyanex 302 when pHeq
is kept below ~2.5. With increasing pHq) value, the
number of liberated H* ions decrease from 2 to 1 at
PHeq) Of ~3.0 and 0.4 at pHeq) of 3.7.

15
tangantial
slope=0.4
1 4 //’
0.5 -
&
=
=TI
=2
-0.5
-1
-15 i i i
1.00 2.00 5.00 4.00 5.00

PH(eq)

Fig. 3. Logarithmic plot of corrected distribution
coefficient versus the equilibrium pH in batch extraction
obtained under conditions of 0.002 mol L* Ce(IV), 0.1
mol L Cyanex 302, Vo/Va=1 (Va=10mL), T= (25 £
0.5) °C. Eq. time = 20 min.

Based on equation (5), at a given constant pH, the
log D vs. log [H2A2](0) plot should be a straight line
with a slope indicating the mole ratio (x) of
extractant/metal ion in the extracted species of
Ce(1V) complex. The log D vs. log {[Cyanex 302],
mol L'} plot is depicted in Fig. 4. A straight line
with a slope of ~ 2 (2.02) is obtained which shows
the relationship between 2 moles of the extractant
and 1 mole of metal in the extracted metal species.

The anion co-existing with the metal ion in the
aqueous phase usually influences the extraction
characteristics of the metal ion by an extractant.
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2

15 4

log D
L=
L)

1

-2.000 -1.500 -1.000 -0.500
log {[Cyanex 302], mo L 1

Fig. 4. Logarithmic plot of distribution coefficient vs
the concentration of the extractant in batch extraction
obtained under conditions of 0.002 mol L Ce(1V), Vo/Va
=1(Va=10mL), pH(eq) 3.54, T=(25+0.5) °C. Eq. time
=20 min.

This phenomenon is most often observed when
extraction occurs by ion-pair formation and
solvation mechanisms. In chelate-forming extraction
systems, the co-existing anion may be involved in
chelate formation. Also, the chelate formation may
be impeded by the prior formation of metal-
coexisting anion complex. Since the extraction is
performed in sulfuric acid medium, the impact of
[SOs*]/ [HSO4] on the extraction has to be studied.
The 1st and 2nd ionization constants of H.SO, are
10° [46] and 1072 [50], respectively. These values
suggest that SO,> will be more available than
[HSO4] in the working pH region. So, L in equation
(3) represents SO4%. The related plot is displayed in
Fig. 5. Experimental points fall on a curved line
rather than on a straight line. At low concentrations
(l.c.r) of SO4*, D is scarcely changed, whereas at
high concentrations (h.c.r) of SO.%, it significantly
decreases with increasing [SOs*]. Tangential slope
at l.c.r of sulfate ion is almost 0 (-0.1), whilst the
respective slope at h.c.r of sulfate ion is almost -1 (-
0.9).

It is obvious from these studies that the value of
“x” is 2 whatever the experimental parameters but
the value of “k” is 0 at low [SO4*] and 1 at high
[SO4*]. The value of “m (= 2 — n + k)’ is 2 at low
pH (I.pH), 1 at middle pH (m.pH), and 0.4 at highpH
(h.pH). At l.c.r of sulfate ion and at I.pH, m = 2
suggests that n = 0; but at intermediate pH, m =1
involves that n = 1, and finally at h.pH, m = 0.40
implies that n = 1.60. On the other hand, at h.c.r of
SO and at L.pH, m = 2 implies n = 1; but at
intermediate pH, m = 1 suggests n = 2 and at h.pH,
m = 0.40 insinuates n = 2.60.
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Fig. 5. Logarithmic plot of distribution coefficient
versus the initial concentration of co-existing SO4> on
batch extraction obtained under conditions of 0.002 mol
L1 Ce(lV), 0.1 mol L Cyanex 302, Vo/Va =1 (Va= 10
mL), T =(25 =+ 0.5) °C. Eq. time = 20 min.

Extraction mechanism

The afore-mentioned experimental results lead to
the following expression relating the equilibrium
constant with the distribution coefficient in the
extraction of Ce(lV) in the Ce(IV)-H,SO4-Cyanex
302-kerosene system:

_ o[t Ikt O

ECONE
At l.c.r of SO4%, k =0, so that equation (7) becomes:
DIH* ®)

X [(HA)2]?

Equation (8) propounds the following general
chemical reaction as the extraction equilibrium
reaction:

Ce(OH)(4_x) + 2(HA)Z(o) S [Ce(OH)z(HAz)z](o) +

xH* + (2 —x)H,0 9)
When x = 2, i.e. at pH<= 2.4, equation (9) becomes:
Ce(OH)3+ + 2(HA) 20y S [Ce(OH),(HAL) ) (o) + 2H* (10)

and when x = 1, i.e. at pH = 3.0, equation (9)
becomes:

Ce(OH)3 + 2(HA)y(0) S [Ce(OH),(HAL) (o) + HT + H,0 (11)

and when x = 0, i.e. at pH >= 3.9, equation (9)
becomes:

Ce(OH)4 + 2(HA) 30y S [Ce(OH),(HAL) ) (o) + 2H,0 (12)
At h.c.r of SO,%, equation (7) becomes:

_ p[sozT)[H*]" (13)
Kex =~ (a2

Equation (13) implies the liberation of sulfate ion
during the extraction reaction. But at a certain pH, the
values of K at l.c.r and h.c.r of sulfate are identical. It is
inferred that at h.c.r of SO4, the general equation (9) also
represents the extraction equilibrium reaction. But in this
case, as the sulfate concentration increases, the free non-
sulfated/bisulfated Ce(IV)-species concentration
decreases during the extraction of the metal ion. This
gradual depletion is probably compensated through
dissaciation of sulfated/bisulfated Ce(IV)- species. Moore
and Anderson [54] made a spectrophotometric study of
cerium perchlorate in perchloric acid sodium perchlorate-
sodium sulfate solution. Up to 0.01 M sulfate, Ce(SO4)**
and Ce(OH)(SO,)* (pH 0.72-0.76) were reported to
predominate and evidence for higher complexes was
obtained [54, 55]. It appears therefore that the equilibrium
shift occurs between sulfated and non-sulfated species as
suggested below:

Ce(OH)2S0,4 & Ce(OH)?* + SO~
Equation (10) It +2(HA),
[Ce(OH)2(HAL)2] ) + 2H*
Ce(OH)3S04 & Ce(OH)s* + SO4>
Equation (11) It +2(HA):
[Ce(OH)2(HA2)2] ) + H" + H.O

The proposed structure of the oligomeric cerium
complex with the R,PSO" ligand is shown in Fig. 6.

R OH R
| OH--5§ | § Q. |
R— P~ I ce |l “p_R
Il B—P-0O | D-P—R ||
g I OH | g
B B

Fig. 6. Postulated structure of the oligomeric cerium
complex with Cyanex 302.

Thermodynamic investigation of the extraction

Distribution coefficients were determined by
shaking equal volumes of the aqueous feed solution
and 0.1 mol L* Cyanex 302 solution in kerosene.

The experiments were performed at Cyanex 302
concentrations  lower than the  optimum
concentration to better see the effect of temperature.
Other parameters were as in Fig. 2. The Van’t Hoff
plots for the studied system are shown in Fig. 7. It is
deemed that the extraction ratio increases with
raising temperature but the straight line relationship
does not hold over the entire temperature range.
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Slopes of the lines in the high temperature region
(h.t.r) andin the lLtr are —1567.5 and —3928,
respectively. From the slope and intercept obtained
from Fig. 7 and applying the Van’t Hoff equations
[56, 57], the thermodynamic parameters are
calculated as:

AH
2.303RT

logDh = — +C (14)

where R, T, and C are the universal gas constant,
absolute temperature, and conditional constant,
respectively.  Activity coefficients for other
components are considered to be constant under the
experimental conditions [58].

1.2

11 4

1 slope=-1567.5

| =1.06
09 - b
,

0.8 1 ", slope = -3928
o I= 0.62
& 0.7 -
L y

0.6

05 \
0.4 - \.

0.3 -

Dz T T T
3.10 3.20 3.30 3.40

1/T(*1000K1)

Fig. 7. Relationship between distribution coefficient (D)
and reaction temperature under conditions of 0.002 mol L
Ce(1V), 0.08 mol L Cyanex 302, Vo/Va=1(Va=10mL),
initial solution pH(eq) 3.54. Eq. time = 20 min.

The slopesequal ~AH/2.303R. On the basis of Eq.
(14) and Fig. 7, the values of AH are calculated to be
30.00 at h.t.r and 75.21 kJ mol* at L.t.r, indicating
that the extraction reaction is endothermic.
Therefore, the extraction efficiency increased by
temperature raise. Also, the values of the change in
the Gibbs free energy (AG) and the entropy (AS)
were calculated from the following equations for
extraction reaction at 298 K:

AG = —2.303RTlog D (15)

As == (16)
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The values of AG and AS were calculated equl to
23.96 kJ mol'and 20.26 J mol™! K™!, and 71.76. kJ
mol™! and 11.87 J mol™!' K™!, respectively. The
positive AG specified that the extraction reaction by
Cyanex 302 proceeded not spontaneously. The
positive values of AS indicated that the extraction of
Ce(IV) is more efficient at high temperatures.

In a similar research, the thermodynamic study of
copper(ll) extraction from sulfate, nitrate and
chloride media using Cyanex 302 in kerosene has
shown that the extraction reaction is endothermic
and non-spontaneous [47].

Effect of diluent type

In order to ascertain the impact of diluent type on
Ce(lV) distribution, %E-values were evaluated
when 0.002 mol L Ce(IV) was extracted separately
from the same aqueous feed solution by 0.10 mol L
! extractant in various diluents while keeping
constant all other conditions (pHini = 3.6 and [SO4?]
=0.0002 mol L) (Table 1). It was observed that the
percent extraction increases in the following order
with the variation of diluent used to prepare the
organic solution: CHCI3 (D = 1.02) < CCl,(D=4.73)
=cyclo-CeHi2 (D =4.73 < kerosene (D =5.80) < 1,2-
C2H4Cl; (D =7.36) =CsHa-(CHs)2 (xylene) (D = 9.85)
< C¢Hs (D = 14.44) = CeHs-CH3 (toluene) (D =
14.44). The study allows concluding on the effect of
diluent on the rate of extraction of cerium and on the
best ones of the diluents for the cases studied. C¢Hs
and C¢Hs-CHs; are very good diluents followed by
CsHa-(CHs5), for the extraction of Ce(IV) by Cyanex
302. Kerosene is a better diluent over CHCl3, CCl,4
and cyclo-CsHaa.

Stripping of Ce(lV)-loaded organic phase

The maximum Ce(1V) loaded organic phase, after
the extraction step, was submitted to a stripping step
using various mineral acids such as H2SOs, HNO3
and HCI solutions at 25 °C and Vo:Va = 1. The
stripping results are presented in Table 2. It deemed
that stripping percentage is roughly acceptable in all
three mineral acids used alone. In all cases, the
percentage  stripping increased by raising
concentration of acid. Sulfuricacid (1 M) issufficient
to quantitatively strip off Ce(IV). HNOs and HCl can
also be utilized in stripping if two-stage stripping is
implemented.
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Table 1. Effect of diluent type on extraction of Ce(1V). [Ce(IV)] (ini) = 0.002 mol L, pH(ini) = 3.6, [Cyanex 302] = 0.1 mol
L1, [SO4%] = 0.0002 mol L, T = (254 0.5) °C. Eq. time = 1 h, Vo/Va =1, Vo = 10 mL)

Diluent Ce(IV)]aq eq, mol L™* Ce(IV)]o eq, mol L %E D
Carbon tetrachloride 0.00035 0.0017 82.54 473
Benzene 0.00013 0.0019 93.52 14.44
Toluene 0.00013 0.0019 93.52 14.44
Cyclohexane 0.00035 0.0017 82.54 4,73
1,2-Dichloroethane 0.00024 0.0018 88.03 7.36
Xylene 0.00018 0.0018 90.78 9.85
Chloroform 0.00099 0.0010 50.51 1.02
Kerosene 0.00029 0.0017 85.29 5.80

Table 2. Stripping of Ce(IV)-loaded organic phase using
different mineral acid solutions. [Ce(IV)];) ~ 0.0018 mol L7,
[Cyanex 301] = 0.10 mol L%, Eq. time =1 h, T=(25+0.5)
°C,Vo/Va=1(Va=10mL).

Stripping Concentration, Percentage

agent mol L stripping, %S
0.1 70.43
H,S0,4 0.5 94.50
1.0 98.80
0.1 85.12
HNO3 0.5 94.05
1.0 98.50
0.1 44.33
HCI 0.5 84.15
1.0 92.59

Selectivity studies

The selective extraction of Ce(IV) considering
the presence of many associated metal ions and
impurities such as Th(IV), and REE(III) (REE = La**,
Ce?**, Nd**, Gd**and Yb*") using a solution containing
0.3 g L? of the different metal ions in sulfuric acid
solution (with pHgniy range of approximately 3.0 —
4.5) with 0.1 M Cyanex 302 in kerosene at Vo:Va =
1 and (25 £ 0.5) °C were investigated. The percent
extraction data of the different metal ions shown in
Fig. 8 indicate that a selective cerium separation can
be done efficiently from H,SO, solution in the pH
range of 3-4 as rare earth ions (Ill) are almost not
extracted under these experimental conditions. The

extraction of Th(IV) is low. Therefore, by selecting the
appropriate acidity, cerium can be separated from
REEs(I11) and Th(IV).

100
o) Ce(IV)
80
70
60
50
40 -
30
20
101 Ln(IIT)

0 m 1 i | LI
25 3.0 3.5 4.0 45 5.0
pH

Percentage extraction,

Th{IV}

Fig. 8. Selectivity of Cyanex 302 for Ce(IV), Th(IV),
and RE(I11) under conditions of aqueous feed solution: 0.3
g L of the different metal ions in H2SO4 solution (pHini)
of approximately 3.0 to 4.5); organic phase: 0.1 M Cyanex
302 in kerosene; Vo/Va=1 (Va=10mL); T=(25=+0.5)
°C.

CONCLUSIONS

Cyanex 302 extracts Ce(IV) from sulfuric acid
medium at pH above 3.0. The equilibration time is
20 min. The recovery of Ce(IV) can be regulated by
controlling the extractant and pH of aqueous feed
solutions. Cyanex 302 is a forward-looking
extractant for the Ce(IV) extraction. At various
concentration levels of the experimental parameters,
extraction equilibrium reactions were proposed. It is
seen that at all conditions, [Ce(OH).(HA>)] is the
extractable species though reacting Ce(lIV) species
in the aqueous phase may vary with its concentration
and pH levels. Aromatic diluents appear as better
diluents over other categories; kerosene is a better
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diluent than CHClIs, CCls and cyclo-Ce¢Hio. The
temperature-sensitive extraction process of this
metal in the studied system is endothermic (AH<O).
The positive value of AG reveals that the extraction

reaction proceeds not spontaneously,

and the

positive value of AS indicates that extraction of Ce
(1V) is more desirable at high temperatures.
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plasma and blood by ETAAS and its clinical application
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Selenium is a part of the active center of glutathione peroxidase, thioredoxin reductase, and iodothyronine deiodinase
which have antioxidant activity and play an important role in the metabolism of thyroid hormones. Therefore, blood
selenium concentration is strongly correlated with immune function, thyroid disease, and tumourigenesis. In this work,
a method for the determination of selenium in blood and plasma by electrothermal atomic absorption spectrometry
(ETAAS) was optimized and validated. Samples were prepared by dilution in 0.2% detergent (Triton X-100, Tween 80,
or SDS) in 0.1% HNOs. The pyrolysis was performed at 1100°C for 30 s for plasma and 35 s for blood, while atomization
at 2500°C for 3 s with a Pd matrix modifier. LOD and LOQ for plasma samples were 0.56-0.62 pg/L and 1.87-2.07 pg/L
depending on the detergent used, while LOD and LOQ for blood samples were 0.64-0.72 pg/L and 2.12-2.41 pg/L,
respectively. The validation results show a recovery of 98.25-102.65%. The precision of the method ranges from 1.55%
to 2.63%. The method was applied for the determination of selenium in plasma and whole blood in healthy patients. The
obtained selenium concentrations in plasma are in the range of 31.40-47.01 ug/L, while the concentrations in whole

blood samples are higher by 23-25%.

Keywords: selenium; blood; plasma; electrothermal atomic absorption spectrometry

INTRODUCTION

Selenium in the form of selenocysteine is an
essential component of the glutathione peroxidase
enzymes (GPx) and thioredoxin reductase (TR).
These enzymes protect tissues from oxidative
damage by removing oxygen free radicals [1]. This
micronutrient has been studied over the last two
decades, and scientific reports have revealed its
crucial role in biological processes, such as free
radical catabolism, immune response, endocrine
function and tumourigenesis [2].

Oxidative stress due to decreased glutathione
peroxidase activity, as a result of low Se
concentration or increased free radical damage has
been proposed to be an important event in the
pathogenesis of different diseases such as
Alzheimer’s disease, coronary heart disease, lung
and prostate cancers [3]. Based on observational
studies, several meta-analyses have summarized
inverse associations between levels of selenium
biomarkers and lung [4] and prostate [5] cancers.
Also, there are several studies available in the
literature which reported the associations between
brain selenium levels and Alzheimer’s disease [6]. A
recent meta-analysis of 14 prospective studies found
a modest but statistically significant inverse
association between selenium levels and coronary
heart disease [7].
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On the other hand, being incorporated into
iodothyronine deiodinases D1 and D2, selenium also
plays an essential role in the metabolism of thyroid
hormones [8]. Regarding thyroid pathology,
selenium intake has been particularly associated
with autoimmune disorders. The literature suggests
that selenium supplementation of patients with
autoimmune thyroiditis is associated with a
reduction in antithyroperoxidase antibody levels,
improved thyroid ultrasound features, and improved
quality of life. Selenium supplementation in Graves’
disease is associated with an improvement in quality
of life and eye involvement, as well as a delayed
progression of ocular disorders [9].

In plasma Se is incorporated in selenoprotein P
which may serve as a transport protein for Se and
facilitate whole body Se distribution [10]. Selenium
levels in the body are dependent on the population’s
characteristics and its diet and geographical area
[11]. Among all human tissues, the thyroid gland
contains the largest concentrations of selenium. The
main sources of selenium in the form of
selenocysteine are mammalian meat, chicken, and
fish. On the other hand, selenomethionine is found
in vegetable sources such as pasta or rice, bread or
cereals, garlic (Allium sativum), Indian mustard
(Brassica juncea), canola (Brassica napus), and
some mushrooms [12].

Understanding of selenium biochemistry and its

importance resulted in rapid growth in the number
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Consequently, there is a need for methods that are
rapid, accurate, and require only a small amount of
sample. Methods based on direct analysis by
electrothermal atomic absorption spectrometry
(ETAAS) [13], hydride generation atomic absorption
spectroscopy (HG-AAS) [14], and inductively
coupled plasma - mass spectrometry (ICP-MS) [15],
are widely used. ETAAS is the most useful
spectrometric method for mono-elemental analysis
due to its high selectivity, low guantification limit,
and acceptable costs [16]. Most of the matrix is
destroyed during the ashing step and thus sample
pre-treatment can be simplified (simple sample
dilution), thereby minimizing contamination risk or
analyte loss. Also, low injection volume (10-20 pL)
is used, which is important for the analysis of
biological samples, such as blood or blood plasma
[17]. The analytical problems associated with the
determination of selenium in the blood can be
divided into three major classes: spectral
interferences, chemical interferences, and thermal
pre-atomisation losses. Spectral interferences are
generally minimized if higher ashing temperatures
can be achieved. Optimization of this step is crucial
for the method's accuracy, because of the organic
matrix complexity. Many modifiers have been tested
to improve the thermal stabilization of selenium. The
most commonly used modifiers are: copper [18],
nickel [19], palladium [20], platinum [21], silver [22],
iridium and mixtures of some of them [23].
Palladium is one of the most suitable and commonly
used modifiers in the determination of selenium in
the blood. It provides better sensitivity compared to
other modifiers, does not cause contamination of the
graphite tube, and palladium is not determined for
clinical purposes, unlike copper and nickel.

Spectral interference in the determination of
selenium can occur as a result of high concentrations
of chromium, cobalt, iron, nickel, and phosphorus
because of spectral lines around 196.0 nm, where the
selenium signal is measured. However, the
concentrations of chromium, cobalt, and nickel in the
blood are very low and errors from them can be
eliminated when Zeeman background correction is
used [16].

Usually, the biological sample preparation
involves treatment of the blood or serum with nitric
acid and Triton X-100 as a detergent, which provides
lysis of cell membranes. However, there are no
reports in the scientific literature on sample
preparation with different types of detergents and the
influence of their concentration. The purpose of this
study was to define optimal sample preparation
procedures, instrument parameters, and calibration
procedures for direct ETAAS determination of
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selenium in plasma and whole blood. The proposed
method was applied to the determination of selenium
in the plasma and whole blood of healthy individuals
to obtain blood test results that include complete
blood count (CBC), biochemical parameters, and
thyroid status.

METHODS
Instrumentation

A Varian SpectrAA 640Z Zeeman electrothermal
atomic absorption spectrometer equipped with a
GTA-100 graphite furnace (Varian, USA) and PSD-
100 autosampler (Varian, USA) was used.
Pyrolytically coated tubes were used as atomizers. A
Varian selenium hollow cathode lamp was used and
the measurements were performed at 196.0 nm.
Argon was applied as a protective gas and 10 uL
samples were injected into the graphite furnace (GF).
The graphite furnace operating parameters are
presented in Table 1.

Table 1. Optimal parameters for Se determination by
Zeeman ETAAS.

Parameter Se
Wavelength 196.0 nm
Lamp current 10.0 mA

Calibration mode Absorbance, peak height
Background Zeeman
correction
Drying
Temperature 85; 95; 120°C
Time 5,40;10s
Pyrolysis
Plasma
Temperature 1100°C
Ramp time 5s
Hold time 30s
Blood
Temperature 1100°C
Ramp time 5s
Hold time 355
Atomization
Temperature 2500°C
Ramp time 0s
Hold time 3s
Cleaning
Temperature 2500°C
Time 2s
Gas Argon

Only integrated absorbance values (peak height)
were used for quantification.

Reagents

All reagents and standards were of analytical
grade. Stock standard solutions for selenium were
1000 pg/mL Solution Plus Inc. (USA). The working
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standard solutions were prepared weekly by
appropriate dilution and kept refrigerated at 4°C. The
palladium matrix modifier solution (500 ppm) was
prepared by the dilution of 10 g/L Pd(NOs3). (Merck,
Darmstadt, Germany) in 20% HCI (V/V) (Merck,
Darmstadt, Germany). Sample diluting agents (nitric
acid with a concentration in the range of 0.005-0.2%
(VIV) and corresponding  detergent  with
concentrations from 0.05 to 0.3% (V/V) were
prepared by dilution of pure concentrated nitric acid
(65% V/IV) (Merck, Darmstadt, Germany) and Triton
X-100, Tween 80, sodium dodecyl sulphate,
digitonin and tauroglycocholic acid (Merck,
Darmstadt, Germany) were used. Doubly distilled
water with a conductivity of 0.3 puS/cm was used in
all operations. All disposable devices were
rigorously cleaned before use by brief immersion in
hot concentrated nitric acid, cleaned with tap water
and detergent, and rinsed twice with doubly distilled
water.

Study design

The study group consisted of 57 apparently
healthy volunteers, 31 women, and 26 men, with an
average age of 44 years. All study participants signed
an agreement for selenium testing of their blood.
Clinical experiments were approved and performed
according to the Ethics Committee provisions of the
Department of Nuclear Medicine at Clinical Hospital
,,Dr. Trifun Panovski“ in Bitola (North Macedonia).

All volunteers were asymptomatic, did not have a
history of chronic disease, and had normal or only
trivial clinical findings. Clinical findings were
considered to be trivial if there were no associated
symptoms, if they were not caused by a potentially
important medical illness, and if they did not induce
any diagnostic or therapeutic activity (an old surgical
scar or mild obesity would qualify as such a finding).

Health status was also checked by a blood test
which included a complete blood count (CBC),
different biochemical parameters, and thyroid status.
The CBC parameters included white blood cell
count, leukocyte differential counts of neutrophil,
lymphocyte, monocyte, eosinophil, basophil, red
blood cell count, hemoglobin, hematocrit, mean
corpuscular volume, mean corpuscular hemoglobin,
platelets, and red blood cell distribution width. The
biochemical parameters determined were glucose,
aspartate aminotransferase, alanine aminotrans-
ferase, serum creatinine, blood urea nitrogen, low-
density lipoproteins, high-density lipoproteins, and
triglycerides. The thyroid parameters included free
triiodothyronine, free thyroxine, thyroid-stimulating
hormone,  antithyroglobulin  antibody,  and
thyroperoxidase antibody. The inclusion criteria

were values in the reference ranges for all examined
parameters in the blood test.

The exclusion criteria were individuals with a
personal history of chronic diseases or any disease,
low or high values for some examined parameters in
a blood test, and individuals treated with selenium as
a supplement.

Procedures

The blood samples were collected with plastic i.v.
cannula with an injection valve and sodium citrate as
an anticoagulant. Whole blood samples (500 pL)
were diluted 1+2 with a sample diluting agent in a
centrifuge tube. The diluted sample was vortexed
vigorously for 60 s to produce a lysis of the blood
cells. The samples were then centrifuged at 3000 rpm
for 5 min. For selenium determination, 10 uL of clear
red supernatant were introduced into the graphite
furnace with a 5 pL solution of palladium modifier.

Plasma samples were obtained by centrifugation
of blood for at least 15 minutes at 2500 rpm. After
centrifugation, 500 pL of the clear supernatant were
diluted 1+2 with a sample diluting agent and 10 pL
were introduced into the graphite furnace witha 5 uL
solution of palladium modifier.

The selenium concentration was determined by
triple injections from each cup (57 volunteers,
n=171) into the graphite furnace, operated under the
conditions given in Table 1.

RESULTS AND DISCUSSION
Sample pre-treatment

The ability to tune a particular detergent for
complete lysis of cell membranes and isolation of
selenium-containing proteins is a major goal in the
determination of total selenium in the blood. In order
to investigate the influence of the different types of
detergent (anionic, cationic, and nonionic) and their
concentration on the determination of the total
selenium concentration in blood and plasma, a series
of experiments (with 3 replicates from each of 57
blood samples) were performed applying the
instrumental parameters given in Table 1. In this
study Triton X-100, Tween 80, sodium dodecyl
sulfate (SDS), digitonin, tauroglycocholic acid, and
urea, were used (RSD from 2.6% to 9.1%). As can
be seen (Figure 1) the best results are obtained by
using Triton X-100, Tween 80, and sodium dodecyl
sulfate (SDS). Although the highest values of
absorbance are obtained by using SDS, the
difference in the absorbance obtained with these
three detergents is not significant. Therefore, it can
be concluded that these three detergents give
satisfactory results in determining of total selenium
concentration in blood and plasma.
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Figure 1. The influence of the different types of
detergent on the determination of total selenium
concentration in blood and plasma.

The efficiency of detergents is probably due to
their structure. Digitonin and tauroglycocholic acid
have hydrophobic tails with a steroidal structure,
while Triton X-100, Tween 80, and SDS have a long
alkyl chain. On the other hand, Triton X-100, Tween
80 and SDS have less hydrophilic heads compared to
digitonin and tauroglycocholic acid. Specifically, the
larger the detergent head, the lower is the detergent’s
propensity to break up lipid—lipid and protein-lipid
interactions in biological membranes [24]. Also, it
can be concluded that long alkyl chain detergents are
more effective than detergents with steroid cores as
hydrophobic tails [25].
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Figure 2. The influence of concentration of detergent
(A) and nitric acid (B) on the integrated absorbance of
selenium in the blood.

Furthermore, the influence of concentration of
detergent and nitric acid on the measurement of
selenium in blood was investigated (n=3). As can be
seen from the results presented in Figure 2 the
highest results were obtained by using 0.2%
detergent solution and 0.1% nitric acid solution
(RSD in the range of 1.9-6.8%).
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Optimisation of instrumental parameters for
ETAAS measurements

Optimization of the temperature program for Se
determination by electrothermal atomic absorption
spectrometry in human plasma and blood samples
was performed. According to our previous results,
parameters of the drying step were selected to allow
the sample drop to dry slowly without sputtering
[26]. Optimization of ashing temperatures was done
by construction of pyrolysis—atomization curves
from blood and plasma samples in the presence of
palladium (500 ppm) modifier for thermal
stabilization in ETAAS. The modifier was applied
through the autosampler directly into the graphite
furnace with a volume of 5 pL for 10 pL plasma or

blood sample.
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Figure 3. Effects of pyrolysis temperatures (A) and
times on integrated absorbance for plasma (B) and blood
(C) samples with Pd modifier.

Ashing temperatures (from 900°C to 1200°C) and
ashing time (from 10 s to 40 s) were carefully
optimized to ensure complete matrix decomposition
and removal during this step by using wall
atomization (pyrolytically graphite coated graphite
tubes). Effects of pyrolysis temperatures and times
on integrated absorbance for plasma and blood
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samples with a Pd modifier are given in Figure 3
(n=3; RSD from 1.7% to 5.3%).

The optimal pyrolysis temperature was found to
be 1100°C, while the optimal pyrolysis ramp time
was established to be 5 s, and the hold time was 30 s
for plasma and 35 s for blood samples. The
complexity of the blood sample matrix affects the
ashing time and the determination of total selenium.
The atomization was performed at 2500°C by using
a Pd modifier. The atomization ramp time was 1 s
and hold time 3 s.

Calibration

Matrix interferences were evaluated according to
the slopes of calibration curves obtained in the
presence of the matrix (serum or blood), and for
aqueous standard solutions. Results obtained are
shown in Table 2 and clearly illustrate how strongly
serum and blood matrices affected the degree of
atomization of Se.

Table 2. Ratio of the slopes (bm/bo) for calibration
curves in the presence of matrix (bm) and aqueous
standards (b,), n=3.

Sample bm/bo (mean£s)
Plasma 0.76 £0.11
Plasma + Triton X-100 0.96+0.02
Plasma + Tween 80 0.97+0.01
Plasma + SDS 0.95+0.02
Blood 0.63+0.13
Blood + Triton X-100 0.95+0.02
Blood + Tween 80 0.94+0.03
Blood + SDS 0.94+0.02

The ratios of the slopes of the calibration graphs
obtained in the presence of detergent (Triton X-100,
Tween 80, or SDS) and Pd modifier are in the range
of 0.94-0.97. These results confirm the capability of
this detergent and modifier to reduce the spectral
interferences and high background absorption values
encountered with serum or blood matrices and at the
same time to improve the degree of atomization of
Se. Therefore, with detergent (Triton X-100, Tween
80, or SDS) and Pd modifier, calibration could be
performed against a calibration curve prepared with
an aqueous standard solution of Se.

Method validation

To test the accuracy of the proposed procedure for
direct ETAAS determination of selenium in human
plasma and blood, recovery experiments were
performed. Plasma and blood samples were spiked
with Se in the concentration range of 5-60 ng/L.
Recovery experiments performed with human

plasma and blood samples in 0.1% nitric acid and
0.2% detergent (Triton X-100, Tween 80, or SDS)
mixtures spiked with a known amount of selenium
standard solution have shown 98.25-102.65 % yield,
which is within the acceptable limits for the accuracy
of the analytical methods (95-105%) [26]. The
obtained results of recovery are presented in Table 3
(n=3, RSD 2.3-9.7%).

The limit of detection (LOD) and limit of
guantification (LOQ) were evaluated based on three
repeated analyses of blanks. LOD and LOQ were
calculated as the average Se level in the blank plus 3
times and 10 times the standard deviation of the
blank, respectively. For plasma samples the LOD
was in the range of 0.56-0.62 ug/L and LOQ was in
the range of 1.87-2.07 pg/L depending on the
different detergents used. LOD and LOQ for blood
samples were in the range of 0.64-0.72 pg/L and
2.12-2.41 pg/L, respectively. The obtained results
are shown in Table 4. The linearity range was 0.56—
80 ug/L Se. The precision of the methods was
evaluated and the percent relative standard deviation
(% RSD) was found to be from 1.55 % to 2.63 %.
The obtained % RSD did not exceed 15% for all
studied concentrations. These values for precision
fell well within the criteria normally accepted in
bioanalytical method validation.

Analytical application

The method was applied for the determination of
Se in plasma and whole blood samples of 57 healthy
volunteers (31 females and 26 male) with an average
age of 44 years. The results obtained revealed that
the selenium content varied in the range of 31.40-
47.01 pg/L. No significant difference was revealed
(below 11 %) between women 38.84 + 4.23 (31.40-
47.01) pug/L and men 40.43 + 3.62 (34.02-46.70)
ug/L. The concentration of selenium in whole blood
was higher by 23-25% in all cases (49.73-58.28
ug/L) compared to the determined concentration of
selenium in plasma as a result of the distribution of
selenoproteins in plasma and blood cells. In healthy
humans, plasma Se is incorporated in two
selenoproteins: selenoprotein P (SePP1) 40-70%,
glutathione peroxidase (GPx3) 20-40%, while 6—
10% of Se is bound to albumin in the form of
selenomethionine, through the replacement of
methionine. Free Se accounts for less than 1% of
total plasma Se [27]. On the other hand, selenium in
blood cells is incorporated in erythrocyte glutathione
peroxidase. Plasma Se, very often used in various Se
investigations, reflects rather short-term Se status,
while platelet, leukocyte, and erythrocyte Se reflect
its longer-term status. Our data reveal that the plasma
selenium levels of healthy people in Macedonia are
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among the lowest in Europe, but comparable with
those in the Balkan region as shown in Table 5.
These results are in agreement with previous reports
for this biogeochemical region by Maksimovi¢ [28]:
3547 pg/L and Cuparigova and Stafilov [26],
44.47+45.13 pg/L for selenium in blood plasma.

Table 3. Recovery results of plasma and blood samples.

In this study, the obtained selenium plasma level
was in a relatively narrow range of values compared
to the results of previous reports. These differences
are probably due to including criteria for chosen
healthy individuals based on blood test results which
include complete blood count (CBC), biochemical
parameters and thyroid status

Triton X-100
Plasma Blood
Added (pg/L) Found (ng/L) Recovery (%) Added (pg/L) Found (ng/L) Recovery (%)
0 31.51 - 0 39.09 -
10 41.48 99.70 10 49.16 100.7
20 51.67 100.80 20 59.62 102.65
30 60.92 98.03 30 68.85 99.20
Tween 80
Plasma Blood
Added (ng/L) Found (ng/L) Recovery (%) Added (pg/L) Found (ug/L) Recovery (%)
0 324 - 0 40.29 -
10 42.25 98.50 10 50.54 102.5
20 52.12 98.60 20 59.94 98.25
30 62.51 100.37 30 69.87 98.6
SDS
Plasma Blood
Added (ug/L) Found (ug/L)  Recovery (%) Added (ug/L) Found (ng/L) Recovery (%)
0 33.38 - 0 41.46 -
10 43.64 102.6 10 51.39 99.3
20 53.44 100.3 20 61.51 100.25
30 63.23 99.5 30 71.85 101.30
Table 4. Statistical parameters of the calibration curve.
Detergent Triton X-100 Tween 80 SDS
Sample Plasma Blood Plasma Blood Plasma Blood
LOD pg/L 0.58 0.72 0.62 0.69 0.56 0.64
LOQ pg/L 1.92 2.41 2.07 2.30 1.87 2.12
Number of replicates 5 5 5 5 5 5
Calibration range pg/L 5-60 5-60 5-60 5-60 5-60 5-60
Table 5. Plasma selenium levels of healthy people in some countries in Europe.
Country Plasma selenium level, pg/L Reference
Croatia 69+17 Becker et al. 1992 [29]
Bulgaria 66.5+15.5 Tsalev et al. 2001 [30]
Bosnia-Herzegovina 64+£19 Maksimovi¢ et al. 1991 [28]
Greece 63+14 Thorling et al.1986 [31]
Montenegro 51426 Maksimovi¢ et al. 1991 [28]
Hungary 50+11 Cser et al. 1996 [32]
Czech Republic 46+14 Kvicala et al. 1995 [33]
Serbia 41+20 Maksimovié et al. 1991 [28]
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CONCLUSION

The method for total selenium determination in
human whole blood and plasma by ETAAS was
optimized. The proposed method is simple, rapid,
accurate and suitable for routine clinical analysis.
The samples of blood and plasma were prepared by
their dilution at a ratio of 1+2 with 0.2% detergent
solution (Triton X-100, Tween 80, or SDS) and 0.1%
nitric acid solution. It was found that the Pd modifier
should be applied with the optimal pyrolysis
temperature of 1100°C for 30 s for plasma and 35 s
for blood and an optimal atomizing temperature of
2500°C. The method was applied for the
determination of selenium in plasma and whole
blood in healthy individuals. Health status was
estimated by a blood test which includes complete
blood count (CBC), biochemical parameters, and
thyroid status. The obtained data for the selenium
concentrations in plasma were in the range of 31.40-
47.01 pg/L, which is a relatively narrow range of
values compared to the results of previous reports.
The concentrations of selenium in whole blood were
higher by 23-25% in all samples due to the
distribution of selenoproteins in plasma and blood
cells.
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The present work focuses on applying response surface methodology (RSM) for the minimization of Gibbs free energy
for crystal violet dye (CVD) removal from a solution by a bioadsorbent Ricinus communis. Central composite design
(CCD) and response surface methodology were used to conduct and analyze the experiments. The minimization of free
energy was investigated as a function of three process variables, temperature (27-57 °C), absorbance (0.08-0.15 a.u.), and
dye concentration (0.5-0.9 mg/l) with a fixed stirrer speed (120 rpm). The minimization of Gibbs free energy in the
adsorption process was estimated by optimizing capacity of adsorption, percentage of dye removal, and temperature. The
optimum values of percentage of removal of dye, adsorption capacity, and free energy were found to be 93.38 %, 0.965
mg/g, -8202.7 J/mol at temperature 55.9°C, respectively, having desirability > 95% for removal of crystal violet dye. The
experimental observations were in good agreement with the predicted values.

Keywords: Response surface methodology; temperature; optimization; Ricinus communis; Gibbs free energy and

minimization.
INTRODUCTION

The Asian textile industries consume large
guantities of dyeing material and produce substantial
amounts of colored wastewater. Different chemical
techniques are used to remove various types of dyes
to reduce water pollution. Adsorption is a prominent
way to reduce water pollution with biomaterial and
synthetic material. CuS nanoparticles loaded on
activated carbon composite assist in removing
indigo carmine and safranin-O [1]. RSM and ANN
approach were used to optimize dye removal by
adsorption, and results indicate 52.0% simulated
behavior analogous to experimental work [2]. 3D
graphene aerogel/ CaCO; nanocomposite absorbent
were used to remove acid red (88) dye from aqueous
solutions and RSM showed the optimized process
parameters to remove 100% dye in fixed criteria [3].
Protein-rich  solution  with  aluminum-based
nanosheets was synthesized to remove congo red and
crystal violet, and RSM observed with the optimum
adsorbent dosages was 0.16 g for 50 mg/L, and 0.12
g for 100 mg/L for CR and CV dye solutions,
respectively [4]. RSM was used to maximize the
percent gel fraction to the removal of rhodamine-B
(70%) and auramine-O (63%) from a mixture with
an adsorbent dose of 700 mg [5]. ANN and RSM
were applied to analyze the fixed bed adsorption of
FD&C red 40 dye on polyurethane/chitosan foam
and found that ANN can predict the experimental
data with more accuracy than the RSM [6]. Chitosan
cross-linked with graphene oxide was used to

* To whom all correspondence should be sent:
E-mail: vipan752002@gmail.com
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remove the dye safranin orange, and optimum
parameters predicted using the RSM model are pH
6.82, initial SO concentration 425 mg/L [7].
Nanocomposite hydrogel from nano bismuth iron
oxide synergistically coupled network of acrylic acid
and RSM technigues was applied to optimize the
kinetic variables [8]. Scrutinized were the different
physicochemical processes using RSM in dye
removal and some suggestions were made for future
work on adsorption, advanced oxidation processes,
coagulation/flocculation, and electro-coagulation
[9]. Ni-doped ferric oxy-hydroxide FeO (OH)
nanowires were synthesized for removal of safranin-
O and indigo carmine and adsorption performance
was analyzed using RSM, ANN, and linear algebra-
based models [10]. Box—Behnken design was used
to optimize the efficiency of amine-functioned Fe;O4
magnetic nanoparticles for removing RB5 azo dye
from an aqueous solution [11]. Coagulants were
used to achieve the optimum conditions for the
removal of color and turbidity using a biopolymer
with the RSM design and it was observed that at
optimum conditions the removal of color and
turbidity was 76.20% and 90.14%, respectively [12].

The nanocomposite of MnFe,O4 synthesized for
its application as an adsorbent for direct red 16 (D
R16) removal and central composite rotatable design
(CCRD) combined with RSM was used to optimize
the adsorption capacity [13]. Graphene oxide nano-
platelets were used for simultaneous adsorption of
acid yellow 36 (AY) and acid blue 74 (AB) and

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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process parameters were optimized for best results
using RSM and ANN [14]. RSM has been applied to
determine the optimal adsorbent composition and
experimental conditions for the removal of basic
violet and malachite green oxalate dyes using
activated  phosphorus  slag-based  cylindrical
adsorbent [15]. RSM was utilized to simulate and
determine the optimum conditions of RB19 removal
by functionalized MWCNTSs using adsorbent dose,
initial dye concentration, and pH and R?-value of
89.11% and adjusted R2value of 95.72% were
obtained [16]. RSM-CCD techniques were used to
optimize the synthesis scheme of semi-IPN
nanocomposite adsorbent for removing biebrich
scarlet and crystal violet. Results suggested the
recyclability and reusability of the adsorbent
materials for the textile industry [17]. RSM and
ANN modeling were used to remove Pb (II) by
thiosemicarbazide-modified chitosan, and the
desirability degree for the RSM optimization
predicted was 0.981 [18]. Iron zero-valent
nanoparticles were synthesized for removal of
methylene blue dye in water solution. CCD was
applied to optimize the removal of dye and R? and
adj. R? correlation coefficients for the model
observed were 0.96 and 0.93, respectively [19].
RSM method was used to optimize the palm oil for
caffeine adsorption and observed that removal
efficiency (%) at the optimal conditions, 0.20 g of
adsorbent, initial caffeine concentration of 20 mg/L,
and acidic medium was about 95% [20]. RSM-BBD
was employed to optimize the MO dye removal
efficiency from aqueous solution by cross-linked
Chi-TPP/NTC). The F-value for MO removal
efficiency was 93.4 (corresponding p-value <
0.0001) [21]. Shoes waste adsorbents with CCD
techniques were applied to investigate the removal
of cadmium (Cd) from aqueous solution and
wastewater. The result confirms CCD as the best
statistical model to predict the response with good
accuracy and reliability [22].

Adsorption isotherms and kinetic models
investigated the use of Ricinus communis as a natural
adsorbent for removing dyes from aqueous solution
and the natural adsorbent was found viable at an
economical cost [23]. The present study focused on
Ricinus communis as a natural adsorbent for CV dye
removal using RSM and CCD statistical techniques.
The RSM with CCD was used to develop a
mathematical model to predict the desirability
parameter using an optimized correlation between
maximum adsorption capacity, minimization of free
energy, and a higher percentage of dye removal.

MATERIALS AND METHODS

In this study, CVD (IUPAC: Tris (4-
(dimethylamino) phenyl) methylium chloride) was
used to prepare synthetic dye wastewater. This dye
was obtained from Loba Chemicals, Mumbai, India.
Analytical grade (80% purity) CVD was used
without purification to prepare the stock solution
(1000 mg/1) by dissolving a precise guantity of dye
in distilled water. Ricinus communis leaves were
subjected to physical (washing, boiling, and
soaking) and chemical (drying) treatment and finally
the dried leaves were crushed to a particle size of
about 53 um. The maximum absorbance wavelength
(Amax) for CVD was found to be 585 nm.

Batch adsorption investigations were performed
to evaluate the effect of various process variables on
the dye removal percentage, adsorption capacity,
and Gibbs free energy. All the batch adsorption
experiments were conducted according to the CCD
matrix at random to reduce the possibility of errors.
In addition, minimum and maximum levels of each
of the three input process variables [temperature (27-
57°C), absorbance (0.08-0.15 a.u.), and dye
concentration (0.5-0.9 mg/L) with a fixed stirrer
speed (120 rpm)] were evaluated through pre-trial
experiments [23].

RESULTS AND DISCUSSION
Effect of temperature on free energy

The temperature-dependent thermodynamic
variable changes in the Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°®) of the adsorption
process were estimated using the correlation

AG° =AH° —TAS°.

(" A
27

5000 % Removal of

CVvD
0
-5000
57 -10000 37 Adsorption

Capacity

Free Energy
47

\_ J

Fig. 1. Temperature vs. adsorption capacity, free
energy and % removal of CVD

A plot of AG®° versus T yields a straight line with
the slope of —AS® and intercept of AH®. The values
of AG® obtained using different temperatures of the
reaction are shown in Fig. 1. The AH® and AS°
values during the adsorption process determined
from the slope and intercept are 25670 J/mol and
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104.2 J/mol, respectively, for CVD. The positive
values indicate that the adsorption process is
endothermic in nature, and forward reactions are
favored.

Central composite design for experimental work

CCD was applied to assess the optimum
operating parameters for CVD removal using Design

operating Expert software. In this study, the three
independent variables investigated for the removal
of CVD, adsorption capacity and free energy were t,
temperature (27-57°C), a, absorbance (0.08-0.15
a.u.), and c, concentration of dye (0.5-0.9 mg/L). The
responses of the percent removal of CVD,
adsorption capacity (mg/g), and Gibbs free energy
(J/mol) using CCD are represented in Table 1.

Table 1. Full factorial CCD matrix for CVD removal absorption process

Run order using Temperature  Absorbance
CCD (t,°C) (@)
19 2 Center 47 0.115
17 4  Center 47 0.115
15 5  Center 47 0.115
20 8  Center 47 0.115
16 11  Center 47 0.115
18 17 Center 47 0.115
14 6 Axial 47 0.115
10 7 Axial 57 0.115
9 14 Axia 27 0.115
11 15 Axial 47 0.08
13 16 Axial 47 0.115
12 20 Axial 47 0.15
3 Fact 37 0.15
6 Fact 57 0.08
4 Fact 57 0.15
1 10 Fact 37 0.08
8 12 Fact 57 0.15
2 13 Fact 57 0.08
5 18 Fact 37 0.08
7 19 Fact 37 0.15

Conc.of dye % Removal  Adsorption Free
(©) of dye Capacity Energy
0.7 93.88 0.945 -7001.1
0.7 93.87 0.945 -7001.1
0.7 93.88 0.946 -7001.6
0.7 93.89 0.945 -7001.8
0.7 93.88 0.948 -7001.2
0.7 93.88 0.945 -7001.1
0.9 90.04 0.918 -6992.01
0.7 93.04 0.963 7793.01
0.7 91.04 0.910 -5783.01
0.7 93.95 0.962 -7695.13
0.5 93.22 0.961 -7692.15
0.7 92.95 0.95 -7700.13
0.5 91.22 0.923 -6980.2
0.9 92.55 0.921 -8870
0.5 91.04 0.91 -8859
0.5 92.22 0.922 -6950
0.9 92.04 0.92 -8872
0.5 92.53 0.93 -8850
0.9 91.05 0.91 -6977
0.9 91.04 0.914 -6970

RSM modeling for percentage removal of dye

Statistically designed experiments using CCD
were performed to study the effect of the
independent variables on the percent removal of dye.
The design matrix corresponding to predicted results
is shown in Table 1. A 2" order polynomial model
was developed using the observed data in terms of
coded factors (t, a, ¢) employing RSM as given in eq.
(1):

Percent removal of dye = 62.66 + 0.76 x t + 47.23 x b +
30.24 x c- 0.60t x b + 0.096t x ¢ - 0.007 x t?- 136.73 x
b?-25.66 x c2 (1)
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ANOVA results presented in Table 2 were used
to evaluate the model. Coefficients of the model
were estimated using regression analysis, and the R-
squared coefficient was evaluated for judgment of
fitness of the model. As a result, the model was
established to be significant and applicable to track
the design domain. Fisher test (F) statistical
technique significance on the model was also
analyzed. A small p-value compared to F showed
that the quadratic model developed was statistically
significant and used to predict the percentage of dye
removal.

Temperature, absorbance, and concentration of
CVD are essential parameters for the adsorption
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process. Fig. 2(a) shows a three-dimensional
relationship  between the temperature and
absorbance concerning the percentage of CVD
removal. The percentage of CVD removal increases
from 91% to 96% as the solution temperature
increases from 27 to 57°C. Because the adsorption
increased as the temperature increased, the system is
considered to be endothermic. On the same
temperature trend, the absorbance declines up to 5%
due to that CVD removal percentage.

From the RSM surface plot, it is clear that at 47°C
with absorbance 0.115 a.u. 93.89% of CVD is
removed which is close to the experimental result of

94.70%.
relationship

temperature

Fig. 2(b) shows a three-dimensional

between the and

concentration of CVD concerning the percentage of
CVvD removal. Due to the endothermic
chemisorption process, the lower concentration of
dye improves the CVD removal percentage. As the
temperature rises, the bonding of dye and active sites
of the adsorbent weakened. A virtue of that
interaction between the solute and solvent becomes
stronger. In addition, dye solubility also increased at
elevated temperature. RSM surface plot obviously
reflects that at 47°C with dye concentration 0.7 mg/L
93.89% of CVD is removed, close to the
experimental result. The variation between
experimental and ANOVA predicted result for %
CVD removal is less than 1% due to R2 0.9891, Adj.
R?=0.9813, Pred. R? = 0.9585.

Table 2. ANOVA for response surface reduced quadratic model for percentage removal of dye

Sum of Mean F

Source Squares df  Square  Value

Model 27.317 8 3.415 125.32

t 1.339 1 1.339 49.143

b 2.7197 1 2.72 99.815

c 0.7362 1 0.736 27.02

txb 0.3612 1 0.361 13.258

txc 0.2965 1 0.296 10.88

t? 8.7486 1 8.749 321.08

b? 0.4043 1 0.404 14.839

c? 15.189 1 15.19 557.45
Residual 0.2997 11 0.027

Lack of Fit 0.1722 6 0.029 1.1251
Pure Error 0.1275 5 0.026

Cor Total 27.617 19

p-Value Percent
Prob. > F Contribution Remarks
<0.0001 Significant
<0.0001 °11
< 0.0001 9.81

0.0003 2.64

0.0039 1.30

0.0071 1.05
< 0.0001 31.66

0.0027 1.44
< 0.0001 54.98
1.08
0.4583 Not significant
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Fig. 2 (a) Surface plots of percent removal of dye with respect to temperature and absorbance; (b) Surface plots of
percent removal of dye with respect to temperature and concentration of dye.
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RSM modeling for adsorption capacity

CCD was performed to investigate the effect of
the independent variables on adsorption capacity.
Table 1 represents the design matrix and
corresponding predicted results. A polynomial
model was developed for adsorption capacity using
RSM as given in eq. (2):

Adsorption capacity = 0.62 + 0.013 x t—0.88 x b + 0.19
x ¢-0.00075 x t x ¢+ 1.21 x b x ¢ - 0.00013 t?- 0.314 b?
-0.257 ¢? ()

ANOVA results presented in Table 3 were used
to evaluate the model. Fig. 3(a) shows a three-
dimensional relationship between the temperature
and concentration of dye for absorption capacity.
The adsorption capacity increases from 0.910 to
09.68 as temperature increases from 27 to 57°C. The

adsorption capacity of the adsorbate increased as the
temperature increased due to endothermic effect.
From RSM surface plot it is clear that at 57°C with
a concentration of dye 0.7 mg/L the adsorption
capacity is 0.962, close to the experimental result
0.953. Fig. 3 (b) shows a three-dimensional
relationship  between the absorbance and
concentration of CVD for adsorption capacity. The
adsorption capacity increases with the higher initial
concentration of dye from 0.5 mg/L to 0.7 mg/L at
maximum temperature 57°C, and the sorption
capacity increased from 0.71 to 0.9 mg/L. In
contrast, the removal percentage of dye decreased
from 93% to 91%. The variation between
experimental and ANOVA predicted result for
adsorption capacity is lower than 1% due to R?
0.9881. Adj. R?>=0.9795, Pred. R?=0.9574.

.-\dsorpu'onm
Capactty ;!

Concentration of Dye < Temperature

\, w

Adsorption'
Capacity e

\,

s Concentration
% 0w of Dye

v

Fig. 3. (2) Surface plots of adsorption capacity with respect to temperature and concentration of dye; (b) Surface plots
of adsorption capacity with respect to absorbance and concentration of dye.

Table 3. ANOVA for response surface reduced quadratic model adsorption capacity

Sum of Mean

Source Squares df Square

Model 0.0072 8 0.0009

t 0.0006 1 0.0006

b 0.0001 1 0.0001

C 0.002 1 0.002
txc 0.000017 1 0.000017

bxc 0.0005 1 0.0005

t? 0.0026 1 0.0026
b? 0.0000021 1 0.0000021

c? 0.0015 1 0.0015
Residual 0.000086 11 0.0000078
Lack of Fit 0.00005 6 0.0000084
Pure Error 0.00003 0.0000072

Cor Total 0.00730295 19

F p-Value Percent

Value Prob.>F  Contribution Remarks
114.31 < 0.0001 Significant
77.38 8.57 <0.0001

22.48 1.42 0.0006
254.46 28.57 < 0.0001

2.28 0.24 0.1591

73.25 7.14 < 0.0001
331.24 37.14 <0.0001

0.27 0.02 0.6128
193.20 21.42 <0.0001

1.22
1.17 0.4389 Not significant
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Fig. 4. (a) Surface plots of free energy with respect to temperature and absorbance; (b) Surface plots of free energy

with respect to temperature and concentration of dye.

Table 4. ANOVA for response surface reduced quadratic model free energy

Model

txb
txc
bxc
t2
b2
CZ
Residual
Lack of Fit
Pure Error
Cor Total

Sum of
Squares

9665926.6
6666539.9
7064.4328
471109.56
56146.005
799986
42369.605
675.29679
1272503.4
468403.01
197075.91
159903.77
37172.135
9863002.5

df

e =)

[ [
© 99 o

Mean
Square

1073992
6666540
7064.433
471109.6
56146
799986
42369.6
675.2968
1272503
468403
19707.59
31980.75
7434.427

F Value

54.49635
338.2727
0.358463
23.90498
2.848953
40.59279
2.149913
0.034266
64.5692
23.76764

4301711

Percent p-Value
Contribution Prob > F Remarks
<0.0001 Significant
67.59 <0.0001
0.07 0.5627
4.71 0.0006
0.56 0.1223
8.11 <0.0001
0.42 0.1733
0.006 0.8568
12.90 <0.0001
4.74 0.0006
1.9
0.0676 Not significant

Table 5. Optimization of process parameters for desirability

55.9
56.1
55.5
55.9
55.6
56.7

Temperature  Absorbance

0.08
0.08
0.08
0.08
0.08
0.08

C

% Removal

onc. of dye

Ads. Capacity

0.6 93.38667
0.59 93.33397
0.61 93.4876

0.6 93.38955
0.59 93.37901
0.59 93.28879

0.965
0.965
0.965
0.965
0.965863
0.963948

Free
energy Desirability ~ Selection

-8202.7 0.95082 Selected
-8240.9 0.94917
-8123.6 0.93274
-8191.5 0.92983
-8194.5 0.92396
-8286.1 0.899312
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RSM modeling for free energy

Free energy modeling was performed using CCD
to investigate the effect of the independent variables
on free energy. Table 4 represents the design matrix
and corresponding predicted results for free energy.
A polynomial model was developed for free use
employing RSM as given in eq. (3):

Free energy = -2495.98 - 201.638 x t +36614.52 x b -
1388.26 x ¢ +239.35 xt x b+ 158.11t x ¢ + 10396.43 b
x ¢ - 0.06845 t?- 242573 b?- 4507.11 ¢? 3)

ANOVA results presented in Table 4 were used
to evaluate the model. Fig. 4(a) shows a three-
dimensional relationship between the temperature,
absorbance, and concentration of dye with respect to
free energy. Gibbs free energy increased with
increase in temperature as reflected in Table 1 and
RSM because the reaction is spontaneous and
exergonic. Adsorption of dye is accompanied by
decrease in the AG because the molecules of the
adsorbate are held on surface of the solid adsorbent
and as a result the entropy decreases. The
experimental results and RSM prediction overlap
quantitatively. On increasing the temperature from
27°C to 67°C dye mobility increases to a maximum
value at corresponding temperature 55°C and dye
concentration of 0.65 mg/L.

The wvariation between experimental and
ANOVA predicted free energy is 0.99% and other
statistic parameters of the ANOVA response surface
reduced the quadratic model for free energy. The R?
=0.9800 of the free energy variable is well explained
by the variance of the independent variable of the
process. Similarly, Adj. R?>= 0.9620 satisfies the
experimental curve, and Pred. R? = 0.8686 gives a
satisfactory regression model under current
constraints.

Optimization of process variables

The consistency and optimization of developed
models was tested by performing confirmation
experiments. The condition for the confirmation runs
was set within the range of process parameters. The
predicted value of performance variables was
calculated from egs. 1-3. Finally, the optimal values
of the process, which maximize the process
parameters of adsorption, were estimated from the
desirability function of the RSM.

The calculated response was converted into
desirability scale ranging from 0-1. The outcomes
are represented in Table 5. It shows a maximum
desirability 0.94 for a temperature range of 55.9-60.0
°C, concentration of dye 0.6 mg/L and percent
removal of dye around 93.4 with constant
absorbance of 0.08 a.u. The consistency and
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optimization of developed models was tested by
performing confirmation experiments.

CONCLUSIONS

Response surface methodology - Central
composite design (RSM-CCD) was successfully
utilized as a statistical tool for optimizing free
energy in dye removal from an aqueous solution by
a bioadsorbent Ricinus communis. The highest
percentage of CVD removal for experimental runs
was 96 %, using 10 mg/L of adsorbent and a contact
time of 2 hours. The correlation coefficient, R? for
CVD removal in all ANOVA models, was found to
be 0.9878. The optimum conditions for CVD
removal, which were predicted by RSM, were found
to be: temperature 55.9 °C, absorbance 0.08 a.u.,
initial concentration 0.6 mg/L, which resulted in
maximum CVD removal of 93.38 % and minimized
free energy 8202.7 J/mol at the desirability of 0.95.

REFERENCES

1. M. Dastkhoon, M. Ghaedi, A. Asfaram, H. Javadian,
Applied Organometallic Chemistry, 32(5), e4350
(2018).

2. M. R. Gadekar, M. M. Ahammed, Journal of
Environmental Management, 231, 241 (2019).

3. N. Arsalani, R. Nasiri, M, Zarei, Chemical
Engineering Research and Design, 136, 795 (2018).

4. A. M. Ealias, M. P. Saravanakumar, Journal of
Environmental Management, 206, 215 (2018).

5. J. Sharma, A. S. Chadha, V. Pruthi, P. Anand, J.
Bhatia, B. S. Kaith, Journal of Environmental
Management, 190, 176 (2017).

6. R.R. Schio, N. P. G. Salau, E. S. Mallmann, G. L.
Dotto, Chemical Engineering Communications, 1
(2020).

7. S. Debnath, K. Parashar, K. Pillay, Carbohydrate
polymers, 175, 509 (2017).

8. B. S. Kaith, U. Shanker, B. Gupta, J. K. Bhatia,
Reactive and Functional Polymers, 131, 107 (2018).

9. S. Karimifard, M. R. A. Moghaddam, Science of the
Total Environment, 640, 772 (2018).

10. M. Dastkhoon, M. Ghaedi, A. Asfaram, M. H. A.
Azghandi, M. K. Purkait, Chemical Engineering
Research and Design, 124, 222 (2017).

11. S. M. Pormazar, A. Dalvand, International Journal of
Environmental Analytical Chemistry, 1 (2020).

12. M. M. Momeni, D. Kahforoushan, F. Abbasi, S.
Ghanbarian, Journal of Environmental Management,
211, 347 (2018).

13. L. A. Kafshgari, M. Ghorbani, A. Azizi, S. Agarwal,
V. K. Gupta, Journal of Molecular Liquids, 233, 370
(2017).

14. P. Banerjee, S. R. Barman, A. Mukhopadhayay, P.
Das, Chemical Engineering Research and Design,
117, 43 (2017).

15. A. Salehi, E. N. Kani, Adsorption, 4-7, 647 (2018).

16. S., Karimifard, M. R. A. Moghaddam, Process Safety
and Environmental Protection, 99, 20 (2016).



17.

18.

19.

V. K. Sohpal: Minimization of free energy in dye removal from an aqueous solution by a biosorbent ...

A. K. Sharma, B. S. Kaith, V. Tanwar, J. K. Bhatia,
N. Sharma, S. Bajaj, S. Panchal, International
Journal of Biological Macromolecules, 129, 214

(2019).

S. P. G. Zaferani, M. R. S. Emami, M. K. Amiri, E.
Binaeian, International Journal of Biological
Macromolecules, 139, 307 (2019).

M. Khosravi, S. Arabi, Water Science and

Technology, 74(2), 343 (2016).

20.

21.
22.

23.

L. L. Melo, A. H. Ide, J. L. S. Duarte, C. L. P. Zanta,
L. M. Oliveira, W. R. Pimentel Meili, Environmental
Science and Pollution Research International,
27(21), 27048 (2020).

A. Jawad, Science Letters, 14(2), 1 (2020).

M. Igbal, N. Igbal, I. A. Bhatti, N. Ahmad, M. Zahid,
Ecological Engineering, 88, 265 (2016).

A. Mahajan, V. K. Sohpal, V. K. Bulasara, Journal of
Chemical Technology & Metallurgy, 54(1), 111
(2019).

317



Bulgarian Chemical Communications, Volume 54, Issue 4 (pp. 318-323) 2022 DOI: 10.34049/bcc.54.4.5490

Polyphenols in Bulgarian medicinal fruits
S. P. Tsanova-Savova*, S. S. Paneva, P. N. Koleva, M. L. Vizeva

Medical University — Sofia, Medical College Yordanka Filaretova, 3, Yordanka Filaretova Str., Sofia 1606, Bulgaria
Received: May 04, 2022; Revised: August 08, 2022

The aim of the study is to determine the total phenols, total flavonoids and individual representatives of flavonoids —
catechin, epicatechin and rutin in decoctions of widely used fruits of medicinal plants in Bulgaria. This would allow to
gather new analytical data for their polyphenol content and correspondingly, for their antioxidant potential. In the present
study various fruits of medicinal plants were studied: elderberry (Sambucus nigra), cranberry (Vaccinum vitis-ideae),
hawthorn (Crategus monogyna), rosehip (Rosa canina), dogwood (Cornus mas), blackthorn (Prunus spinosa), and black
chokeberry (Aronia melanocarpa). For the analytical determination of the content of total phenols the Folin-Ciocalteu
method was used; for total flavonoids — the method with aluminium trichloride and individual flavonoids - catechin,
epicatechin and rutin, were determined by HPLC with PDA detection. The results show that decoctions of rosehip have
higher contents of total phenols and total flavonoids but no catechin, epicatechin or rutin. The highest amount of rutin
was detected in elderberry (10700 pg/100 ml) along with very high contents of total phenols and total flavonoids,

suggesting the promotion of Sambucus nigra to be used in antioxidant phytochemical formulations.
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INTRODUCTION

Around the world, there is traditional knowledge
about the beneficial health effects of a traditionally
used variety of medicinal plants. The flora in
Bulgaria offers a great variety of plants - over 4000
higher plants are identified, and about 800 of them
are known to have healing properties [1]. The
presence of such a large variety of plants and a large
number of compounds of plant origin predetermines
that the phytotherapeutic potential of natural plants
is vast and still insufficiently studied. A significant
part of the existing studies is related to the
antioxidant effect of the compounds contained in
medicinal plants.

Due to the free radical metabolism of oxygen, the
existence of aerobic organisms in an oxygen
environment is possible only due to the functioning
of appropriate defense systems. Under physiological
conditions, most of the damaging effects of free
radicals are prevented by the action of substances
with antioxidant properties, which form the body's
antioxidant defenses [2-4].

Medicinal plants and fruits that are widely used
in folk medicine are a rich source of antioxidant
polyphenols and in particular flavonoids [5, 6].
Polyphenols, including the flavonoids group, are
secondary metabolites in higher plants, and more
than 8,000 compounds are currently known [7].
They are present in various parts of plants used for
food, as well as in a number of medicinal plants. It
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is interesting to note that half of the polyphenol
compounds belong to the group of flavonoids and
are found as aglycones, glycosylated forms and
methylated derivatives [8].

Pharmacological studies of flavonoids have
shown that they have antioxidant, cardioprotective,
antispasmodic, antihypertensive, antimicrobial,
antiviral, antiulcer, antidiabetic, antitumor and other
effects [9-13].

According to the WHO, today 80% of the world's
population relies on the healing properties of plants
in various forms [14]. Even today, 11% of the 252
drugs considered as basic and essential by the WHO
were exclusively of flowering plant origin and up to
50% of the approved drugs during the last 30 years
are directly or indirectly from natural products [15].
In Bulgarian folk medicine a wide variety of
infusions and decoctions is used, reflected not only
in the seasonal collection of herbs, but in the
presence of a wide net of herbal pharmacies in the
country. However, no sufficient data for their
polyphenol profile are available.

The aim of the present study is to determine the
total phenols, total flavonoids and individual
representatives of flavonoids — catechin, epicatechin
and rutin in decoctions of fruits of medicinal plants
widespread in Bulgaria in order to provide new
analytical data for their polyphenol content and,
correspondingly, to their antioxidant potential.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Sample preparation

In the present study the following fruits of
medicinal plants were studied: elderberry
(Sambucus nigra), cranberry (Vaccinum vitis-ideae),
hawthorn (Crategus monogyna); rosehip (Rosa
canina), dogwood (Cornus mas), blackthorn
(Prunus spinosa), black chokeberry (Aronia
melanocarpa). For analytical determination of the
content of total phenols, total flavonoids and
individual flavonoids - catechin, epicatechin and
rutin, an average fruit sample was prepared from
three individual samples (100 g), with a dissipate
degree, according to the pharmacopoeia
requirements, purchased from the pharmacy net in
Sofia.

Preparation of water decoctions

In order to obtain a quality aqueous extract, the
decoctions preparation followed a pharmacopoeia
technological regime, accordingly — the contact time
was not less than 40 min and the ratio plant
material/water was 5 g of dry fruit/100 g of distilled
water. The fruit material was boiled in distilled water
for 5-10 minutes, according to the manufacturer's
instructions. Soak for 30-35 minutes, cool and strain.
The samples obtained were stored at 4 °C without
the addition of preservatives. The samples were
analyzed no later than 24 hours.

Chemicals

Certified reference materials - catechin and gallic
acid were purchased from Sigma (St. Louis, MO),
epicatechin and rutin trihydrate from Alfa Aesar
(Thermo Fisher Scientifics, Kandel, Germany).
Folin- Ciocalteu reagent was purchased from Alfa
Aesar. Solvents - acetonitrile, methanol and water
are of HPLC purity (Macron Fine Chemicals,
Avantor, Glivice, Poland). All other chemicals and
reagents used have a degree of purity p.a. and were
purchased from Alfa Aesar.

Determination of total phenols

Folin-Ciocalteu reagent is used to determine total
phenols due to its ability to oxidize polyphenols and
form a blue complex with them, which is determined
spectrophotometrically at a wavelength A = 750 nm.
The determination was performed according to
Marinova et al. [16]. Briefly, an aliquot of 1 ml of a
suitably diluted aqueous extract or standard gallic
acid (GA) solution was added to a 25 ml volumetric
flask containing 9 ml of distilled water. 1 ml of
Folin-Ciocalteu reagent was added to the solution
and after 5 min 10 ml of 7% Na,COs was added. The
solution was brought to the mark with distilled

water, stirred and allowed to stay for 90 min at room
temperature. The absorbance was measured against
a reagent blank at A = 750 nm. The method of
external standard with gallic acid was used to
calculate the amount of total phenols. Results are
expressed as gallic acid equivalent (mg GAE/100
ml). The parameters of the method were as follows:
LOQ 0.10 pg GAE/ml; LOD 0.21 pg GAE/ml; RSD
= 3.8 %, no systematic error was found [17].

Determination of total flavonoids

Total flavonoids were determined according to
Marinova et al. [16]. An aliquot of 1 ml of aqueous
decoction or standard solution of rutin was placed in
a 10 ml volumetric flask containing 4 ml of distilled
water. 0.3 ml of 5% NaNO, was added to the
solution and after 5 min 0.3 ml of 10% aqueous
AICI; was added. After 6 min, 2 ml of 1 M NaOH
was added and the solution was made up to the mark
with distilled water, stirred and allowed to stay for
30 min. The absorbance of the formed pink complex
was compared to a reagent blank at a wavelength A
= 510 nm. The total flavonoids content was
calculated by the external standard method and the
results were expressed as rutin equivalent (mg
RE/100 ml) for aqueous extract (decoction). The
parameters of the method were as follows: LOQ =
0.25 pg RE/ml; LOD = 0.47 pg RE/ml; RSD = 4.1
%; no systematic error was found [17].

Spectrophotometric  measurement  of  the
absorption of total phenolic compounds and total
flavonoids was performed with a Lambda 25
spectrophotometer, Perkin-Elmer.

Determination of catechin, epicatechin and rutin by
HPLC method

The HPLC system consisted of a Perkin-Elmer
(Norwalk CT) Flexar LC pump, Flexar Photo Diode
Array Plus detector (PDA), autosampler, thermostat
and built-in degasser. Chromatographic data were
processed with Chromera HPLC PDA data software,
version 4.1.1.6396.

Chromatographic  separation of  phenolic
compounds - catechin, epicatechin and rutin was
performed on a Luna C18 column (3 pum, 150 mm x
4.6 mm, Phenomenex, USA), equipped with a
precolumn with the same stationary phase [17].
Elution was performed at a flow rate of 0.9 ml/min
at a temperature of 30 °C. Mobile phase: 0.1%
formic acid in water (solvent A) and 0.1% formic
acid in acetonitrile (solvent B) were used. A program
with linear gradient elution was applied as follows:
0-2 min, 15% B; 2-4 min, 20% B; 4-6 min, 25% B;
6-8 min, 30% B; 8-10 min, 35% B; 10-12 min, 35%
B; 5 min recalibration of the column by 15% B. The
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injection volume of the sample solution and standard
solutions was 20 ul. The following wavelengths
were used for detection of catechin, epicatechin and
rutin: channel 1 - 275 nm for catechin and
epicatechin and channel 2 - 355 nm for rutin, with
the reference wavelength set to 620 nm at a fixed
bandwidth of 19 nm.

The identification of the chromatographic peaks
was performed by comparing the retention times of
the eluted peaks and comparing the peak shape in the
two channels with different wavelengths (-275 and
355 nm). For the quantification of catechin,
epicatechin and rutin, the external standard method
was used to construct a calibration curve by injecting
a series of standard solutions. The parameters of the
method were as follows: LOQ (catechin and
epicatechin) = 0.40 pg/ml; LOQ (rutin) = 0.40
pug/ml; LOD = 0.02 pg/ml — 0.07 pg/ml; The
repeatability and reproducibility of determination of
catechin was — RSD = 4.8 %, of epicatechin — RSD
= 3.5 %; of rutin — RSD = 2.3 %. All measurements
were performed in triplicate and no systematic error
was found [17].

RESULTS AND DISCUSSION

The results for total phenols and total flavonoids
content of the studied fruit samples are presented in
Table 1. The results are expressed as average value
of triplicate analysis, along with confidence interval
(CI) estimate at 95% confidence level, calculated
with use of t-distribution. The basis of the action of
biologically active substances from herbal drugs is
the process of solid/liquid extraction with a suitable
extraction solvent. Water is often used as an
extraction agent due to its unique dissolving
properties, which can change with temperature. The
preparation of aqueous extracts of medicinal plants
at home has a long tradition and is widespread in our
country. For this reason, in the present study, water
was selected as an extracting agent for the

preparation of various plant decoctions, in
compliance with the prescriptions provided by
herbal pharmacies. The results show that the content
of total phenols exceeds that of total flavonoids in all
tested samples with exception of blackthorn, where
equal amounts were found. The contents of total
phenolic compounds among the fruits decoctions
ranged from 2.45 to 167 mg GAE/100 ml. The
highest content of total phenols was found in rosehip
— 167 mg GAE/100 ml, which is about twice as high
as the amount in the second- richest source of total
polyphenols — elderberry (83 mg GAE/100 ml). The
total flavonoids are highest again in rosehip (85 mg
RE/100 ml), followed by elderberry (71 mg
GAE/100 ml) and dogwood (12.7 mg/100 ml). The
amount of total flavonoids in decoctions of
cranberry, hawthorn, blackthorn and black
chokeberry is low, ranging between 2.45 - 8.0 mg
GAE/100 ml.

The results emphasize that the major sources of
total phenols and total flavonoids in traditional teas
used in Bulgarian traditional medicine are rosehip
and elderberry.

Rosehip (Rosa canina) is a species of wild rose.
The fruit is characterized by a rich content of vitamin
C, carotene, lycopene, pectin, vitamins B; and B2, as
well as vitamins PP and K. Usually fresh ripe fruits
contain up to 600 mg (per 100 grams of fruit) of
vitamin C, according to some sources - up to 2 grams
(for certain varieties) [18, 19]. The seeds contain
vitamin E as well. Rosehip is often mentioned in
traditional folklore and was used in ritual practices
with a medicinal focus. The unique combination of
vitamin C and other ingredients in rosehip (B-
carotene, flavonoids, minerals) stimulates the
formation of red blood cells, increases efficiency and
strengthens the body's resistance. Therefore, it is
recommended for patients with diabetes, anemia,
mental and physical fatigue, colds due to its
antioxidant polyphenols content as well [19-21].

Table 1. Total phenols and total flavonoids contents in decoctions of Bulgarian medicinal fruits

Latin name Common name Total phenols = CI”, Total flavonoids + CI*,
mg GAE/100 ml mg RE/100 ml

Sambucus nigra Elderberry 83+5 71+5

Vaccinum vitis-ideae Cranberry 54+0.2 3.9+0.2

Crategus monogyna Hawthorn 36+2 8.0+0.7

Rosa canina Rosehip 167 £ 12 86 +7.44

Cornus mas Dogwood 44 £+ 2 12.7+1.7

Prunus spinosa Blackthorn 245+0.2 2.45+0.25

Aronia melanocarpa Black chokeberry 3B +2 3.25+0.12

*CI| — confidence interval at 95% confidence level.
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Elderberry (Sambucus nigra) contains useful
micronutrients including iron, potassium,
phosphorus, copper, as well as vitamins A, B and C,
organic compounds with anti-inflammatory and
antioxidant activity [19-21]. Both the flowers and
the fruits of the black elderberry are important for
pharmaceutical practice. They are applied in the
form of teas, juices, extracts and syrups. Fruits have
a strong healing effect, whose pronounced
antioxidant activity is due to their high polyphenols
content, namely antocyanins and flavonols. Our
results emphasize the high level of polyphenols in
rosehip and  elderberry, supporting their
phytotherapeutic use as natural antioxidant sources.

The HPLC separation of catechin, epicatechin
and rutin of standard solution and elderberry
decoction is presented in Figures 1 and 2. The results
of the HPLC method show that the elution of
catechin, epicatechin and rutin takes place within 11
minutes. The identification of the chromatographic
peaks was performed by comparing the retention
times of the eluted peaks and comparing the peak
shapes in detection at two different wavelengths
(275 nm and 355 nm). The chromatograms given in
Figures 1 and 2 show a very good baseline separation
of the analytes. The use of formic acid in the mobile
phase suppresses the strong specific interactions
between the sorbent (residual silicol groups) and the
sorbate (phenolic groups in the analyte) caused by
orientational interactions between molecules with
constant
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dipoles. In the present study, detection with a PDA
photodiode detector was used, the analytical signal
being measured at the wavelength of the highest
sensitivity as follows - 275 nm for catechin and
epicatechin, and 355 nm for rutin. Our results show
that the HPLC method has a very good sensitivity
and, correspondingly, a low limit of quantification
(LOQ). The values of the limit of detection (LOD)
and the limit of quantification (LOQ) were
determined from the signal-to-noise ratio S/N, using
a progressively lower concentration of analytes for
the ratio S/N - 3 for LOD and 10 for LOQ. The limits
of quantification were determined as follows: 0.40
png/ml for catechin and epicatechin (275 nm) and
0.07 pg/ml for rutin (355 nm) [17].

The results for catechin, epicatechin and rutin
contents of decoctions from the medicinal fruits are
presented in Table 2. The results are expressed as
mean values of triplicate analysis in pg/100 ml,
along whit their confidence intervals.

The present results show for the first time original
analytical data not only for the integral parameters
for polyphenols contents such as total phenols and
total flavonoids, but for individual flavonoids as
well, obtained by HPLC analysis. It could be noted
that in contrast to the results obtained by
spectrophotometric methods, the HPLC analysis
shows presence of catechin, epicatechin or rutin in
aqueous decoctions only in 3 out of 7 samples
studied.
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Figure 1. Chromatograms of a standard solution of catechin, epicatechin and rutin at 355 nm and 275 nm.
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Figure 2. Chromatograms of catechin, epicatechin and rutin in elderberry fruits decoction at 275 nm and 355 nm.

Table 2. Catechin, epicatechin and rutin content in decoctions of Bulgarian medicinal fruits

Latin name Common name Catechin+ CI*  Epicatechin + CI* Rutin + CI*
png/100 ml ug/100 ml ng/100 ml
Sambucus nigra Elderberry <LOD <LOD 10700 + 695
Vaccinum vitis-ideae Cranberry <LOD <LOD <LOD
Crategus monogyna Hawthorn <LOD 153+7 174 £ 15
Rosa canina Rosehip <LOD <LOD <LOD
Cornus mas Dogwood <LOD <LOD <LOD
Prunus spinosa Blackthorn <LOD <LOD <LOD
Aronia melanocarpa Black chokeberry 448 + 12 <LOD 80+2

*CI| — confidence interval at 95% confidence level.

Catechin is found only in black chokeberry
decoctions, and epicatechin only in hawthorn. With
the exception of black elderberries, in other fruit
samples the level of rutin is low or undetectable
(cranberry, rosehip, dogwood, and blackthorn). In
black chokeberry and hawthorn decoctions, the rutin
content is 80 and 174 pg/100 ml, respectively. A
comparison of these results with literature data and
our previous studies shows that aqueous decoctions
are not the most efficient extraction solvent for
flavonoids compared to extraction systems with
higher lipophilicity such as methanol/water [22]. For
example, when 80% methanol/water solvent was
applied, rutin was found in all tested fruits, and
catechin in samples of elderberry and cranberry, and
epicatechin in cranberry as well [23]. However, the
present study aims to determine the values of the
polyphenols in aqueous formulations according to
the instruction of preparation and designed for direct
consumption. We could note that the amount of rutin
in black elderberry decoctions is extremely high and
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reaches 10.7 mg/100 ml. This is reflected in the
widespread home-made formulas of syrups,
infusions and others made from Sambucus nigra
fruits in recent years.

CONCLUSION

In the present study seven traditional for
Bulgarian folk medicine fruits were studied for their
polyphenols content. The results show that
decoctions of rosehip have higher contents of total
phenols and total flavonoids but no catechin,
epicatechin or rutin. The highest amount of rutin was
detected in elderberry along with very high content
of total phenols and total flavonoids, suggesting the
promotion of Sambucus nigra to be used in
antioxidant phytochemical formulations.
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K. Giindogan", M. Gitmis

Department of Material Science and Nanotechnology Engineering, Faculty of Engineering, University of Usak, Usak,
Turkey

Received: April 19, 2022; Revised: September 27, 2022

Automotive technology is constantly evolving with the desire to make engines light and to reach strong torques. The
viscoelastic rubber material is seen as the most damaged material in crank pulleys structure used to dampen torsional
vibrations. For this reason, the manufacturers’ efforts to increase this structure's strength without departing from the
design parameters of the rubber material are continuing today. In this study, nanosized alumina and zeolite reinforcements
were introduced into natural and EPDM rubbers, which are non-linear materials, using spraying and homogeneous mixing
methods. Tensile tests were carried out on reinforced and non-reinforced rubber samples. A graph was created with torque
data corresponding to four different samples. The torsional stiffness was found from the slope of the graph. Experimental
modal analysis results using a hammer were compared with torsional stiffness. A deviation close to 10% was observed
between these two methods. Motor simulation and noise tests were performed on the sample pulleys and it was found
that the most suitable pulley is the nanozeolite-reinforced crank pulley with the homogeneous mixing method (HMM).

Keywords: Rubber, nanoalumina, nanozeolite, torsional vibration damper, vibration, noise.

INTRODUCTION

Crank pulleys are front parts of the engine that
are attached to the crankshaft on the engine
assembly. The movement from the crank is
integrated with the other pulleys (alternator, air
conditioner, water pump, oil pump, idler) on the
engine with the help of the v-belt.

Crankshafts are subjected to torsional vibrations
in a regular regime. The tensile strengths and fatigue
strengths in critical regions of the crankshaft must be
determined precisely by modern calculation
methods for these vibrations. Today, due to
technical, commercial, and environmental
requirements, internal combustion engines must
operate with high cylinder pressures, and
components must be optimized for best
performance. Therefore, the crank pulley plays an
important role.

Elements that make up the crank pulley are:

1. Pulley: It is responsible for moving the
engine elements such as the water pump, alternator,
and air conditioner through the Poly V belt with the
movement taken from the crank.

2. Hub: This is where the crank pulley is
mounted on the crankshaft. A crank speed and
position sensor is connected between the crankshaft
and the hub joint. This sensor is responsible for

* To whom all correspondence should be sent:
E-mail: kadir.gundogan@usak.edu.tr
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reporting the angular position of the crankshaft and
the engine speed to the ECU.

3. Vibration rubber: It is responsible for
damping torsional vibration amplitudes.

Ramzan et al., in their study, obtained a material
whose elastomers are composite with nanomaterials.
The damping capabilities of natural rubber by adding
nanoparticles into it were investigated, and as a
result, design parameters in different variations were
determined [1]. In another study, Ramzan and
Kumar prepared a test setup and demonstrated that
this test method increased the damping ability of
nanomaterials [2].

Ziraki et al. added silica nanoparticles and
polypropylene fibers to the silicone rubber matrix.
The viscoelastic behavior and mechanical properties
of the samples of this nanoparticle reinforced rubber
were investigated. The results proved that silica
particles increase the elastic modulus of rubber and
impart high hardness [3].

Huang and Tsai characterized the vibration
damping response of composite layers containing
silica nanoparticles and rubber particles. The
experimental results were compared with the finite
element method. From these results it was concluded
that the bending stiffness of fiber composites
decreased, and the damping properties of the layers
improved, especially for (90/10) layers [4].

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Muhammad et al. have designed a new
nanocomposite vibration damper. They used NR and
alumina zirconium as test samples. In addition, they
made a comparison with the analytical and finite
element method with the modal analysis [5].

Nagar et al. designed a damper for a multi-
cylinder engine and compared two different rubbers
such as EPDM and AEM, and found that it provides
better damping, oil resistance, and durability. The
currently produced EPDM rubber sample has proven
that it absorbs torsional vibrations better by 50% at
critical speeds in a multi-cylinder diesel engine by
measuring torsional vibrations in the engine test
device and then subjecting it to the same tests on
AEM rubber [6].

Qiu et al. have prepared a series of maleic
anhydride-grafted ethylene-propylene-diene rubbers
(EPDM-g-MAHSs) with different inoculation grades
by rotary evaporation assisted melt grafting, which
can achieve a higher inoculation rate and smaller gel
content. Morphological observation, thermal
analysis, and rheological measurements confirmed
that the interfacial compatibility of core-shell
dispersed phases is enhanced by increasing the
inoculation degree. In this study, a new
understanding of the hardening mechanism of core-
shell particles was presented [7].

Enew et al. investigated the effect of aramid fiber
in the form of vlar (KP), carbon mono fiber (CMF),
and nanocarbon black (NCB) pulp as filler for
Trilene liquid polymers on the mechanical properties
of the EPDM rubber. They found that EPDM rubber
improved its mechanical properties such as thermal
insulation, tensile strength, elongation, and hardness
[8].

Ravindran et al. investigated the mechanical
properties and solvent absorption properties of the
nanocomposites they produced by TEM analysis.
They found 243% as the maximum increase in
tensile strength of nanocomposites. The value and
percent elongation of the pure mixture increased by
67%. They observed significant differences in
mechanical and absorption properties as the filler
content changed [9].

Fig. 1 shows the failure of the damping ability of
the crankshaft to resonate and its rupture from the
elastomer area. In this case, nanoparticle
reinforcement improves the mechanical properties
of the elastomer part and increases the damping
ability, thus eliminating these problems.

Fig. 1. Defects in the crank pulley
MATERIAL AND METHODS

Nanoalumina (0.5%) and nanozeolite (1.1%)
reinforcement particles were added to NR and
EPDM rubbers as matrix elements of the test
samples using homogeneous mixing (HM) and
spraying method. Sample crank pulleys were
vulcanized in a hot press at 150 °C for 15 minutes.
For the uniaxial tensile test, samples conforming to
ASTM D412 — C standards were cured at the same
temperature and time.

In the homogeneous mixing method, the raw
materials in Table 1 were mixed. A 100% pure
polymer NR and EPDM rubber was used.
Nanoalumina 0.5% and nanozeolite 1.1% were
reinforced in the mixture. Carbon black was used to
increase the hardness of the sample and other raw
materials to increase the efficient workability of the
mixture. It was applied to natural rubber and EPDM
rubber by spraying alumina and zeolite particles on
rubber with a spray gun at 3 — 4 bar air pressure. In
this method, a special solution (methyl ethyl ketone
+ nanomaterial) was made and absorbed into the
rubber. A physical mixture was provided with 40 mg
of nanomaterial and 20 ccs of MEK into the mixture.

According to Hooke's law, both tensile and
compressive behaviors of metals show the same
properties in the elastic region. Features such as
Poisson's ratio and modulus of elasticity can be
found easily. However, the same statements are not
true for elastic materials such as rubber [10]. Due to
the different behavior of rubber in the tensile and
compression regions, it is insufficient to determine
only the mechanical properties. Due to the
accumulation of knowledge on this subject,
standards such as ASTM D412, DIN 53 504, and
ISO 37 have emerged [11-13].

Test samples were made according to ASTM
D412 — C sample and subjected to the uniaxial
tensile test under a constant load of 45 kN without
preload. (LLOYD LR50KPIus).
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Table 1. Ratios of nanoalumina and nanozeolite-reinforced rubbers produced by HMM

Fig. 2. ASTM D412 — C sample type

Raw Materials % phr Raw Materials % phr
NR Rubber/ 100 51.7 NR Rubber/ 100 33.82
EPDM Rubber EPDM Rubber
Nanoalumina 0.5 0.25 Nanozeolite 1.1 0.37
N330 76 39.29 N550 120 405
Qil 4 2.06 Qil 45 15.22
Other 14.6 7.53 Other 295 9.95
Total 193.39 100 Total 295.6 100
ita
i
\z i ﬁ
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i~ ¥

Air Conditioner Pulley
Alternator Pulley

Infrared
Heater

-

High Resolution Camera

Crankshaft Pulley

Revolution (Rpm)

Time (sec)

Fig. 3. Engine simulation test setup (a) and cycle-time graph (b).

Elastomer materials such as rubber have similar
characteristic properties as a metal spring and a
viscous liquid. This visco-elastic behavior is defined
as deformation and energy-absorbing. Rubber
consists of an infinite number of patterns with a wide
spectrum of spring constants and viscosities.
Torsional stiffness test specimens were made in the
DEVOTRANS Torque Life Test device at room
temperature, providing angles of 1 °—30 °.

Many researchers have developed test methods
for natural frequency and vibration measurements.
For crank pulleys, the natural frequency of torsion is
an important design parameter. Natural frequency
measurements are generally performed with the
hammer method because it is cheap and easy. The
vibration frequency distribution of the force is found
in the hammer test in the modal test setup [14]. For
the natural frequency test, the frequency values and
amplitudes of the pulley were measured by
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performing FFT (Fast Fourier Transform) analysis
with the DEWESoft Sirius program for the
vibrations against the force coming from the
accelerometer, which was attached to the damper on
the test samples, and the hammer.

Vibration data were found in terms of mm/s by
applying a radial load of 700 N. Torsional vibration
data were obtained using a sampling time of 1
second at a constant temperature of 90 °C in the test
setup given in Fig. 3 (a) and variable revolutions
between 900 rpm and 3000 rpm given in Fig. 3 (b).

RESULTS AND DISCUSSION

Tensile test result graphs of sample rubbers
extracted in ASTM D412 — C dimensions are given
in Fig. 4. Maximum strengths were examined by
giving the graphs in Load (N) — Time (seconds).

The maximum torsional strength of 30° (0.6 rad)
of the sample pulley, which is produced with
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nanoalumina-reinforced NR rubber (a) angle-torque
graph, produced by the spraying method given in
Fig. 5, was found to be 290.172 Nm, and the

nanozeolite-reinforced NR rubber produced by the
spraying method, the torsional stiffness is 584.55
Nm/rad.

torsional stiffness from the inclination was found to
be 561.37 Nm/rad. In the angle-torque graph (b) of
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Fig. 4. Uniaxial tensile test results of sample rubbers
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Fig. 5. Angle-torque graph of a) nanoalumina-reinforced b) nanozeolite-reinforced NR rubber crank pulley by
spraying method
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Fig. 6. HMM of EPDM rubber a) reinforced with nanozeolite and b) reinforced with nanoalumina by spraying method.

Angle-torque graph of the crank pulley

Table 2. Hardness values and % changes of sample
rubbers

Hardness
Sample Type (Shore A)
Non-reinforced NR 54
Homogeneous 51
NR + Nanoalumina ~ Mixing
Spraying 54
Homogeneous 62
NR + Nanozeolite ~ Mixing
Spraying 65
Non-reinforced EPDM 54
Homogeneous 51
EPDM+Nanoalumina Mixing
Spraying 54
Homogeneous 62
EPDM + Nanozeolite Mixing
Spraying 65

The torsional stiffness (a) of the crank pulley
sample with nanozeolite-reinforced EPDM rubber
produced by HMM is shown in Fig. 6 as 1000.05
Nm/rad. The maximum torsion of the crank pulley is
282.097 Nm. Again, the maximum torsion of the
nanoalumina-reinforced EPDM rubber pulley (b)
produced by the spraying method given in Fig. 6 is
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286.01 Nm, while the torsional stiffness is 900.12
Nm/rad.

The changes in the hardness value of
nanomaterial reinforcements to NR rubber and
EPDM rubber are given in Table 2. As can be seen
in the table, the hardness of NR rubber decreased
when it was produced with HMM in nanoalumina
reinforcement. In nanozeolite reinforcement, a direct
effect on the hardness of NR rubber is seen,
especially in the spraying method, with an effect of
16.09%. To examine the effect of hardness on
torsional stiffness, torsional stiffness graphs of
nanoalumina- and nanozeolite-reinforced NR
rubber, zeolite-reinforced EPDM rubber produced
with HMM, and alumina-reinforced EPDM rubber
produced by spraying method were obtained for the
samples.

In the experimental modal analysis test
performed on the sample pulleys, natural frequencies
were found using a hammer. These values are based
on the peak of the pulley, and the frequency
amplitudes of the crankshaft and pulleys are given in
Fig. 7.

While the natural frequency value for
nanoalumina-reinforced NR by spraying method
was 333.5 Hz, it was 339.4 Hz for nanozeolite-
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reinforced NR. Although EPDM reinforced with
nanoalumina by spraying method was in the
maximum frequency range of 465.8 Hz, the closest
natural frequency result to the crankshaft with 418.9
Hz was nanozeolite reinforcement with HMM.

wew Spraying nano alumina NR

= Spraying nano zeolite NR

s HMM nano zeolite EPDM

[ we Spraying nano alumina EPDM -

Amplitude (g)

Frequency (Hz)

Fig. 7. Natural frequency test results of sample pulleys

In this case, the results from the torsional stiffness
and the natural frequency results comparison are
given in Table 3. As seen in the table, the analytical
modal analysis and experimental modal analysis
error rates resulting from torsional stiffness are
around 10%. The closest result was for the crank
pulley with nanozeolite reinforced EPDM rubber
produced with HMM. Engine simulation tests on
sample pulleys performed at a constant temperature
with the cycles given in Fig. 3(b) are given in Fig. 8
below.

According to the engine simulation test results,
the most vibrating pulley was the nanozeolite-
reinforced NR rubber pulley produced with the
spraying method, while the least vibrating pulley

was the nanozeolite-reinforced EPDM rubber pulley
produced with HMM.

Acoustic control tests were carried out on the
crank pulleys at certain speeds with the help of a
microphone. These test results are shown in Fig. 9,
and the sound intensities of the pulleys are given in
dB (A).

According to the test results given in Fig. 9, the
same results were obtained as the vibration data. The
crank pulley that made the most noise was the
nanoalumina-reinforced NR rubber produced by the
spraying method, while the nanozeolite-reinforced
EPDM rubber crank pulley produced with HMM
made the least noise.

CONCLUSION

Crank pulleys are some of the front parts of the
engine that absorb the torsional vibrations coming
from the crankshaft and transmit the movement from
the crank to other parts. Light and powerful engine
technology is constantly developing, and the
importance of the type of material used is growing
day by day. Especially the field of nanotechnology
shows continuous development.

In this study, a nanocomposite material was
formed by adding nanoalumina and nanozeolite to
natural and EPDM rubber, which is a non-linear
material used in crank pulleys, using homogeneous
and spraying methods. Nanocomposite specimens
were subjected to a uniaxial tensile test, and a
positive effect on tensile strength and elongation was
observed in the homogeneous mixing method of
nanoalumina reinforcement of natural rubber. It was
found that zeolite supplementation has negative
results in both production methods. It was observed,
however, that the zeolite reinforcement made to
EPDM rubber increased the breaking strength by
61% compared to the unreinforced rubber.

Table 3. Analytical and experimental modal analysis % error rates of sample pulleys

Rubber Reinforcement  Mixing Method
Type Material
NR Nanoalumina Spraying
Nanozeolite Spraying
EPDM  Nanoalumina Spraying
Nanozeolite Homogeneous
Mixing

Analytical Modal ~ Experimental Modal % Error
Analysis (Hz) Analysis (Hz)
307.74 339.4 9.33%
301.58 3335 9.57%
402.52 465.8 13.59%
381.88 418.9 8.84%
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—— Crank pulley produced with multi-walled carbon nanotube reinforced NR rubber by homogeneous mixing method

lted carbon be reinforced EPDM rubber by homogeneous mixing method

—— Crank pulley produced with multi-

Crank pulley produced with nano zeolite reinforced EPDM rubber by homogeneous mixing method

Crank pulley produced with nano alumina reinforced EPDM rubber by spraying method

—— Crank pulley produced with nano zeolite reinforced NR rubber by spraying method

160

-

| \

20 PN

Vibration (mm/s) ,
5

Loy
NA-

~— Crank pulley produced with nano alumina reinforced NR rubber by spraying method

£V,

l\MLﬂwuv“Mnr"qu‘“'ﬁvf-'w‘kh'“

A AN
‘N.’”Wﬁ\n POVTE TR CRAT Y v

SR e )

?:?qfﬁthQMn

900
1200
1200
2000
2000
2000
2000
2000
3000
1400
1400
200
00
800
200
200
1600
1600
2500
2500
2500
2500
2500
2500
1500
1500
2550
2550

2550
2550

2550
2550

as0

as50
23200
2300
2300
2300
2300

00
1950
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500
2500

Revolution (rpm)

Fig. 8. Speed — vibration test results of sample pulleys
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Fig. 9. Sound intensities of sample pulleys

It was found that the nanoalumina reinforcement
of NR rubber did not change the hardness value,
while the nanozeolite reinforcement increased the
hardness. Especially in the spraying method, it was
observed that the hardness changes at a rate of 16%.
When the effect of the hardness value on the
torsional stiffness was examined, it was found that
the hard material had a lower torsional stiffness.
Since the ratio of torsional stiffness and inertial mass
gives the square of the natural frequency, it is
compared with the modal analysis results.

Modal analysis was performed using the hammer
method, and the natural frequency of the sample
pulleys and crankshaft was found. In this
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= HMM nano zeolite EPDM
= Spraying nano alumina NR

experiment, it was seen that the nanozeolite-
reinforced EPDM rubber crank pulley produced with
HMM has the closest resonance frequency to the
crankshaft. This situation is interpreted as a
contribution to the durability of the crankshaft as the
pulley is at the same resonance frequency without
the shaft resonating during the torsional vibrations
coming from the crankshaft. In the natural frequency
results calculated by the analytical method and found
by the experimental method, it was found that the
results of the HMM and nanozeolite-reinforced
EPDM rubber pulley with an error rate of 8.84%
approach the experimental results, therefore the
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natural frequency can be found from the torsional
stiffness and torsional inertia mass.

As regards the vibration and noise data, it was
concluded that the noise intensity of the pulley that
vibrates the most is higher than that of the other
samples. Due to this situation, it was determined that
a correlation can be established with the acoustic
control test instead of the engine simulation test in
terms of time and cost. As it is known that the noise
levels of the crank pulleys will be at the engine idling
speed (900 rpm), it was seen that the crank pulley
with nanozeolite-reinforced EPDM rubber produced
with HMM had the least noise level of 80.07 dB (A).
In the light of these data, it was found by the test
results that the nanozeolite-reinforced EPDM rubber
crank pulley produced with HMM, taking into
account the parameters that dampen the vibrations
coming from the crankshaft and the rubber structure,
shows the best strength.
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BAP Commission for the project support on
"Experimental and Finite Element Method
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Behaviors of the Elastomer Structure Used to
Dampen Vibrations Affecting the Crank Pulley, by
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Here, we report on the preparation of light-activated polymer coatings obtained via a simple dip-coating procedure on
a stainless steel (SS) substrate by using the following components: 1) P(mDOPA)-co-P(DMAEMA®*) polycationic
copolymer; 2) Pox(mDOPA)/PAH) nanogel which possesses quinone groups and 3) a photosensitizing agent on the base
of porphyrin IX (PPIX - ED). Energy dispersive X-ray analysis with SEM (EDX-SEM) was used to analyse the chemical
composition and distribution of elements of the coatings. The antibacterial activity against G. negative E. coli and G.
positive B. subtilis was established by a modified disc diffusion method.

Keywords: light-activated coatings; photosensitizers; antibacterial activity

INTRODUCTION

Several research groups, as well as healthcare
industry are oriented toward the design and
preparation of effective and long-lasting
antibacterial coatings. This is a requirement to
prevent the initial bacterial attachment to different
surfaces in the hospital, which are responsible for a
number of nosocomial infections. The common
methods for disinfection in the practice include
physical or chemical disinfection treatment [1, 2].
However, these procedures are not effective enough
and recontamination of the surfaces occurs very
rapidly. Therefore, other more effective technologies
have been developed in order to prevent the spread
of infections. Most of them are based on the release
of active biocidal agents from the coating as silver,
copper, or zinc, which are able to Kkill
microorganisms on the top of the coated surfaces [3,
4]. The anti-adhesive coatings are other antibacterial
products which reduce bacterial attachment to
surfaces [5]. Among them, super-hydrophobic
surfaces attract interest since they may delay or even
prevent microbial attachment to a surface [6, 7]. The
other technology includes the preparation of contact-
active surfaces that exhibit antimicrobial activity
without releasing biocidal substances [8]. Presently,
attention is paid to so-called light-activated surfaces.
They require special molecules known as
photosensitizers, which absorb light in the visible
part of the spectrum and transfer the absorbed energy
via its triplet state to adjacent molecules, in
particular, molecular oxygen, thus leading to the
generation of reactive oxygen species (ROS) [9].
Two types of antimicrobial coatings can produce

* To whom all correspondence should be sent:
E-mail: rbryaskova@uctm.edu
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reactive oxygen species: i) a coating consisting of an
embedded or grafted photosensitizer [10-13], and ii)
a titanium dioxide based photocatalyst coating [14,
15]. The main advantage of these light-activated
coatings is the lack of developing microbe resistance
with time [10]. Recently, we reported on the
preparation  of  bio-inspired  photoactivated
antibacterial coatings on stainless steel (SS) with
covalently attached photosensitizer of the 9-
aminoacridine-3  type, which possess good
photobactericidal activity against G. negative E. coli
[13]. Therefore, here we report on the preparation
and antibacterial activity of light-activated coatings
based on protoporphyrin IX and bio-inspired
nanogel based on Pox(mMDOPA).

EXPERIMENTAL
Materials

Protoporphyrin IX (PPIX) (Sigma-Aldrich), N-
hydroxysuccinimide (NHS), 1-(3-dimethylamino-
propyl)-3-ethyl carbodiimide hydrochloride, 98+%
(EDC) and poly (allylamine hydrochloride) (PAH)
(Alfa Aesar) were used without further purification.
Stainless steel 1.2 (SS) was used as a substrate. Poly
(N-methacryloyl  3,4-dihydroxy-L-phenylalanine
methyl ester)-b-poly (2-methacryloxyethyltrimethy!l
ammonium chloride) (P(mDOPA)-co-
P(DMAEMA+) copolymer [16], poly (N-
methacryloyl 3,4-dihydroxy-L-phenylalanine
methyl ester) (P(MDOPA)) [17], oxidized poly (N-
methacryloyl 3,4-dihydroxy-L-phenylalanine
methyl ester)-/poly(allylamine)  (Pox(mDOPA)/
PAH)) cross-linked nanogel [18] were prepared as
reported in [16-18].

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Synthesis of (Pox(mDOPA)/PAH) cross-linked
nanogel

Pox(mDOPA)/PAH-based  nanogels  were
prepared according to a procedure reported in [17].
In brief, P(MDOPA) (10 mg) was dissolved in
distilled water (10 mL) and NaOH (0.1 M) was
slowly added in order to increase the pH of the
medium to oxidize the catechol groups of
P(mDOPA) and the solution was stirred for 12 h at
room temperature. Then, an aqueous PAH solution
(3 mL; 1 gL™? at pH 10 was slowly added to the
Pox(mDOPA) solution and stirred for one hour at
room temperature.

Synthesis of amino-modified protoporphyrin IX
(PPIX-ED)

Amino-modified protoporphyrin IX (PPIX-ED)
was prepared according to the procedure reported in
[19]. In brief, PPIX (200 mg, 0.355 mmol) was
dissolved in 20 ml DMF (pre-purged with N) at
room temperature. To this solution, ethylene
diamine (40 mg, 0.666 mmol), NHS (40 mg, 0.348
mmol), and EDC (190 mg, 0.991 mmol) were added
under stirring at room temperature. After 30 minutes,
a fine precipitate was obtained. The resulting
mixture was stirred for 24 h at room temperature and
after that, the precipitate was collected, washed with
50 mL of diethyl ether, and left to dry.

Preparation of the light-activated polymer coatings
on SS substrate

Stainless steel samples with different sizes were
cut out from the as-received 1 mm thick SS, 1.0 x
1.0 cm. They were cleaned and degreased by
washing for 2 minutes with ethanol and acetone,
respectively and purged by nitrogen. The substrate
was first dipped in an aqueous solution of P(DOPA)-
co-P(DMAEMA®) (2 g L1, pH 7) for 15 min, then
rinsed with deionized water for 5 min, followed by
dipping into an aqueous solution  of
Pox(mDOPA)/PAH nanogel (1 g L~1) for 15 min and
rinsed with deionized water for 5 min. The substrate
was dipped in a solution of amino-modified PPIX (1

g L%, pH 10) for 15 min followed by rinsing with
deionized water for 5 min.

Characterizations

ATR FT-IR spectra were recorded using Agilent
Cary 600 equipment. Transmission electron
microscopy (TEM) observations were carried out
with a HR STEM JEOL JEM 2100 instrument.
Dynamic light scattering (DLS) measurements were
performed using a Brookhaven instrument
(NanoBrook 90Plus) with ZetaPlus particle sizing
software Version 5.23. SEM-EDX spectra were
recorded on SEM Lyra, Tescan with Quantax EDS
detector — Bruker. The inhibition zones of the
antibacterial test were measured using Image-Pro
Plus software.

Antibacterial activity

The antibacterial activity of P(mDOPA)-co-
P(DMAEMA")/ Pox(mDOPA)/ PAH/ PPIX-ED
coatings on SS substrate was tested against Gram-
negative bacterium Escherichia coli (E. coli) and
Gram-positive bacterium Bacillus subtilis (B.
subtilis) using a modified agar disk-diffusion
method (DDM). In this procedure, agar plates were
inoculated with 0.2 ml of standardized inoculum
(107 cells.ml) of the test microorganism. Then,
films (previously sterilized by UV irradiation)
deposited onto 1x1 cm SS substrate were placed on
the agar surface. The Petri dishes were illuminated
using a 300 W spotlight and incubated under suitable
conditions (30°C for B. subtilis and 37°C for E. coli)
for 24 hours. Then the diameters of inhibition growth
zones were measured using Image-Pro Plus
software.

RESULTS AND DISCUSSION

Preparation and surface characteristics of the
light-activated antibacterial polymer coating on
stainless steel

Light-activated antibacterial coatings were
prepared by a simple dip-coating procedure,
according to Scheme 1.

P(mDOPA)-(‘o-P(DMAEMA) / Pox(mDOPA)/PAH /

\

PPIX - ED

Scheme 1. Strategy for preparation of light-activated antibacterial coatings on stainless steel.
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Intensity (%)

b)

100
Diameter (nm)

Figure 1. a) TEM of Pox(mDOPA)/PAH nanogels, b) DLS analysis of Pox(mDOPA)/PAH nanogels
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Scheme 2. Preparation of Pox(mDOPA)/PAH nanogels

Scheme 3. Synthesis of amino-modified protoporphyrin IX

Initially, the substrate is immersed into an
aqueous solution of polycationic P(MDOPA)-co-
P(DMAEMA") copolymer (2g L%, pH 7) at room
temperature. It is well known that DOPA-
functionalized polycation copolymers can strongly
anchor to the surface by DOPA/metal interactions
[20]. The next layer is then built by dipping the
substrate into an aqueous  solution  of
Pox(mDOPA)/PAH nanogel (1g L™, pH > 9), which
can be further modified with an appropriate amino-

modified photosensitizer by the well-known
amino/quinone  reaction. For this purpose,
Pox(mDOPA)/PAH nanogels were prepared

according to the procedure reported by Detrembleur
et al. [17] by the addition of a PAH solution (1 g L™
1) to Pox(mDOPA) aqueous solution (Scheme 2)
which results in the formation of nanogel particles.
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EDC, NHS
24h,RT

The preparation of Pox(mDOPA)/PAH nanogel
was proven by TEM and DLS analysis. The TEM
images demonstrated the formation of spherical
Pox(mDOPA)/PAH nanogel particles with an
average size of 50 nm (Figure 1a). DLS analysis
showed that the nanogel particles have an average
hydrodynamic diameter of 120 + 10 nm at an index
of polydispersity of 0.25 (Figure 1b). The last step
consists of deposition of an amino-modified
protoporphyrin IX (PPIX-ED) (1 g L™ %), which is
known for its high photoactivity and antibacterial
properties [21]. The synthesis of PPIX-ED was
performed according to Scheme 3.

The modification of protoporphyrin IX was
proven by ATR-FTIR spectroscopy. The ATR-FTIR
spectrum confirms the chemical modification of
PPIX by displaying all characteristic peaks at 3300
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cm? (vNH); 2911 cm? (v(s)CHz); 2855 cm?
(v(as)CH2); 1628 cm™(amide | band) and 1533 cm*
(amide Il band) for vC=0 of ~-CONH- groups.

The energy dispersive X-ray analysis with SEM
(EDX-SEM) was used to analyze the chemical
composition of the coatings, as well as the
distribution and concentration of the elements at the
surface and in the vicinity of the surface (Figure 2).
The overall elemental mapping of the P(MDOPA)-
co-P(DMAEMA")/ Pox(mDOPA)/ PAN /PPIX-ED
coatings on SS demonstrated uniform distribution of

the main elements which was derived from the
obtained coating as follows: carbon (53.9 at. %),
oxygen (2.79 at. %) and nitrogen (4.2 at. %) (Figure
2a). In comparison, in the overall elemental mapping
of the pristine SS substrate, all elements

characteristic for the SS substrate as iron (67.2
at. %), chromium (16.08 at. %), and nickel (9.15
at. %) were detected (Figure 2b). These results
demonstrated the successful preparation of the light-
activated polymer coatings.

| B | Au% | | B | At% |
N 6721 BEl 5388
K=l 1608 B3 2815
Kl o5 7.04
LR o
LN 118 E Kl 279
i
ﬁ‘ 5t 1 1 =
Figure 2. SEM-EDX  mapping of a) neat SS substrate and b) P(mDOPA)-co-
P(DMAEMA+)/Pox(mDOPA)/PAH/PPIX-ED coating on SS substrate.
Table 2. Antibacterial activity of the light-activated coatings on SS steel
Sample B. subtilis E. coli
Inhibition zone (mm) Inhibition zone (mm)
P(mDOPA)-co- P(DMAEMAY) 12.6 16.5
/Pox(mDOPA)/PAH/PPIX-ED

Figure 3. Antibacterial activity of P(MDOPA)-co-P(DMAEMAY) /Pox(mDOPA)/PAH/PPIX-ED against a) B. subtilis

and b) E. coli by DDM.
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Antibacterial activity of light-activated
antibacterial coating

The antibacterial activity of the obtained light-
activated coatings was demonstrated against Gram-
negative E. coli and Gram-positive B. subtilis strains
using DDM. It was found in both cases that the light-
activated coatings possess strong bactericidal
activity demonstrated by an inhibition zone in the
range of 12-16 mm (Table 2, Figure 3 a, b).
However, the bactericidal activity against G.
negative E. coli was higher in comparison to G.
positive B. subtilis, which is probably due to the
difference in the membrane structures of the G.
negative E. coli and G. positive B. subtilis strains,
the peptidoglycan layer in the former being thicker.

CONCLUSION

In this study, light-activated antibacterial
coatings were successfully prepared on a SS
substrate using an amino-modified photosensitizing
agent on the base of porphyrins. The EDX-SEM
analysis indicates the deposition of the coatings on
the SS substrate by the presence of all chemical
elements arising from the components used. The
established strong antibacterial activity of the
coatings against G. negative E. coli and G. positive
B. subtilis under light irradiation demonstrated their
potential use in medical and biomedical fields.
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Single-phase nanocrystalline SrWO. was successfully synthesized by direct mechanochemical reaction at room
temperature. A stoichiometric mixture of SrCO; and WOs in a 1:1 molar ratio was subjected to intense mechanical
treatment in air using a planetary ball mill at different ball-to-powder weight ratios (BPR). The phases and structural
transformations were monitored by X-ray diffraction (XRD) and infrared (IR) spectroscopy. Morphology of the obtained
products was determined by transmission electron microscopy (TEM). The synthesis of SfWO, occurred after 1 h milling
time at a high ball-to-powder weight ratio (20:1) and a milling speed of 500 rpm. On the other hand, the SrWQO, formation
was completed after 4 h milling time at a lower ball-to-powder weight ratio (10:1) and the same milling speed. The
average particle size of the as-prepared SrWO. powders was found to be 21 nm which decreased to 16 nm on increasing
the ball-to-powder weight ratio (20:1). The UV-Vis absorption spectra of both materials showed a strong peak at 210 nm

and the calculated optical band gaps were in the range of 4.72-4.92 eV.

Keywords: high energy milling, ball-to-powder weight ratio, XRD, TEM, UV-Vis

INTRODUCTION

SrWOy, is an important member of alkaline-earth
metal tungstate family with scheelite type structure
where Sr ions are coordinated with eight oxygen
atoms and W ions are connected to four oxygen
atoms forming WO, groups [1]. This compound
finds applications as: microwave dielectric material
[2], host matrix for doping with rare earth active ions
[3] anode material for lithium ion batteries [4],
catalysts [5, 6], etc. Conventionally, SrWO, is
prepared by the solid-state reaction of SrCO; and
WOs between 700-1000C for several hours [7-9].
The sol-gel [4], hydrothermal synthesis [10],
sonochemical method [11], co-precipitaton [12],
microwave-assisted route [13, 14], spark plasma
sintering-reactive synthesis [15], electrochemical-
assisted  precipitation  process [16] and
mechanochemical synthesis [17] have been used for
the preparation of this phase. The advantages of the
mechanochemical method are: direct synthesis
without additional heat treatment; decrease in
synthesis time or temperature needed to obtain the
final products; control of particle size and ability to
prepare high purity materials like MOFs [18],
inorganic mixed oxides [19, 20], etc. Many
parameters as type of mill, milling speed, time,
atmosphere or ball-to-power weight ratio (BPR)
affect the phase composition, microstructure,
morphology and properties of the final products.

* To whom all correspondence should be sent:
E-mail: m.gancheva@svr.igic.bas.bg

The major parameter during mechanochemical
treatment is the milling speed which is a decisive
factor for the rapid synthesis [19-23]. The high
milling speed enables a faster synthesis while the
low milling speed is not sufficient for completing the
synthesis. The longer milling time may lead to the
formation of undesirable phases [22, 24]. Types, size
and number of balls used also play an important role
in particle size of synthesized powders [25]. The
BPR is another crucial parameter. The ratio has a
significant effect on the time required to produce the
desired phase or reduce the particle size. Generally,
a higher value of this ratio will result in a shorter
time required for phase formation [19]. The aim of
the present work was to check the possibility for
facile synthesis of SrWO. by mechanochemical
activation using different ball-to-powder weight
ratios (10:1 and 20:1). The formation of the desired
phase, the morphology and optical properties of the
obtained materials were discussed.

EXPERIMENTAL

A mixture of SrCO3z (Merck, purity 99.9%) and
WO;3 (Merck, purity 99.9%) in a molar ratio of 1:1
was subjected to intense mechanical treatment in a
planetary ball mill  (Fritsch-Premium line—
Pulverisette No 7). Both vials and balls were made
of stainless steel; the milling speed was 500 rpm.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The ball-to-powder weight ratio (BPR) was 10:1 and BPR -10:1; 500 rpm

20:1. To minimize the temperature raise during the * STWO.
milling, the process was carried out for periods of 15 + e SICO.
min, with rest periods of 5 min [26]. The milling | a2 Wo,
process and the labels of samples are given in Table . . .4
1 T 0% e T4t ise  ecn

Table 1. The milling parameters of the |
mechanochemical process for preparation of SfWO4

Milling Ball-to-powder Milling
speed weight ratio (BPR) | time
A 500 rpm | 10:1 1-5h

B 500 rpm | 20:1 1-3h T T e

Sample

Intensity (a.u.)
i
[
-
[
|
l!-
§

The phase and structural transformation of the —— _2h
milling samples were investigated by X-ray powder
diffraction  analysis (XRD) and infrared % e e 1
spectroscopy (IR). The powder X-ray diffraction
study was performed on a Bruker D8 Advance I 3 ,
instrument equipped with a copper tube (CuKa). The M3 Jege? 2 Omim
average crystallite sizes of STWO, powders resulting 2 1 40 S0 60 70 80
from X-ray diffraction broadening were determined 20, degrees
by the Scherrer’s formula at the diffraction peak 2@
= 33.10 °. Infrared spectra were registered in the
range of 1600-400 cm™ on a Nicolet-320 FTIR
spectrometer using the KBr pellet technique. TEM BPR-20:1; 500 rpm
observation was performed by a JEOL JEM-2100 .
microscope at an accelerating voltage of 200 kV.

Fig. 1. XRD patterns of sample A mechanically
activated for different milling times

* SIWO,

The preparation procedure of the specimen consisted : STC%
of dispersing them in ethanol by ultrasonic treatment ;
and dripping on standard Cu grids. UV-Vis spectra

were recorded on an  Evolution 300 MERIPS SR SR 3h

spectrrophotometer in the range from 200 to 1000 —---—~-;L~=--'—J-'~-L---
nm. The optical absorption band was calculated
based on Tauc’s equation ahv = A(hv - EQ)", where
o is the absorption coefficient, A is the absorption
constant, h is Plank’s constant, v is the photon
frequency. In the mentioned relation, n represents
the type of semiconductor charge transition [27].
The value of n is related to the characteristics of the

Intensity (a.u.)

electronic transition type in the semiconductors and N tt, Tt e lh

n = 0.5 for a direct allowed transition; n = 2 for an RSV LS. 0.2 08
indirect allowed transition; n = 3 for an indirect JI:'

forbidden transition and n = 3/2 for a direct T 7 . 0h

forbidden transition. STWO, is known as a direct — Moo/ ? Ceeet 733 23

transition metal oxide, and therefore the value of n = 0 W 40 S0 6D 7O &0
0.5 was selected to be used in Tauc’s equation. 20 degrees

RESULTS AND DISCUSSION Fig. 2. XRD patterns of sample B mechanically
The effect of the ball-to-powder weight ratio activated for different milling times

(BPR) on the formation of SrwO,4 powders was

monitored by X-ray diffraction analysis (Figs. 1 and

2). Before ball milling the principal peaks of

monoclinic  WO;  (PDF-01-043-1035)  and

orthorhombic SrCO; (PDF-00-005-0418) were

observed.
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Fig. 3A. IR spectra of sample A mechanically
activated for different milling times
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Fig. 3B. IR spectra of sample B mechanically
activated for different milling times

After 1 h of milling time at a speed of 500 rpm
using the lower BPR (10:1) they were broadened and
their intensity had strongly decreased. This is a result
of a reduction in particle sizes, destruction of the
long-range order and accumulation of defects.
During this milling process the initial reagents
become amorphous. Increasing the milling time up
to 3 h led to the appearance of new diffraction lines
typical of the tetragonal type structure SrWO, (PDF-
01-083-6135). The very low intensity peak at 23.70

° characteristic for WOz was also detected. The
additional mechanochemical activation up to 4 h
yielded a single phase of SrWO.. Between 4 and 5 h
of milling no change of XRD pattern was visible
(Fig. 1).

The crystallite size of as-obtained SrTWOQ, (after 5
h milling time) was calculated using Scherrer’s
equation for diffraction peak at 2@ = 33.10 ° as 26
nm. With increasing BPR up to 20:1 at a milling
speed of 500 rpm, the reaction between the reagents
was performed after 1 h milling time (Fig. 2).
Additional mechanical treatment up to 3 h did not
lead to any changes in the XRD patterns of the
sample. This is an indication for the structural
stability of SrwO.. The crystallite size of as-
obtained SrWO, (after 1 h milling time) at the
diffraction peak of 2@ = 33.10 ° was 22 nm. The
phase formation of SrWQO;4 with increasing BPR
(20:1) is due to the more effective solid-state
diffusion between regents in the course of ball-
materials collisions.

The phase formation of SrwWOQO, during the
mechanochemical treatment was confirmed by IR
spectroscopy. The IR spectrum of the non-activated
mixture exhibits absorption bands typical of
structural units of WO; (bands at 960, 815 and 745
cmt) and of SrCOs (bands at 1465, 860, 705 640 and
480 cm™t) [28-30] (Figs. 3A and 3B). The IR spectra
of the sample A activated at lower BPR (10:1) are
presented in Fig. 3A. The bands at 1035, 960 and 745
cm? disappeared after the early stages of the ball
milling (1 h). Noticeable changes in the IR spectrum
were observed after 3 h of milling time which
confirmed the phase formation of STWQO,. The new
absorption bands are in good agreement with
literature data [2, 11, 13, 14, 31]. The shoulder at 925
cm?® was assigned to anti-symmetry stretching
vibrations (v1) in [WQ,] tetrahedral units. The strong
band at 830 cm™ was attributed to the symmetry
stretching vibration v of the same groups. The weak
band at 410 cm™ is due to bending mode of the WO,
entity [31]. For the material obtained using higher
BPR (20:1) these bands appeared after 1 h of milling
time indicating a faster chemical reaction (Fig. 3B).

The morphology and particle size distribution of
SrWO4 nanoparticles were analyzed by transmission
electron microscopy. The TEM image at a lower
magnification of the sample A shows that STWO,
nanocrystallites are aggregates consisting of many
particles with nearly spherical form (Fig. 4A). The
TEM images indicated that the particles exhibited
homogeneity in shape (Figs. 4A and 4B). The
particle size distribution histogram of sample A
shown in Fig. 4C indicates that the grain sizes are
between 10-60 nm and the average size is 21 nm.
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Fig. 4. TEM images (A and B) of the
mechanochemically obtained SrWO, (sample A) after 5 h
milling at BPR 10:1 and histogram of the particle size
distribution (C).

The TEM studies of samples B (BPR 20:1) are
presented in Fig. 5. No morphological differences
were detected in STWO, with the increase in BPR
(Figs. 5A and 5B). In this case the crystallites exhibit
more spherical form and their size is below 50 nm.
With increasing BPR grain sizes between 1-40 nm
were observed, the average size being 16 nm. The
comparison of the particle size distribution of
samples A and B shows that the particle size tends to
decrease with the increase in BPR. The particle size
distribution changed from narrow to wide from
sample A to sample B.
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Fig. 5. TEM images (A and B) of the
mechanochemically obtained SrWQO4 (sample B) after 5 h
milling at BPR 20:1 and histogram of the particle size
distribution (C).

The optical properties of the mechanochemically
obtained SrWO, powders were studied by UV-Vis
diffuse reflectance spectroscopy. The UV-Vis
reflectance spectra of SrWQO, (samples A and B)
exhibited a strong band at 210 nm which is typical
for wide-band gap compounds (Fig. 6).

The peak at 210 nm is characteristic of O (2p) —
W (5d) charge transfer in WO, tetrahedra [16]. The
experimental optical band gap energy of
nanocrystalline SfwO, was found by extrapolating
the linear portion in an (F/R)Y2 vs. hv plot, as shown
in Fig. 7.
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Fig. 6. Diffuse reflectance UV-Vis spectra of
mechanochemically synthesized SrWO, powders at
different BPR.
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Fig. 7. Tauc plot of mechanochemically synthesized
SrWO, powders at different BPR.

The band gap of the mechanochemically obtained
SrWO, (sample A) was estimated to be 4.92 and
decreased to 4.72 eV for STWO, (sample B) using
the higher ball-to-powder weight ratio 20:1. The
value of the optical band gap is higher than those
reported in the literature [3, 9, 16]. Table 2 gives the
data of the average crystallite size and optical band
gap value of both samples. The decrease in optical
band gap value can be attributed to decreasing of the
crystallite size.

Table 2. Mechanochemical synthesis of SrwWO, and
physico-chemical characteristics.

Milling Dam- Dnm- Eg,
SIWO4 | time XRD | TEM eV
5h
A e 101 | 27 22 4.92
B 1h 22 16 472
BPR -20:1 :

CONCLUSIONS

In this research, the effect of the ball-to-powder
weight ratio (BPR) on the formation of SrWO,
powder was studied. The mechanochemical
treatment at lower BPR (10:1) and milling speed of
500 rpm induces amorphization of the reagents up to

2 h milling time. The phase formation of tetragonal
SrWO, occurred at 5 h milling time. A faster
synthesis of SrWO, was realized on applying a
higher BPR (20:1) after 1 h of milling time with a
milling speed of 500 rpm. The particle morphology
of the as-obtained products mainly consists of
special shapes. The average particle size determined
by TEM analysis well matches that calculated from
XRD data. UV-Vis spectroscopy indicated that
SrWO, particles had strong visible light absorption
and band gaps in the range of 4.72-4.92 eV.
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Influence of the applied external voltage on anaerobic digestion with integrated
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An external microbial electrolysis cell (MEC) was integrated into the ethanol stillage anaerobic digestion reactor
(AD). The AD-MEC system is a promising technology for enhancing biogas production. It accelerated methane
production and stabilized the process. A change in applied external voltage could change microbial metabolism and
affect substrate degradation rate, volatile fatty acid (VFA) generation and biogas production. The effect of applied
external voltage on biodegradability, VFA and methane content in produced biogas was studied. Four values of external
voltage were selected - 0.6, 0.8, 1.0 and 1.2 V. The kinetics of biogas production for 15 days was monitored. Methane
yields increased to 84, 88 and 82 % (“vol.) at 0.6, 0.8 and 1.0 V voltages of the microbial electrolysis cell, respectively.
Higher voltage (1.2 V) did not increase the methane content vs AD-only process (75 %, vol.). The best biodegradability
was achieved at low voltages (0.6 and 0.8 V) - reduction of chemical oxygen demand by 88-89 % and purification of
ethanol stillage from sulfates. Acetic acid decreased by 96 % at 0.6 V/, 95 % at 0.8 V, 74 % at 1.0 Vand 65 % at 1.2 V.

Keywords: Anaerobic digestion, microbial electrolysis cell, ethanol stillage, VFA, COD

INTRODUCTION

The microbial electrolysis cell (MEC) is the
commonest  bioelectrochemical  system  with
anaerobic digestion (AD) being studied. The
integration of MEC into an AD reactor (AD-MEC)
improves the process by alleviating volatile fatty
acids (VFA) accumulation, shortening solid
retention time, enhancing hydrolysis/acidogenesis
rates, and enriching exoelectrogen/methanogen
activities, so improving the AD performance [1].
Moreno et al. found that MEC could enhance
biomethane production rate, resulting from the
alleviation effects of reduced VFA accumulation
[2]. In recent research was reported that methane
yield even exceeds 90 % from an AD-MEC system
[3-5]. The advantages of AD-MEC include less
energy (voltage < 1.0 V) which was required for
hydrogen production compared to water electrolysis
(voltage > 1.2 V) process and higher hydrogen
yield compared to conventional fermentation-based
processes [1].

The biomethane productivity responds to
voltage application are highly substrate-dependent.
In addition, the change in VFAs content or decrease
in chemical oxygen demand (COD) also varies for
different substrates. For example, in terms of
methane productivity, there existed an optimum
applied voltage for palm oil mill effluent, while
voltage application shows insignificant impact on
swine manure [1]. The applied voltage affects both
the methane enhancement and productivity. Results

* To whom all correspondence should be sent:
E-mail: polina.velichkova@mgu.bg

showed that AD-MEC operated at 0.4-0.8 V have
better biomethane productivity, suggesting the
existence of an optimal applied voltage for
microbial growth and associated electrochemical
bioreaction rates. High voltage (>1.0 V) can be
harmful to microorganisms, while the applied
voltage should exceed a threshold value to
overcome the thermodynamic barrier for the
desired electrochemical bioreactions [1, 6]. The
VFAs are generated by AD but could not be
converted mainly to methane. An extra energy
input is needed to convert VFASs to biogas [7]. They
can be converted into hydrogen by applying
voltage.

In the present study, the influence of the applied
external voltage on the reduction of VFAs (lactic,
acetic, propionic and butyric acids) and organic
matter was studied. Analyzes were performed in
four operating modes of AD-MEC - with 0.6, 0.8,
1.0 and 1.2 V external voltage. The process was
monitored for 15 days by sampling the inlet and
outlet of the reactor at different voltages. The
samples were analyzed for COD and VFAs.

EXPERIMENTAL
Microbial electrolysis cell configuration

The scheme of the laboratory installation is
shown on Fig. 1a and the picture — on Fig. 1b. The
anaerobic reactor has a working volume of 5 dm?.
Two graphite plates measuring 100 x 100 X 6 mm
were used as electrodes.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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anaerobic
bioreactor

microbial
electrolysis cell

load chain of ~ §

y substrate inlet
pump

Fig. 1. Scheme (a) and picture (b) of an integrated AD-MEC system. Legend: 1- substrate input, 2- anaerobic
bioreactor (UASB), 3- microbial electrolysis cell (MEC), 4- recirculation flow, 5- load chain of MEC, 6- substrate inlet

pump, 7-biogas, 8- reactor outlet.

Spacing between the anode and cathode placed
on opposite sides measured 20 mm. Recirculation
pumps moved the flow.

The microbial electrolysis cell is integrated
outside the volume of the anaerobic reactor. The
cathode and anode electrodes were connected to the
power supply, with an external resistance of 10 Q.
The reactor system was filled with ethanol stillage
and 10 % of volume of substrate inoculum from a
mixed methanogenic consortium (activated sludge).
273 ml/day of stillage is pumped to the reactor.

Stillage and activated sludge

Stillage was obtained after the separation of
ethanol obtained by acid hydrolysis of starch-
containing plants from “Kehlibar” Winery Ltd,
Svetovrachene, Bulgaria. The stillage was stored in
a refrigerator. Before use, it was neutralized to pH
7.5 with NaOH. Activated sludge was taken from
“Almagest” AD, Verinsko, Bulgaria.

Analytical methods

Chemical oxygen demand was measured with
COD Ultra-High Range Reagent Vials, EPA
method (Hanna Instruments). The sulfate
concentration ~ was  determined using a
spectrophotometric method at A 420 nm using
BaCl, as a reagent. The contents of CO,, CHa, H2S
and H; in the produced biogas were measured using
a portable gas analyzer "Draeger X-am 7000". The
acid composition in the ethanol stillage at the inlet
and outlet of the installation was determined by
HPLC at the Institute of Chemical Engineering -
BAS. Scanning electron microscopy (SEM) was
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used for scanning the biofilm on electrodes. Prior to
SEM, the samples were fixed with 2 %
glutaraldehyde in 0.1 M phosphate buffer overnight
in the fridge (4 °C) and then were dried with
ethanol. After that, the samples were kept in a
desiccator for 48 hours and then were coated with a
thin layer of graphite.

RESULTS AND DISCUSSION
Change in the composition of volatile fatty acids

Samples were taken on the 14th day from the
beginning of the decomposition of the ethanol
stillage in AD-MEC for each of the applied external
voltages at the inlet and outlet of the reactor- 0.6,
0.8, 1.0, 1.2 V. The obtained results for lactic,
acetic, butyric and propionic acids are given in
Table 1.

The lactic, acetic, butyric and propionic acids
were consumed as a food source for the microbial
communities. The best degradability was achieved
at 0.8 V, followed by 0.6, 1.2 and 1.0 V,
respectively. The acetic acid is considered as the
key intermediate product for methane production.
The decrease in acetic acid concentration indicated
that exoelectrogens on the anodes might actively
consume acetic acid for the current generation,
which was used for the reduction at the cathodes for
the methane production. Such results are reached
by Arvin et al. [7], where the acetic acid content
decreases from 317 mg/L in the first phase to 278.3
mg/L in the second, 79.7 mg/L in the third, and
70.6 mg/L in the fourth phase in AD-MEC with
external voltage 1.0 V.
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Table 1. Content of VFAs in the ethanol stillage before and after methanation in AD-MEC at different external voltage

Sample
VFA AD-MEC 0.6V AD-MEC 0.8V AD-MEC 1.0V AD-MEC 1.2V
input output input output input output input output
Lactic acid, g/L 0.67 <0.01 2.5 <0.01 1.98 0.15 <0.01 <0.01
Acetic acid, g/L 5.20 0.19 2.8 0.15 4.39 1.14 4.03 1.42
Propionic acid, g/L 5.93 0.12 3.54 <0.01 5.44 0.75 5.01 0.67
Butyric acid, g/L 1.15 <0.01 0.15 <0.01 0.52 0.08 1.20 <0.01
Table 2. COD and sulfates value input and output of reactor at different external voltage
. AD-MEC with applied voltage
Parameter AD, control experiment 06V 0.8V 1.0V 19V

CODinput, g O2/L 99.44 58.48 87.36 104.12 69.44
CODoutput, g O2/L 34.08 5.68 9.76 15.4 47.48
SO4% input, Mg/L 847.45 860.23 562.16 978.38 875.67
S04% output, MG/L 450 <1 <1 153.75 <1

The results in Table 1 show that acetic acid
decreased from 5.2 to 0.19 g/L (by 96 %) at 0.6 V,
from 2.8 to 0.15 g/L (by 95 %) at 0.8 V, from 4.39
to 1.14 g/L (by 74 %) at 1.0 V and from 4.03 to
1.42 g/L (by 65 %) at 1.2 V. At the end of biogas
production, 0.12, 0.75 and 0.67 g/L propionic acid
were detected at 0.6, 1.0 and 1.2 V, respectively,
while at 0.8 V it was consumed by the
methanogens. The lactic acid was also completely
degraded at 0.6 and 0.8 V, while at 1.0 V 0.15 g/L
were detected. At 1.2V, it was not detected either at
the inlet or outlet of the installation, which may be
due to a chemical change that occurred during
storage of the substrate. The butyric acid was
consumed in 3 of the cases - at 0.6, 0.8 and 1.2 V.
At 1.0 V a minimum quantity was detected - 0.08
g/L butyric acid. This improves the microbial
activities and does not interfere with the process of
methanogenesis.

Venkata and Lenin proved that a change in
applied voltage could change microbial metabolism
and consequently affect substrate degradation rate,
volatile fatty acid generation and biohydrogen
production. The activity of dehydrogenase enzyme
and biohydrogen production had a maximum value
at applied voltage of 0.6 and 1.0 V, respectively [8].

Change in chemical oxygen demand and sulfates

Table 2 shows the values of the two most
important parameters related to the results of
wastewater treatment - COD and sulfates. As can
be seen from the data in Table 2, the degradability
of organic matter at 0.6, 0.8, 1.0 and 1.2 V external
voltage is 89.72 %, 88.83 %, 85.21 % and 31.62 %,
respectively. Sulfates from the ethanol stillage are
reduced to hydrogen sulfide and sulfides by
anaerobic bacteria. In the presence of an electric
field, sulfides are oxidized to elemental sulfur on

the surface of the anode. Sulfates are not detected
in the output stream of the AD-MEC system at 0.6,
0.8 and 1.2 V (<1 mg/L), while at 1.0 V minimal
amounts are observed (153.75 mg/L), which points
to 84 % degradability. The organic removal rate
was successfully increased by AD-MEC with 0.6,
0.8 and 1.0 V external voltage, which was 66 %
with the cell off. At 1.2 V, no improvement was
observed - even the biodegradability decreased to
31.62 %. Sulfate removal was also improved with
integrated MEC compared to AD-only process,
where it was only 46.90 %. Therefore, it can be
concluded that in terms of biodegradability there is
not significant difference between the applied low
voltages- 0.6 and 0.8 V, while at higher - 1.0 and
1.2 V, there is either a residue of sulfates and
insufficient purification of stillage (at 1.0 V) or
incomplete removal of organic matter (at 1.2 V).
These results again prove the conclusions of
Venkata and Lenin that the metabolism of bacteria
is strongly influenced by the applied external
voltage - at high voltages (in the case of 1.2 V), the
microbial metabolism is inhibited and the degree of
organic decomposition decreases [8].

Biogas production from ethanol stillage

Figure 2 shows a comparative graph of the
kinetics of a process of biogas production in AD-
MEC at different external voltages- 0.6, 0.8, 1.0
and 1.2 V. The graph shows that 27, 31, 29 and 35
liters of biogas were produced in 15 days in the
AD-MEC system at 0.6, 0.8, 1.0 and 1.2 V,
respectively. Although the highest yield is at 1.2 V,
the fastest process is at 0.8 V- until the 10th day.
Then 24 liters of biogas are produced in both and
the predominance is for 1.2 V. The produced biogas
for 0.6 and 1.0 V is 16 and 18 liters, respectively,
on the 10th day.
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Table 3. Gas composition in produced biogas by different external voltage

Gas composition CHa, vol. %
AD-MEC with 0.6 V 84
AD-MEC with 0.8 V 88
AD-MEC with 1.0 V 82
AD-MEC with 1.2 V 75

CO2, vol. % H2S, ppm Hz, vol. %
14 0 1
8 120 3
15 287.5 3
16 2000 7

Kinetics of biogas production
0

30
20

10

Volume of produced biogas, |

0 100 200 300 400
Time, h

0,6V 0,8V —8—10V —8—12V

Fig. 2. Comparative graph of the kinetics of a process
of biogas production at different external voltages in the
AD-MEC system.

Table 3 shows the gas composition in the
produced biogas at different external voltages. As
can be seen, methane yields are highest at 0.8 V (88
vol. %), followed by 0.6 (84 vol. %), 1.0 (82 vol.
%) and 1.2 V (75 vol. %). Generation of hydrogen
(7 vol. %) and methane (75 vol. %) was observed at
1.2 V, with carbon dioxide and hydrogen not being
converted into additional amounts of methane.
Most likely, this is due to ongoing electrolysis of
water or inhibition of the metabolism of
microorganisms. Choi et al. found that methane
production increased when an external voltage of
0.5-1.0 V was applied and decreased at 1.5 V [6].
Linji et al. found too that 0.8 V is the optimal
external voltage for energy recovery from waste
activated sludge [9]. From the obtained results,
which correspond to literature data from other
authors, it can be concluded that the optimal
external voltage applied to AD-MEC is 0.6-0.8 V.

Stillage (substrate) was not treated for H,S by
1.2 V - there is 2000 ppm in the produced biogas.
In other cases, the concentration of hydrogen
sulfide in the biogas was below 300 ppm or even 0
(at 0.6 V). The contents of carbon dioxide and
hydrogen decrease and the methane content
increases at 0.8 V. In the cases of 0.6 and 1.0 V the
carbon dioxide content is 14-15 vol. %.
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Current density

A relatively constant voltage was recorded over
the duration of the assay. From MEC surface area
and current, the current density for 0.6 and 1.2 V
external voltage was calculated. The graph with the
data is shown on Fig. 3 for 15 days of operation of
AD-MEC at the respective external voltage. At 0.6
V the change in voltage and current is relatively
small during the process (15 days). The maximum
current was 0.043 A (achieved in the first 24 h) and
the minimum was 0.030 A (on the 15th day). The
current density varies from 2.15 to 1.5 A/m?2. At 1.2
V, a drastic change in current density is observed -
from 4.45 to 2.95 A/m? (current from 0.890 A on
the first day to 0.590 A on the 15th day). These
results confirmed the conclusions made so far about
the advantages of applying lower over higher
external voltage.

rentdensity, A/

U 1 -

Time, day

Fig. 3. Comparative graph between current density
by 0.6 and 1.2V applied voltage in AD-MEC

Bacterial attachment on MEC electrodes

The SEM images on the anode surface showed
more bacterial cells colonization vs cathode (Fig.
4). Electrodes were covered with attached biofilm
after 15 days of biomethanation in the AD-MEC
system. The formed biofilm of the electrodes was
analyzed at a supply of 0.8 V external voltage, as it
showed the best decomposition of organic matter
and the highest yield of biomethane. Hassanein et
al. (2020) found that the adhesion of cells to the
graphite electrode was better than that on stainless
steel [10]. They also proved the presence of
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exoelectrogenes, electricigens and anodophilic
bacteria at the anode after 11 days of the MEC
inclusion to AD. Hydrogenotrophic methanogens
such as Methanobacterium, Methanospirillum,
Methanobrevibacter, Methanosarcina, Methano-
culleus and Methanocorpusculum have been
reported to grow on the anode [11]. Similar to their

results, SEM analysis showed a very well formed
biofilm on the anode. Rod-shaped and coccoid
bacteria dominated on the anode surface. These
cells  were likely  exoelectrogens and
hydrogenotrophic methanogens, such as
Methanobacterium, Methanosarcina, Methano-
brevibacter and Methanosphaera.

Anode

Cathode

Fig. 4. Morphological characteristics of anode and cathode by SEM - coccoid bacteria with green circle, 1-1.5 pm
rod-shaped bacteria with orange circle, 1.5-2.0 um rod-shaped bacteria with blue and red circle, curved rod-shaped

bacteria around 1.5 um with yellow circle.

Less rod-shaped bacteria and no coccoid
bacteria were present on the cathode, maybe
because the biofilm was wrinkled a lot.

CONCLUSION

From the obtained results it could be concluded
that when purifying an ethanol stillage in an AD-
MEC system it is best to apply 0.8 V external
voltage. Under these conditions, wastewater is
purified from sulfates and organic matter (89 %
biodegradability), VFAs are degraded and do not
inhibit the process of methanogenesis. Also, the
produced biogas has a high methane content of 88
vol. % and a low CO, content of 8 vol. %, which is
an advantage and a prospect for eliminating the
next step in the purification of biogas, and direct
application. Good results for biodegradability and
reduction of VFAs, as well as high methane yield

were obtained at 0.6 and 1.0 V external voltage. At
higher voltages (such as 1.2 V) there was poor
biodegradability (32 %), partial reduction of VFAs,
which are inhibitors of methanogenesis at high
values in the bioreactor, and low methane yield (75
vol. %). The current density was 2.15-1.5 A/m? at
0.6 V and 4.45-2.95 A/m? at 1.2 V. Rod-shaped and
coccoid bacteria dominated in the biofilm on the
anode but not on the cathode. In addition, SEM
analysis distinguished bacteria that may be
methanogens - rod-shaped bacteria such as
Methanobacterium,  Methanobrevibacter  and
coccoid bacteria such as Methanosarcina,
Methanosphaera.
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Comparison of the model axial graphene strain distributions in
graphene/epoxy/polymethyl methacrylate (PMMA) nanocomposite under mechanical
and thermomechanical loading
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The current report presents a theoretical study of the application of a two-dimensional stress-function method to
analytically describe and compare the strains in graphene/epoxy/polymethyl methacrylate (PMMA) nanocomposite
structure under three types of loading - mechanical, thermal and thermo-mechanical. Respectively, three model case
solutions for all 2D strains in the nanocomposite layers at different cases of loading are developed, considered and
compared with each other to illustrate the temperature influence on the strains. All results for the behavior of the axial,
peel and shear strains for all three layers of the structure are illustrated in figures and discussed.

The model axial strain in the graphene layer at two different mechanical external strains - 0.3% and 0.8%, was
compared and validated with experimental data at mechanical loading. The obtained results could be used for fast
prediction of strain distributions in similar nanocomposite devices as sensors, nano- and optical electronic devices, energy
devices, etc., at different types of external loadings.

Keywords: 2D stress-function method, strain, comparison, analytical solutions, graphene-epoxy-PMMA nanocomposite

INTRODUCTION

Research publications on the graphene-polymer
nanocomposites, especially experimental ones,
continuously  increased  exponentially  both
immediately - about 3000 [1] after the discovery of
graphene and ten years later - about 10000 [2]. It is
encouraging that in the recent years, the number of
analytical and numerical approaches which have
been employed to study the effect of graphene as
reinforcement on the performance of polymer
nanocomposites also continuously raised. Many
methods and theories have been tried and approved
such as molecular dynamics, continuum mechanics,
atomistic simulation [3-5], multiscale modeling [6-
8], etc.

In [9] the authors have reviewed the modelling of
polymer nanocomposites reinforced with spherical
nanoparticles or statistically isotropic aggregates. In
[10] a 3D computational model of graphene-
reinforced polymer composites has been developed
and applied for the analysis of damage and fracture
mechanisms in the composites. In [11] the interfacial
stress transfer between a monolayer graphene and a
commonly used PMMA matrix is studied under
pristine vdW and modified H-bonding interactions
by a proposed nonlinear shear-lag model. The latter
considered friction beyond linear bonding, to
understand evolution of interfacial stresses and
further identify key interfacial parameters. In

* To whom all correspondence should be sent:
E-mail: r.vladova@iche.bas.bg

contrast to most finite element models [12-14]
considering the matrix damage or the interfacial
debonding in graphene-reinforced polymer nano-
composites and requiring high computational effort,
the analytical models based on shear-lag analysis are
much more efficient.

Such analytical models [15, 17, 18] are very
suitable for the preliminary design of bonded
structures and provide reasonable results very
quickly, reduce test costs and analysis time. Up to
now, most of published works [19, 24-29] attended
with graphene-reinforced polymer nanocomposites,
are mainly experimental.

Applying the shear-lag theory, it is reported [18],
that if the polymer substrate is subjected to a
relatively small strain, the classical shear-lag model
is valid with a linear shear stress-sliding
displacement relationship and the structure is
perfectly bonded. Also, in [19] on the basis of the
shear-lag analysis, it is shown that an efficient
reinforcement can be realized only if the size of the
graphene flake is large enough (more than 30 pum).
When the structure is subjected to a larger strain, a
nonlinear shear-lag model has to be applied [20-23].

Despite the large number of theoretical studies on
graphene-PMMA nanocomposites, there are very
few works related to the behavior of the same on
thermal treating. So far, the following works were
found where the influence of temperature was also
investigated [5, 24-28, 30, 31].

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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No work was found about how and why
temperature affects stresses or strains in a structure.
Our own contribution to the subject up to date is
[32], in which the foundations were laid with a
derived analytical solution for the stresses in the
monolayer graphene/SU-8/PMMA layers in the
presence of temperature and moisture, but the results
were not validated due to lack of data. Therefore, in
the present work, in addition to comparison and
analysis of the different solutions with and without
temperature effect for the deformations, a partial
validation of the model results with data from [16]
was done. The data used concerned the distribution
of deformations in the graphene layer at external
mechanical loads of 0.3% and 0.8%, without
temperature influence. Unfortunately, available data
are only for elastic loading; it is known that the
critical value for the external strain applied for
graphene monolayer without debonding is 0.53 %
[17].

Here, the theoretical study of the application of a
two-dimensional  stress-function  method s
proposed, to analytically describe and compare the
strains in a graphene/epoxy/polymethyl
methacrylate nanocomposite structure under three
types of loading - mechanical, thermal and thermo-
mechanical. Respectively, three model case
solutions for all 2D strains in the nanocomposite
layers at different cases of loading were developed,
considered and compared with each other to
illustrate the temperature influence on the strains.
The model axial strain in the graphene layer at two
different mechanical external strains - 0.3% and
0.8%, was compared and validated with
experimental data at mechanical loading.

Model and developed analytical solutions for
stresses and strains in the nanocomposite structure

Usually, the graphene flake is embedded in the
polymer matrix, in this way increasing the strength
and toughness of the respective nanocomposite.

Ay

& >
< »

Layer | Iy
Layer Adhesive he | ... Ithyth,
- — hyth,
p <— Layer2 h, — X

Fig. 1. Representative volume element (RVE) of
graphene-(adhesive)-polymer nanocomposite structure

A representative volume element (RVE) is
presented on Fig. 1. of the graphene-(adhesive)-
polymer nanocomposite structure, where | - the
length of the overlap zone, h;, (i) = 1, 2, a are the
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thicknesses of graphene, polymer and adhesive
layers, P - the static tensile force.

The axial stresses in the layers are assumed to be
functions of axial coordinate x only. In the adhesive
interface layer, the axial stress is neglected, or

a,&? = 0. All stresses in the layers (axial, normal
(peel) and shear stresses) are determined under the
assumption of the plane-stress formulation (standard
constitutive  strain-stress equations from 2D
elasticity theory). The 2D stresses in the layers
(axial, shear and normal) are obtained through
integrating by y the differential equations of
equilibrium and satisfying the boundary and contact
conditions.

They are expressed in terms of a single stress
potential function (axial stress of the graphene layer
o1 and its first and second derivatives, as follows:

Layer 1:

(1) I doy 17 d?oy
=0 01 = — o1 =
1, 1 dx’ 1 dxz !

0'(1) —(y (hy + hy + ha)) o
(1) ((h1 + hy + hg) — J’)Ul €Y)

Layer adhesive:

(a) =0, a,gg) h,o]

@ _ [, .y + 1y — )| o 2
0y = = 2 1(h; a—Y)|o1, (2)
Layer 2:

@ _ 5 _ pg b= h
X Oh 1 h2

0y = g 2 =y + by + 2Rl

hy
Ux(gzz) h, 7 Y01 (3)

The complementary Wi and total W strain
energy are obtained through integrating by y for
each layer:

W, = lflf [( ® 60 4 60 0 4
+203). (‘))]dydx 4)

W =73 12aW'lfl [D;(01)* + D,(c"")* +
D3(0y07") + D4(U1)2 + D5 (01) + Dg(0y) +
+D;]dx = -+ =5f0 ®(x,0y,01,01' ) dx (5)

The minimum of complementary strain energy
functional can be found according to Euler-Lagrange
equation of the variational calculus. This equation
leads to the following ODE of 4th order with
constant coefficients D; :
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2D2 O-:I{V + (2D3 - 2D4)0‘]{’ + 2D10‘1 + DS
=0 (6)

The discriminant of the respective characteristic
equation of Eqg. (6) can be positive or negative, so the
roots can be real or complex numbers or mixed.
Additional conditions to obtain four real or complex
or mixed roots for bi-quadratic characteristic
equation of (6) has to be fulfilled for its coefficients
(details could be found in [34]). Here, the sign of
discriminant depends on coefficients D; - Eq.(6a) or,
on the thicknesses and material properties of the
structure layers:

D - 11(11) . hp*
" gV
64 ~15h,(y, +4,)
5 2
h
D, = A -+ ! 22 +10(yt+hor)2 +
20£" 12081 (63)
2
h
L (307 6k, + 41 |
1257 o

v pv @i 2k, -3(y,+1,)]

i—— e
2(1+v<1>)1zf 2(1+v<2>) )
D, == - - - ]11/12+
3 E() E()
+2(1+v(“))hfha
70
2h po
_ [€D)] (2) 2 0
D,=(a® -« )AT.bl—W

In Eq. (6a) o, i = 1, a, 2 are the coefficients of
thermal expansionof the layers, AT is the
temperature difference, and y=hi+h,+h.. The
temperature T is supposed to be uniformly
distributed in the layers.

The general solutions for ¢; for real 4 and
complex roots *(ati.3) are, respectively:

0, = Ciexp(A,x) + C,exp(A,x) + Csexp(A3x)
+ Chexp(Ayx) — A @)

0, =

= exp(—ax)(M; cos(Bx) + M, sin(Bx))

+ exp(ax)(M; cos(Bx) + M, sin(Bx))

—A 3)

Constant A=Ds/2D; in the solutions depends on
the value of external static load o, and AT;
practically, it is a partial solution of the non-
homogeneous Eqg. (6). The coefficients M; C; are
integration constants in the model solution,
determined from the boundary conditions. After
obtaining the solution for o4, all stresses in the layers
(axial, normal (peel) and shear stresses) are
determined as functions of g; and its derivatives (see
Egs. (1) + (3)).

Finally, the 2D strains in the structure layers can
be obtained as:

®

w_1 o ¥V 0,0

XX E(i) XX E(i) yy Txx’
@ 1
Ww__Y (ORNN0)
gyy = —mdxx + mdyy + gTyy'
()]

L0 _ 1+ VT

xy EQ® xy»

@ _ @ @ _ @
er, = ay AT, sley = ay AT 9

RESULTS AND DISCUSSION
Numerical example

The structure’s material and geometric properties
in the numerical example are according to the data in
[16] and are given in Table 1. The structure length is
=20 um, AT=T - To = 50 K, starting from room
temperature To (RT). The applied load is 15 MPa, if
not stated otherwise.

Table 1. Structure material and geometrical
properties.
Geometry and Layer 1, Layer 2, Layer
physical Graphene PMMA Adhesive,
properties SuU-8
Thickness of 1.002e-09 1.5e-06 300e-09
the layer h, m for (7)/
30e-06
for (8)
Young’s le+12 3.5e+09 2e+09
modulus E, Pa
Poisson’s ratio 0.13 0.25 0.22
v, -
Coefficient of -8e-06 74e-06 52e-06
thermal
expansion a;
(CTE), /K

For the model strains calculation and figures plot
preparation, Mathcad Prime v.6.0 and Sigma Plot,
v.13.0 were used, respectively.

From Figs. 2+4, it can be concluded that applying

a thermal loading (AT > 0) to a mechanical one, the
resultant thermomechanical strains s,(cﬁc)s,gsgy) (i
=1,a,2) have the same behavior like the mechanical
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ones, with increasing magnitude in the same range
as that of mechanical ones (cases (a+c) in Figs. 2-4).

For the axial s,(f,z and peel 53(,‘32 thermomechanical
strains this rise in the amplitude is better visible than
for the respective thermomechanical shear strains.
The obtained results for the influence of temperature
on the axial and peel strains are fully in agreement
with recently published FEM results of Banarouei
[31] for graphene/PMMA nanocomposites under
temperature influence.

It should be noted that, to the best of the authors'
knowledge, this [31] is the first appearance of data
(experimental or model results), related to the
distribution of stresses and strains in graphene as a
function of temperature change.

0,006

0,005

0,004 +

% 0,003 —— mechanical
- —— thermal
b —— thermomechanical

0,002 4

0,001 4 ﬁ
0,000

[ mechanical
3e-6 [ thermal
3 thermomechanical

1
e %

# 2,301e-6
2,301e-6

2e-5 = 2,300e-6

@ (@ om
(b)

0,0000 -

mechanical
—— Thermal
-0,0002 4 ~—— thermomechanical

g -0,0004 -

‘& -0,0006 -

-0,0008

-0,0010

-0,0012

(©

Fig. 2. Comparison of the axial strains (a), shear
strains (b) and peel strains (c) in the graphene layer of the
nanocomposite structure at different type of loading.
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Fig. 3. Comparison of the axial strains (a), shear
strains (b), and peel strains (c) in the adhesive layer of the
nanocomposite structure at different type of loading.
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Fig. 4. Comparison of the axial strains (a), shear
strains (b) and peel strains (c) in the PMMA layer of the
nanocomposite.

On Figs. 5 and 6 the model axial strain in the
graphene layer at two different mechanical external
strains - 0.3% and 0.8%, was compared and
validated with experimental data at mechanical
loading from Androulidakis et al. [16].

The corresponding applied mechanical loads in
our model for these two external strains 0.3 and 0.8
%, are 15 MPa and 1 GPa, respectively. As can be
seen, our results fit well the experimental data,
especially in the central part of the strain distribution
along the flake length for both external strains. The
mean relative errors (%) between our predictions and
experimental data are 18 and 24 %, respectively, for
Figs. 5 and 6; the largest deviations are due to the
experimental data behavior near the flake edges,
which are well visible on both figures. The proposed
here model solution for strain in graphene suggests
that at the ends of the flake the strain should be 0,
while from experimental data distribution the
opposite follows. In [33] this behavior near the
graphene edges was investigated and explained as
“...the distribution of axial stress (strain) along the
flake deviates somewhat from the classical shear-lag
prediction for a region of 1-2 um from the edge”. It

was established [33], that this behavior is mainly
attributed to the presence of residual stresses,
unintentional doping, and/or edge effects.

Nevertheless, the maximum values of the strain’s
plateau were predicted with very good accuracy as is
well visible in Figs. 5 and 6. This, as well as the
agreement of our predictions with the results in [31],
confirm our model validity and usage for future
prognosis of stresses and strains distributions in
similar nanocomposite structures subjected to
thermomechanical loading.

0,30

0,25

elxx' %

0,05 ® ® experimental, Androlidakis et al, 2017
' —— this work, model

T T T
0 5e-6 le-5 2e-5 2e-5

X, m

Fig. 5. Comparison of the model axial strains in the
graphene layer of the nanocomposite structure at
mechanical external strain 0.3% with experimental data of
Androulidakis et al., 2017 [16].

10

08 4

06

elxx' %
o
.

04 d

L]
° @ experimental, Androlidakis et al, 2017
> —— this work, model

0,2 q

0,0

X, m

Fig. 6. Comparison of the model axial strains in the 1%
layer of the nanocomposite structure at mechanical
external strain 0.8 % with experimental data of
Androulidakis et al., 2017 [16].

CONCLUSIONS

In this study, the applicability of a two-dimensional
stress-function method for describing strains in
nanocomposite layered structures in the elastic
region of applied loads is shown. Applying a
thermal loading (heating, AT > 0) or mixed
(thermomechanical) loading, all resultant strains in
the structure layers show the same behavior like
mechanical ones, with slight increase in amplitude.
This is better visible for axial and peel strains, as in
[31]. Comparison of the model axial strains in the
1%t layer of the nanocomposite structure at
mechanical
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external strain of 0.3% and 0.8% with the
experimental data of Androulidakis et al. [16] shows
that our results fit well most of the experimental data
distribution. The experimental deviations near the
flake ends may be due to the presence of residual
stresses, unintentional doping, and/or edge effects
[33].
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Draw or ChemDraw programme.

EXAMPLES FOR PRESENTATION OF REFERENCES

REFERENCES

1. D. S. Newsome, Catal. Rev.—Sci. Eng., 21, 275 (1980).

2. C.-H. Lin, C.-Y. Hsu, J. Chem. Soc. Chem. Commun., 1479 (1992).

3. R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford Univ. Press, New York,
1989.

4. V. Ponec, G. C. Bond, Catalysis by Metals and Alloys (Stud. Surf. Sci. Catal., vol. 95), Elsevier,
Amsterdam, 1995.

5. G. Kadinov, S. Todorova, A. Palazov, in: New Frontiers in Catalysis (Proc. 10th Int. Congr. Catal.,
Budapest,(1992), L. Guczi, F. Solymosi, P. Tetenyi (eds.), Akademiai Kiado, Budapest, 1993, Part C, p. 2817.
6. G. L. C. Maire, F. Garin, in: Catalysis. Science and Technology, J. R. Anderson, M. Boudart (eds), vol. 6,
SpringerVerlag, Berlin, 1984, p. 161.

7. D. Pocknell, GB Patent 2 207 355 (1949).

8. G. Angelov, PhD Thesis, UCTM, Sofia, 2001, pp. 121-126.

9 JCPDS International Center for Diffraction Data, Power Diffraction File, Swarthmore, PA, 1991.

10. CA 127, 184 7629 (1998).

11. P. Hou, H. Wise, J. Catal., in press.

12. M. Sinev, private communication.

13. http://www.chemweb.com/alchem/articles/1051611477211.html.

Texts with references which do not match these requirements will not be considered for publication!!!

361


http://www.chemweb.com/alchem/articles/1051611477211.html

Bulgarian Chemical Communications, Volume 54, Issue 4, 2022

CONTENTS

A. Serafimovska, B. Korunoska, G. Milanov, M. Taseska-Gjorgjijevski, D. Nedelkovski,

Polyphenol composition of wine from the variety Cabernet Sauvignon...................... 291
S. A. Milani, F. Zahakifar, M. Faryadi, Reaction stoichiometry and mechanism of tetravalent
cerium liquid-liquid extraction in the Ce(IV)-H,SO4-Cyanex 302 kerosene system ......... 295

P. Sherovski, N. Ristovska, J. Bogdanov, T. Stafilov, Optimisation and validation of a method
for determination of selenium in human plasma and blood by ETAAS and its clinical

Y0 0] VU215 o o VAT N 303
V. K. Sohpal, Minimization of free energy in dye removal from an aqueous solution by a
biosorbent Ricinus communis using response surface technology.................ooieii. 310
S. P. Tsanova-Savova, S. S. Paneva, P. N. Koleva, M. L. Vizeva, Polyphenols in Bulgarian
MEdICINAl fTUIES. ...ttt e e 318
K. Giindogan, M. Gitmis, Experimental investigation of the effect of nanomaterial
reinforcement on the mechanical properties of rubber structures used in crank pulleys..... 324
N. Philipova 1, D. Ganchev 2, 1. Lalov3, R. Bryaskova, Design, preparation and antibacterial
activity of light-activated polymer Coatings..........oovvvivriiiiiiiiiiii i eieieaneen 332
M. Gancheva, R. lordanova, L. Mihailov, Direct mechanochemical synthesis and
characterization of STWO4 nanoparticles...........oovviiiiiiii i, 337
P. G. Velichkova, S. G. Bratkova, A. T. Angelov, Influence of the applied external voltage on
anaerobic digestion with integrated microbial electrolysis cell................ccooviiinian..n. 343

R. K. Viadova, T. S. Petrova, E. G. Kirilova, A. G. Apostolov, B. Ch. Boyadjiev , Comparison
of the model axial graphene strain distributions in graphene/epoxy/polymethyl
methacrylate (PMMA) nanocomposite under mechanical and thermomechanical loading.. 349

AUTROFS TIACK . .. ..o e e e e 355
Y ) L A 1 =2 358
INSTRUCTIONS TO AUTHORS. ... e e e e 360

362



	K1_v54_n_4
	Blank Page

	BCC-54-4-2022-291-294-Serafimovska-4880
	BCC-54-4-2022-295-302-Zahakifar-5431
	BCC-54-4-2022-303-309- Sherovski-5473
	BCC-54-4-2022-310-317-Sohpal-5485
	BCC-54-4-2022-318-323-Tsanova-Savova-5490
	BCC-54-4-2022-324-331-Gundogan-5495
	BCC-54-4-2022-332-336-Bryaskova-NC01
	BCC-54-4-2022-337-342-Gancheva-NC02
	BCC-54-4-2022-343-348-Velichkova-NC03
	BCC-54-4-2022-349-354-Vladova-5539
	BCC-54-4-2022-355-357-Author_Index
	BCC-54-4-2022-358-359-Subject_Index
	BCC-54-4-2022-360-361-Instructions
	BCC-54-4-2022-362-362-CONTENTS
	Subject index………………..…………………………………………………………………
	INSTRUCTIONS TO AUTHORS……….………….………………….…………..…………..


