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A method of processing rice waste (husk, straw) into activated carbon is proposed in the study. The thermolysis of
the raw material and the activation of the carbonizate were carried out at 500°C and 800°C, respectively. The properties
of the obtained activated carbon were determined by standard methods. The porous structure of the activated carbon
was studied using scanning electron microscopy. According to the results of the experimental studies, activated charcoal
obtained from rice husk corresponds to the WAC brand, whereas activated charcoal obtained from rice straw
corresponds to BAU-A grade. This research proposes a rational method of using agricultural waste to obtain useful

secondary adsorbent products for adsorption in liquid media.

Keywords: carbonization, rice husk and straw, activation of carbonizate, sorbent, activated carbon.

INTRODUCTION

Rice is one of the most important agricultural
food products in the world. Nowadays, the
estimated world production of rice is more than 485
million  tons per year. According to
Kazagromarketing JSC, rice-growing regions of
Kazakhstan are Kyzylorda, Almaty and Turkestan.
Kyzylorda is the leading rice-growing region of the
country, which produces more than 85% of the
local crop.

During harvesting and industrial rice processing,
a waste in the form of husk (up to 20% of mass)
and straw (up to 50% of mass) is formed in large
numbers. The utilization of straw and husk, in fact,
remains the main problem for rice producers. The
majority of rice husk and straw are incinerated
which leads to a deterioration of the ecological
situation. A joint solution for ecological and
technological problems is the utilization of rice
husk and straw, as well as the production of
demanded solid products.

There are some works in the literature on the
thermal processing of rice husk and the production
of phenol-containing products from it [1, 2].

In this research, using rice husk and straw to
obtain the widely applicable adsorbent activated
carbon is suggested. Activated carbon is produced
from various carbon-containing materials of
organic origin: charcoal (BAU, DAK, etc.) [3], coal
coke (activated carbon brand AG, AR, etc.) [4],
petroleum coke, coconut shells, fruit pits,
agricultural waste, paper production waste,
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garbage, sewage sludge, worn rubber tires,
synthetic polymer waste and so on [5-13].

The use of agricultural waste to produce
activated carbon is environmentally friendly
because the use of wood as a raw material is
excluded, which in turn, minimizes deforestation
and promotes the rational use of agricultural waste.
Method of producing activated carbon from barley
waste by pre-drying in hot air and performing one-
step carbonization in a cylindrical reactor at 290-
320°C for 7-15 minutes was discovered [14],
another method of activated carbon production is
using rapeseed straw and carrying out carbonization
in an inert nitrogen atmosphere at a temperature of
450-500°C and activation by steam at a temperature
of 820-850°C [15].

There are some works on obtaining highly
porous activated carbon from rice husk, where the
product has a selective sorption activity of lead ions
[16-17]. In another research [18] it is reported that
the  co-processing of rice husks and
polytetrafluoroethylene gives a highly porous
structured product.

EXPERIMENTAL

10 g of raw material was placed in a stainless
steel tube furnace with a height of 250 mm and an
internal diameter of 25 mm. The tube was sealed
and carbonization was carried out. The temperature
of carbonization was increased at a rate of 10°C per
minute up to 500°C. This temperature was kept for
100 minutes. The yield of carbonizate obtained
from husk and straw was 44 and 37%, respectively.
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Afterwards, a vessel was connected to the bottom
of the tube furnace to supply the system with steam,
keeping a ratio of water:carbonizate 2:1 by weight.
The activation was carried out at a temperature of
800°C, the yield of activated carbon was 27% and
29%, depending on the weight of the husk and
straw used.

The surface of the obtained activated carbon was
analyzed with a scanning electron microscope JSM-
6510 LV from JEOL Company(Japan).
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The properties of the obtained activated carbon:
iodine adsorption activity, water total pore volume,
mass fraction of moisture and bulk density were
determined by the known methods [3,19-21].

RESULTS AND DISCUSSION

Microphotographs of activated carbon (500-fold
magnification) are shown in Figures 1 and 2, where
developed porous structure of the obtained sorbents
can be observed.
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Figure 2. Photomicrograph of activated carbon obtained from rice straw
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Table 1. Properties of activated carbons obtained from rice husk and straw

Activated carbon lodine absorption | Water total pore Mass fraction of Bulk density,
activity, % volume, cm¥/g moisture, % g/dm?®
Activated carbon obtained 51 1.57 3.6 236.1
from rice husk
Activated carbon obtained 64 1.63 3.6 181.3
from rice straw
BAU-A grade More than 60 1.60 Less than 10.0 Less than 240.0
WAC brand More than 30 1.40 Less than 10.0 Less than 220.0-250.0
. . . 4. GOST R 56357-2015, Ugol' aktivirovannyj AG-3.

The prop_ertles of the obtaln_ed activated C_arb_on Tehnicheskie uslovija, M., Standartinform., 2016 (in
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total pore volume by filling pores with water and ~ °- H- Kinle, Je. ‘Bader, Aktivnye ugli i ih
removing excess water from the surface of the Zrnoga’sgfr:‘)”oe primenenie, L., Himija, 1984, p. 216
sam_ple by suction, mass fractlor_l of moisture _by 6. Himicheskij jenciklopedicheskij slovar’, M.,
drying the sample to constant weight, bulk density Sovetskaja Jenciklopedija, 19, 1983 (in Russian).
by a weighing method. The data are given in Table 7. N. Arezou, N. Bahram, Biomass and Bioenergy,

106, 43 (2017).
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A sensitive and selective method for the solid-phase extraction preconcentration and diffuse reflectance determination
of Ga(IlI) and In(IIT) was developed. A new adsorbent based on dimethylchlorosilane aerosil impregnated with acetone
or ethanol as a pseudomembrane for solid phase extraction of gallium(III) and indium(IIT) was proposed. The optimal pH
value for Ga(IIl) and In(III) adsorption is 2.7 and 4.0, respectively. Xylenol orange forms (1:1) complexes with the ions
of these metals on the surface. The calibration graphs for determining Ga(Ill) and In(IIl) by diffuse reflectance
spectroscopy are linear in the concentration range 0.020 + 5.5 and 0.018 + 5.2 mg L™}, respectively. The proposed method
was successfully tested in determining Ga(III) and In(III) in water samples with RSD of not more than 3.7%.

Keywords: diffuse reflectance spectroscopy, gallium, indium, solid-phase extraction.

INTODUCTION

Gallium and indium are economically significant
elements due to their widespread use in various
industries. Gallium and its compounds are used to
create components of electronics, optoelectronic
materials, fusible alloys, as well as in medicine as
anti-cancer and tumor-scanning agents [1, 2]. High-
purity indium and its compounds are used to create
semiconductor materials, liquid crystal displays and
infrared photodetectors [1]. At the same time, the
content of gallium and indium in the Earth’s crust is
low, and these elements are found in trace amounts
in bauxite and some zinc ores [1]. It should also be
noted that these elements can have a negative impact
on human health and the environment. The
compounds of Ga(Ill) and In(Ill) produce
pulmonary toxicity, and In(IIl) compounds also
induce nephrotoxicity and hepatotoxicity [3]. Thus,
the determination of these elements is an important
task from the standpoint of health and economy.

Various methods for determining gallium(III)
and indium(IIl) have been proposed. For example,
there are spectrophotometry and  derivate
spectrophotometry [4, 5], voltammetry [6], flame
atomic absorption spectrometry (FAAS) [7-9],
graphite furnace atomic absorption spectrometry
(GFAAS) [10, 11] and inductively coupled plasma
optical emission spectrometry (ICP-OES) [12].

* To whom all correspondence should be sent:

E-mail alexch@ukr.net

Regardless of the method used to detect the
analytical signal, preconcentration of the trace
quantities of gallium(Ill) and indium(IIl) should
precede their determination. For preconcentration of
these elements are offered liquid-liquid extraction
[13, 14], cloud-point extraction [7, 15] and ion
exchange [16] techniques. A special place among
preconcentration techniques takes solid phase
extraction [9, 17, 18]. The most interesting
adsorbents are functionalized silicas because they
allow to effectively combine solid phase extraction,
complexation with chromogenic reagents such as
Xylenol orange [19-21], 4-(2-pyridylazo)-resorcinol
or 1-(2-pyridylazo)-2-naphtol [22] and detection via
diffuse reflectance spectroscopy.

In continuation of our previous studies [23-25] on
the solid-phase extraction preconcentration of trace
amounts of analytes on modified and unmodified
silica and similar adsorbents, this manuscript is
devoted to the development of a method for
aluminium(Ill), gallium(Ill) and indium(III)
separation. The current study is aimed at developing
a solid-phase extraction procedure for separation and
preconcentration of gallium(IIl) and indium(III) as
neutral monomeric hydroxoforms using
dimethylchlorosilane aerosil (DMCISA)
impregnated with acetone or ethanol as a
pseudomembrane prior to their determination by
diffuse reflectance spectroscopy with Xylenol
orange.

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. The DMCISA-Solv surface: 1 - silica matrix; 2 - residual silanol groups; 3 - bonded fragments of
dimethylchlorosilane; 4 - organic solvent (ethanol or acetone) impregnated due to hydrophobic interactions.

EXPERIMENTAL

Reagents. As an adsorbent, the dimethyl-
chlorosilane aerosil (Ukraine) impregnated with
acetone or ethanol as a pseudomembrane (DMCISA-
Solv) was used. Based on our previous works [25],
the surface of this sorbent is depicted in Fig. 1.

All solutions were prepared with double distilled
water. A stock 1-10° mol L' solution of Xylenol
orange was prepared by dissolving an appropriate
weight of the chromogenic reagent in water. A
solution of Ga(IIl) and In(1II) 1-102 mol dm™ was
prepared by dissolving a sample of gallium(III)
oxide and indium(IIl) oxide in concentrated nitric
acid and dilution up to 100 mL with water. In
standard solutions, the concentration of nitric acid is
1 mol dm?. Solutions with lower concentrations
were prepared by appropriate dilutions. The reagents
used in the work were not lower than analytical
reagent grade.

Apparatus. Electronic absorption spectra and
diffuse reflectance spectra were recorded on a
spectrophotometer  SF-56 (OKB  "LOMO-
Spectrum", Russia) in the wavelength range 380 +
780 nm. The medium acidity was monitored by
means of a glass electrode ESL-63-07 paired with a
silver chloride reference electrode EVL-1M3 on an
ionometer [-160 (ZIP, Belarus). Solid-phase
extraction was studied in a static mode and mixing
was performed with a shaker Elpan type 357
(Elpin+, Poland) with a frequency of 150 cycles min~
!, The Optima 2100 DV spectrometer (Perkin Elmer,
USA) was used for ICP-OES determination of
Ga(III) and In(III).

General procedure. Weights of 0.5 g of DMCISA
were placed in 100 mL conical flasks and 6 mL of

270

acetone (DMCISA-Ac) or 6 mL of ethanol
(DMCISA-EtOH) was added to hydrophilize the
surface of the silica matrix (to obtain a
pseudomembrane on the surface). It should be noted
that without solvent impregnation, the adsorbent is
not wetted with water and is not suitable for the
extraction of Ga(Ill) and In(III). 25 mL of the test
solution containing AIl(IIl), Ga(Ill), In(Ill) was
added to 50-mL beakers, and pH was adjusted to 2.7
with 0.1 mol dm? sulfuric acid and 0.1 mol dm?
sodium hydroxide solutions. The obtained solutions
were quantitatively transferred to flasks with
DMCISA-Ac and stirred for 60 min. The concentrate
containing Ga(Ill) was separated from the solution
by filtration through a blue ribbon filter. In the
remaining solution containing AI(III) and In(III) the
pH was adjusted to 4.0 and adsorption was carried
out in static mode for 60 min by using DMCISA-
EtOH as a sorbent. Concentrates were processed by
2 mL of 0.1% solution of Xylenol orange with pH
2.7 and 4.0, respectively, were air-dried, then diffuse
reflection spectra were registered and the values of
the Gurevich-Kubelka-Munk function (AF(R)) were
determined:

(1-R)? gC
AF(R) =—F——F—=—
(R) 2R S
where, R — diffuse reflectance; S — scattering
coefficient; C — concentration; & — molar
absorptivity.

The diffuse reflectance coefficient of the
concentrates does not change at least during the day.

The proposed procedure was applied to the
analysis of model solutions and water samples
without any special treatment.
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RESULTS AND DISCUSSION

To clarify the nature of the interactions of Ga(III)
and In(IIT) with Xylenol orange on the surface of
DMCISA-Solv a comparative analysis was made of
the absorption spectra of aqueous Xylenol Orange
solutions and of its Ga(Ill) and In(Ill) complexes
with the diffuse reflection spectra of DMCISA-Solv
impregnated by Xylenol orange and its complexes
with the investigated elements (Fig. 2).

AFR)
. o In(I1T)-Xylenol Orange
---Ga(lll)-Xylenol Orange
20 | —Xylenol Orange .
&% &
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Fig. 2. Diffuse reflectance spectra of Xylenol orange
and its complexes with Ga(Ill) and In(Ill) on the
DMCISA-Solv surface.

As you can see on Fig. 2, the reflection maximum
of Xylenol orange on the DMCISA-Solv surface is
observed at 430 nm. It should be noted that Xylenol
orange isn’t practically sorbed by DMCISA-Solv
because the reagent, unlike its Ga(Ill) and In(III)
complexes, is not soluble in acetone and ethanol

AFR)1.4 a
1.2
1.0
0.8 |
06 |
04 | —e—Gallium(I1I)-Xylenol Orange
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o=l %"/
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which form a pseudo-membrane on the surface of
the sorbent. The formation of complexes of Xylenol
orange with Ga(Ill) and In(IIl) on the silica surface
is accompanied by a bathochromic shift of the main
absorption band to 550 and 560 nm, respectively.

To optimize the conditions of Ga(IIl) and In(III)
interaction with Xylenol orange on the surface of
DMCISA-Solv the dependence of AF(R) on the
solution pH, the volume and concentration of
reagent was studied (Fig. 3a, b).

Fig. 3a shows that the pH of the medium in the
range of pH 1-8 does not practically affect the value
of the function of Gurevich-Kubelka-Munk sorbates
of Xylenol orange, and the optimal acidity interval
for interaction with Ga(Ill) is 2-4 and with In(III) 4-
6. The obtained data on the complex formation of
Xylenol orange with Ga(Ill) and In(III) in the solid
phase are consistent with the data on the flow of
these reactions in solutions. In [29] it is generalized
that in aqueous solutions at pH = 3 for Ga(III) and at
pH = 4 for In(Ill) red complexes are formed with
Xylenol orange with a molar ratio M:R = 1:1 with
maximal absorption at A 550 and 560 nm,
accordingly. The study of the influence of volume
and concentration of reagent applied to concentrates
Ga(Ill) and In(IIl), showed that for quantitative
formation of a complex a two-fold excess of reagent
is necessary (Fig. 3b). Therefore, in the further the
concentrates were processed with 2.0 ml of 0.1%
Xylenol orange solution with pH 2.7 and 4.0,
respectively, for Ga(Ill) and In(III) because in these
conditions the maximum values of the Gurevich-
Kubelka-Munk function of the corresponding
complexes on a surface of a solid phase were
achieved (Fig. 3a, b).

AFR) 2.5 b
20
15
1.0
05 |
0.0 i : s
0 1 2 3 4 5
V, mL
0 08 ll.6 24 A% A AS

C-103, M

Fig. 3. Dependence of the Gurevich-Kubelka-Munk function on: a — acidity for Xylenol orange (A =430 nm) and its
Ga(III) (560 nm) and In(IIT) complexes (A = 550 nm) on the DMCISA-Solv surface; b — volume of 0.1% solution of
chromogenic reagent (1, 2) and its concentration (3.4) for the complexes of Ga(Ill) (1, 3) and In(III) (2, 4), respectively.
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Complex formation proceeds instantaneously and
further increase of contact time of the concentrates
with reagent does not noticeably change optical
characteristics. The colored solid samples were air
dried and diffuse reflection spectra were recorded
using DMCISA-Solv passed through the entire
course of analysis as a blank.

The composition of the complexes was

established by the method of molar relations (Fig. 4).
\F(R
0.8 r

0.6 F

04

=Gallium(III)-Xylenol Orange

=e-Indium(11I)-Xylenol Orange

'} 1 L 1 J
0 0.5 I 15 2

Cg - 105, M

Fig. 4. Xylenol orange saturation curve for
concentrates on the surface of DMCISA-Solv (Cm =
1107 mol L).

From Fig. 4 it is visible that on the DMCISA-Solv
surface Xylenol orange forms complexes with
Ga(III) and In(IIT) with a molar ratio of 1:1. Taking

into account the condition of the chromogenic
reagent and metal ions, it is possible to assume that

the complex formation in the solid-phase system, as
well as in the solution, is carried out due to
substitution of hydrogen ions of carboxyl groups and
coordination with nitrogen to formation of two
cycles. The values of the molar absorptivity () of
the Xylenol orange complexes with Ga(Ill) and
In(IIT), which are equal to 34900 and 36400 L mol™!
cm’!, respectively, and their stability constants
(6.0-10% and 1.0-10°) were calculated by processing
the saturation curve (Fig. 4) by the equilibrium shift
method. It should be noted that the stability of the
complexes on the surface of DMCISA-Solv
increases in comparison with aqueous solutions
(2.0-10% and 1.7-10%). The similar effect is observed
for Xylenol orange complexes with Ga(Ill) and
In(II) in aqueous-organic solutions [19].

Analytical figures of merit and interference study

The analytical signal dependence from Ga(III)
and In(IIl) concentration was studied in the
concentration range of 0.01-10 mg L. The
maximum in the diffuse reflection spectra of fixed
complexes does not depend on the metals
concentration, and the F(R) function linearly
increases with the increase of the initial Ga(Ill) and
In(IIT) concentration of the investigated solutions.
Calibration graphs AF(R) = f(Cy) are linear in a wide
range of concentrations and are described by the
equations given in Table. 1. It was established that
the signals of Ga(Ill) and In(III) are not affected by
a 100-fold excess of Pb**, Zn?*, Co?*, Ni**, Cd**, Sn
(IV), Cu®', Mn**,

Table 1. Analytical figures of merit (n =5; P = 0.95).

Analyte Linear regression equation pH Amax, NM Linearity, mg L!
y=10.358x + 0.007 .

Ga(II) R2-0.997 2.7 550 0.020+5.5
y=0.395x+0.017 .

In(I1I) R2-0.996 4.0 560 0.018+5.2

Table 2. Intra-day and inter-day accuracy and precision data for the proposed procedure for determination of Ga(IlI)
and In(III) after solid-phase extraction preconcentration (n=5, P=0.95)

. Intra-day

Spﬂfi? Found (ug L) RSD(%) R(%)

(ke L) Ga(1ll) In(ll) | Ga(ll) | In(ll) | Ga(lll) | In(Ill)
25 242407 | 254+08 | 2.3 25 968 | 101.6
75 76.142.5 | 76.542.6 | 2.6 2.7 101.5 | 102.0
. Inter-day

SplkLe_fl Found (ug L) RSD(%) R(%)

(ke L) Ga(1ll) In(ll) | Ga(ll) | In(Il) | Ga(lll) | In(Ill)
25 254409 | 25.8+1.1 2.8 34 101.6 | 1032
75 76.743.3 | 76.343.5 3.5 3.7 102.3 | 101.7
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The influence of Bi** and Ti(IV), which are also
adsorbed by DMCISA-Solv, can possibly be
eliminated with the introduction of an additional
stage of their adsorption removal from the solutions
at pH = 1.0. The interfering effect of Fe** is
eliminated by masking it with 1 cm® of 5% solution
of NaF or with 1 c¢cm® of freshly prepared 1%
solutions of ascorbic or tartaric acid. The limits of
detection (LOD), defined as 3s./b, were 6.0 and 5.4
ug L' for Ga(III) and In(1II), respectively. The limits
of quantification (LOQ, 10s./b) for Ga(Ill) and
In(IIT) were 20 pg L' and 18 pg L, respectively.
The precision of the proposed method for the solid-

phase extraction and diffuse reflectance
spectroscopic determination technique were checked
by performing 5 measurements at two concentration
levels (25 and 75.0 ug L") of Ga(IIT) and In(1II) over
two consecutive days and are summarized in Table
2.

Analytical application of the proposed technique

The proposed method was successfully applied to
the determination of Ga(Ill) and In(IIl) in binary
model solutions and water samples (Table 3).

Table 3. Determination of Ga(III) and In(IIT) trace quantities after their preconcentration by solid-phase extraction on
DMCISA-Solv (n=5; P=0.95)

1 *

Sample ?E;kiﬂ’ Found, mg L"! R;)D’ R, % Fr(;:;ng_l’ ROS/OD’ R, %
B Ga(lID 0.5 0.489+0.015 2.4 97.8 0.5110.02 36 | 1022
nigdag 5.0 4.906+0.073 1.2 98.1 4.956+0.23 3.7 99.1
solutions | I 0.5 0.483+0.019 3.1 96.6 0.498+0.02 35 99.6
5.0 4.864+0.181 3.0 97.3 5.016£0.24 3.9 | 1003

Ga(lID - 0.852+0.024 2.3 - 0.891+0.04 3.4 -
Water 0.5 1.353+0.045 2.7 100.2 1.375+0.06 3.7 96.8

sample** | = R 0.2310.009 33 - 0.254+0.01 3.6 -
0.5 0.728+0.032 3.5 99.4 0.749+0.04 3.8 99.0

RSD - relative standard deviation, %; R — recovery, %. * determined by ICP-OES according to ISO 11885:2007.
** circulating water in Bayer process which contains the following ions: Bi**, Ti*', Fe*, Pb*', Zn?*, Co**, Ni**, Cd?*",

SH4+, Cu2+, Mn2+

Table 4. Comparison with some literature studies

Analyte Separation method Detection technique pI:gOI]? 1 Ref.
Amberlite XAD-4/5-phenylazo-8-quinolinol XRF 81.0 26
Polyurethane foam FAAS 6.00 27
Ga Amberlite XAD-2/1-(2-pyridylazo)-2-naphthol GFAAS 2.1 28
Amberlite XAD-4/HMPN FAAS 3.42 29
Amberlite XAD-4/BTAHN SF 3.1 30
. Differential pulse
. Naphthalene/1-(2-pyridylazo)-2-naphtol polarography 200 31
Naphthalene/morpholine-4-dithiocarbamate Differential pulse 100 32
polarography
CPE using Gallic acid as chelating agent and ]
Triton X-144 as surfactant FAAS 3.50,1.25 7
Sorption on amino s111ca.1 gel modified by gallic FAAS 5.80: 1.82 9
Ga; In acid
Solid phase extraction using DAPCH loaded on .
Duolite C20 as a sorbent FAAS 30,13 33
Amino silica modified with HBAAS FAAS 4.10; 1.55 17
Dimethylchlorosilane aerosil impregnated with Diffuse reflectance This
Ga 6.0
acetone or ethanol / Xylenol orange spectroscopy work
Dimethylchlorosilane aerosil impregnated with Diffuse reflectance This
In 54
acetone or ethanol / Xylenol orange spectroscopy work

XRF — X-ray fluorescence spectroscopy; FAAS — flame atomic absorption spectroscopy; GFAAS — graphite furnace

atomic  absorption  spectroscopy; SF -

spectrophotometry;

HMPN  —  1{[(6-{[(E)-1-(2-hydroxy-1-

naphthyl)methylidene]amino}-2-pyridyl)imino]methyl}-2-naphthol; BTAHN — 1-(2-benzothiazolylazo)-2-hydroxy-3-
naphthoic acid; DAPCH — 1-(3,4-dihydroxybenzaldehyde)-2-acetylpyridiniumchloride hydrazone; HBAAS — 2-hydroxy-

5-(2-hydroxybenzylideneamino)benzoic acid.
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High recoveries (96.6-100.2 %) indicated that the
proposed method was accurate, reliable and can be
used for the preconcentration and determination of
Ga(lll) and In(II) traces via diffuse reflectance
spectroscopy. The similarity of the results obtained
by an alternative method also indicates the
correctness of the proposed technique for Ga(IlI) and
In(I1I) preconcentration and quantification.

Comparison of the present method with some other
reported methods

A comparison of the proposed method with some
analytical procedures for Ga(Ill) and In(III)
determination, reported in the literature, is shown in
Table 4. By comparing the data in Table 4, it is
obvious that the sensitivity of the proposed
technique is comparable with that of other
spectrophotometric methods for the determination of
Ga(III) and In(I1I).

CONCLUSION

This study presents a new adsorbent based on
dimethylchlorosilane aerosil impregnated with
acetone or ethanol as a pseudomembrane for solid
phase extraction of gallium(IIl) and indium(III) and
their determination by diffuse reflectance
spectroscopy with Xylenol orange. The proposed
method is simple, precise and accurate. The
detection and quantification limits were 6.0 and 5.4
pg LY 20 and 18 pg L' for Ga(Ill) and In(1ID),
respectively. The developed method was
successfully applied to the trace level determination
of gallium(Ill) and indium(III) in water samples.
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The homeland of the pumpkin is Central and South America. There are over 300 species of pumpkins in Bulgaria.
The high nutritional and biological qualities combined with the valuable dietary, medicinal and taste properties of
pumpkin fruits determine their importance in the nutritional balance. The fruits are rich in mineral salts and vitamins.
The highest content is of provitamin A (carotene) - from 6 to 20 mg%. The dietary qualities of the fruit are related to the
content of peptonizing enzymes which break down insoluble proteins into soluble peptones. The orange color of the
pumpkin is due to the antioxidant beta-carotene. This study presents the relationships between some characteristics of
pumpkins and the qualities of the soils on which they were grown. The mineral composition and pH of the soil
determine the pH of the studied fruits. There is a directly proportional relationship between the total phenols and the
antioxidant activity. A directly proportional relationship between pH and total phenols and antioxidant activity was also

found.

Keywords: pumpkins, antioxidant ability, total polyphenols content

INTRODUCTION

The homeland of the pumpkin is Central and
South America. As a cultivated plant, pumpkins
were grown as early as 1000 BC in Mexico and
Peru and successfully in all parts of the world with
a warmer climate. They were brought to Europe in
the 16th century. Pumpkins are used because their
fruits can be stored for a longer time due to their
hard skin and can be consumed in winter too. Their
fruits and seeds are used for consumption,
medicinal purposes, for fodder and decoration [1-
4]. There are over 300 species of pumpkins in
Bulgaria. In our geographical region, pumpkins
have found favorable conditions and are grown
today in all areas around the country. The most
widely-spread species and those with the biggest
economic importance are: Cucurbita maxima Duch.
- white pumpkin, large-fruited, chestnut; Cucurbita
moschata Duch. - nutmeg pumpkin, violin;
Cucurbita pepo L. - plain pumpkin, pork pumpkin
[2-5].

The high nutritional and biological qualities
combined with the valuable dietary, medicinal and
taste properties of pumpkin fruits determine their
importance in the nutritional balance. The usable
part of the pumpkin comprises up to 85% of the
weight. The starch content is high - 2 to 7% of the
raw mass. The fruits are rich in mineral salts and

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

vitamins. The highest content is of provitamin A
(carotene) - from 6 to 20 mg%.

The dietary qualities of the fruit are related to
the content of peptonizing enzymes, which break
down insoluble proteins into soluble peptones. The
orange color of the pumpkin is due to the
antioxidant beta-carotene. It is one of the most
important ingredients in pumpkins. In the human
body it becomes the vital vitamin A - reduces the
risk of developing certain types of cancer, offers
protection against heart disease, and improves
eyesight [5-7]. In 100 grams of pumpkin there are
more than 3 mg of this provitamin, which is
approximately one third of the recommended daily
amount. Also 100 grams contain 9 mg of vitamin C
or about 11% of the recommended daily intake [8].
Pumpkin also contains some of the very rare
vitamins found in plant foods - such as vitamin K
which is responsible for proper blood clotting.
Vitamin D is also found in pumpkins. The most
unique one, however, is the little-known vitamin T
which helps treat anemia and hemophilia [9].

The vitamins with the highest content in
pumpkins are vitamin C, vitamin E and several
representatives of the vitamin B group - riboflavin
(B2), niacin (B3), pyridoxine (B6) and folic acid
(B9). Moreover, an extraordinary trait of pumpkin
is its low caloric value, since its flesh, depending on
variety, contains merely 15-25 kcal in 100 g, and
thanks to the presence of numerous easily digestible

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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nutrients it has become an advantageous component
of slimming diets. It regulates metabolism, lowers
glucose level in blood, possesses detoxicating, as
well as slightly dehydrating properties. Another
attributed function of pumpkin species is defense
against cancer [23].

The micro elements that are contained in highest
doses in pumpkins are potassium, copper,
manganese, iron, magnesium and phosphorus.
Alongside with their other roles, some of these
elements are also cofactors in enzyme complexes
with potent antioxidant activity [10].

Due to its low sodium and high potassium
content, pumpkin is a good natural diuretic.
Pumpkin contains 90 % water and has a diuretic
effect. Phosphorus and magnesium improve
memory and the nervous system’s activity [9].

Pumpkins have significant soil requirements.
They grow well on rich, structural, well-aerated
soils with high humus content. They do not tolerate
compacted cold soils with insufficient water
permeability. Doikova et al. (1997) have found that
soil types and fertilizers influence the yield of
different pumpkin types [7]. Pumpkin brings joy to
people and it is no coincidence that it has found a
place in folk tales and legends. This study presents
the relationships between some characteristics of
pumpkins and the qualities of the soils on which
they were grown.

Material and methods

For the period of time from 09.2019 to 01.2020,
pumpkins of the varieties Muscat pearl pumpkin
and Tahitian melon squash of the Cucurbita
moschata family and Argentina and Danka Polka
varieties from the Cucurbita maxima family were
examined.

The antioxidant characteristics of pumpkin from
different varieties cultivated in Bulgaria were the
object of the study. The varieties from Bulgaria
were grown in the following order - in the area of
the village of Kavrakirovo, (97 m above sea level),
Petrich municipality, Blagoevgrad region. All
studied pumpkins were raised on alluvial meadow
soils. According to the research of Shaban ef al.,
the optimal pH for pumpkins cultivation is from 6.5
to 6.8 [11].

The studies were conducted in the Laboratory of
the University of Food Technology Plovdiv and the
Laboratory of Pharmaceutical Analysis of the
Medical University of Plovdiv.

The following research methods were used in
the study:

» Systematic approach and critical analysis of
the accessible scientific periodicals;
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* DPPH method for determination of antioxidant
activity (radical detecting activity);

* Spectrophotometric method for determination
of absorption and calibration curve in gallic acid.

Determination of pH, titratable acidity and juice
extraction. Using a Philips food processor, the
pumpkin fruits were liquefied to juice. The latter
was then pre-filtered and centrifuged at 3000 rpm
for 15 min. With the WTWinoLab pH 7110,
Germany pH meter the pH was potentiometrically
measured. The titratable acidity was expressed as a
percentage of malic acid. It was determined by
titrating 10 mL of pumpkin juice with 0.1 M NaOH
to a pH value of 8.1. The resultant findings were
expressed in g citric acid per 100 g juice.

Total polyphenolics content (TPC). Using a
Folin-Ciocalteu assay the measurements of the total
phenolic contents were done correctly. Folin-
Ciocalteu reagent (Sigma) (1 mL) was mixed with
0.2 mL of sample and 0.8 mL of 7.5% Na,COs. At
room temperature for about 20 minutes in darkness
the reaction was performed. The absorbance of the
sample was measured at 765 nm against a blank
sample obtained in the same way without extract.
The results were expressed in mg equivalent of
gallic acid (GAE) per 100 g juice, according to the
calibration curve built in the range of 0.02 - 0.10
mg gallic acid (Sigma) used as a standard.

Antioxidant activity (DPPH assay). A mixture of
each analyzed extract (0.15 mL) with 2.85 mL of
freshly prepared 0.1 mmol solution of 1,1-diphenyl-
2-picrylhydrazyl radical (DPPH, Sigma) in
methanol (Merck) was prepared. This was done at
37° C in darkness and the absorption at 517 nm was
recorded after 15 min against methanol. The
antioxidant activity was expressed as mmol Trolox
equivalents (TE) per 100 g juice by using a
calibration curve built with 0.05, 0.1, 0.2, 0.3, 0.4
and 0.5 mmol 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox®,
Fluka) dissolved in methanol (Sigma).

RESULTS AND DISCUSSION

In the present study, we considered pumpkins of
the Muscat pearl pumpkin and Tahitian melon
squash varieties of the Cucurbita moschata family
and pumpkins of the Argentina and Danka Polka
varieties of the Cucurbita maxima family. The
pumpkins have been grown in the area of the
village of Kavrakirovo, Petrich municipality,
Blagoevgrad region. All varieties of the pumpkins
have been grown on alluvial-meadow soils. The
altitude at which the pumpkins were grown is about
97 meters.

The pH is an important variable indicator of
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soils, as it affects many chemical processes. It
particularly affects the plant’s nutrition by
controlling the chemical forms of various nutrients
and influences the ongoing chemical reactions. The
pH of the typical alluvial-meadow soils in the
region is in the range from 6.5 to 6.8. With the help
of a pH meter (WTWinoLab pH 7110, Germany)
we found that the pH of the soils is within the
above range. Alluvial-meadow soils are fertile soils
that are formed in different climates along large
rivers on loose sandy gravel with alluvial deposits.
They are spread on I and II floodplain terraces of
the country's rivers. They have only one thin
surface horizon - darker, up to 10 cm, after which
there are only layers that differ in the type of
grouping. The optimal soil reaction of the
respective soil type is slightly acidic to neutral (pH
6.5 t0 6.8) [12-15].

Antioxidants are a group of biochemicals, low-
molecular compounds that enter the body through
various foods. The main property of these
substances is the destruction of free radicals in the
body. They connect to the free radicals and stop
their harmful effects. It is believed that there are
hundreds and probably thousands of substances that
can act as antioxidants [12, 14, 16].

Phenols are hydroxyl derivatives of benzene in
which the hydroxyl group is directly attached to the
aromatic nucleus. Depending on the number of
hydroxyl groups, the phenols are monovalent,

complex phenols may contain more than one
phenolic residue in their molecule and are therefore
divided into monophenols, diphenols, triphenols
and polyphenols [12, 17-19].

An idea of the relationship between the general
phenols and the antioxidant activity of the
considered pumpkins is given in Table 1. As it can
be seen from the table, with the increase in total
phenols the antioxidant activity also increases.
Total phenols range from 54.00 £ 0.50 mg GAE /
100 g to 117.70 =+ 140 mg GAE / 100 g.
Antioxidant activity ranges from 98.60 + 5.30
mmol TE / 100 g to 138.20 £ 1.80 mmol TE / 100
g. It is highest in the Danka Polka variety and
lowest in the Pearl variety. The established
rectilinear relationship between the antioxidant
activity and total phenols in this case gives us a
reason to determine only one indicator and have
information about the other. According to the
content of total phenols and antioxidant activity, the
considered varieties can be arranged as follows:
Danka Polka (highest), Tahitian melon, Argentina
and Pearl [20, 21].

Titratable acidity, expressed as a percentage of
malic acid, was determined by titrating 10 mL of
pumpkin juice with 0.1 M NaOH to a pH value of
8.2. The results were expressed in g malic acid per
100 g juice. The results for the obtained values of
the total phenols and the titratable acidity are
presented in Figure 1.

divalent, trivalent and polyvalent. The more
Table 1. Relationship between total phenols and antioxidant activity.
Cultivar Total phenols Antioxidant activity (DPPH)

Muscat pearl pumpkin
Tahitian melon squash

54.00 = 0.50 mg GAE/ 100 g
60.28 = 1.60 mg GAE/ 100 g

98.60 = 5.30 m mol TE/ 100 g
110.50 + 3.60 m mol TE/ 100 g
99.23+1.21 mmol TE/ 100 g
138.20 + 1.80 m mol TE/ 100 g

y = 5428.6x - 223.86

Argentina 55.85+1.20 mg GAE/ 100 g
Danka Polka 17.70 + 1.40 mg GAE/ 100 g
Corellation
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Figure 1. Correlation relationship between total polyphenols content (TPC) and titratable acidity in the investigated
pumpkin fruits
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The correlation between total polyphenols and
titratable acidity is 0.9103. The examined pumpkin
cultivars are characterized with the highest quantity
of malic acid as compared to other organic acids,
especially citric acid. Its content ranged from 2.27
g/kg FW to 4.54 g/kg FW. Changeable dominance
of either malic or citric acid in pumpkin fruit was
observed, depending on cultivar [22]. The obtained
results regarding the indicators pH and titratable
acidity are presented in Table 2.

Table 2. Relationship between pH and titratable
acidity.

Cultivar pH Titratable
acidity, %
Muscat pearl pumpkin 6.32 0.056
Tahitian melon squash 6.70 0.061
Argentina 6.48 0.050
Danka Polka 7.20 0.051

The obtained pH values are from 6.32 to 7.20.
The highest pH value is in the Danka Polka variety,
and the lowest in the Pearl variety. The titratable
acidity has approximately the same value for the
considered varieties - from 0.05% to 0.06%. The
changes in the pH and titratable acidity are in a
small range.

We determined the correlation between pH and
titratable acidity for the considered fruits. Its value
is 0.038677. The correlation between the total
phenols and pH is 0.984078.

CONCLUSIONS

The mineral composition and the pH of the soil
determine the pH of the studied fruits. There is a
directly proportional relationship between the total
phenols and the antioxidant activity. A directly
proportional relationship between pH and total
phenols and antioxidant activity was also found. No
proportional relationship was found between total
phenols and titratable acidity. The titratable acidity
has approximately the same values for the different
varieties of the same family.
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Oil contents and fatty acid composition of walnut genotypes selected from Central
Anatolia region and assessments through GT biplot analysis
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Walnuts with quite rich nutrient contents and several benefits on human health are among the significant nut fruits.
Turkey is among the gene centers of walnut and thus has diverse walnut populations throughout the country. Therefore,
it is highly significant to assess this rich source and to identify superior genotypes. Walnuts are rich in oil content and
have several positive impacts on human health. In this study, 50 walnut genotypes having superior characteristics were
selected from Kayseri province in Central Anatolia region of Turkey. Total oil (crude oil) and fatty acid composition of
these genotypes were determined. The recorded data were subjected to variance analysis and assessed through a biplot
method. Crude oil contents of walnut genotypes varied in the range of 61.22-74.00% and linoleic acid (32.52-65.47%)
was identified as the major fatty acid. Unsaturated fatty acid contents of walnut genotypes varied between 88.20 and
96.16%. Genotype Trait (GT) biplot graph showed that the sum of the first two principal components explained about
59.5% of total variation. While the genotypes KW24, KW10, Kw41, KW2, KW6, KW17, KW31 and KW25 were
found to be prominent with their crude oil contents, the genotypes KW32 and KW34 were found to be prominent with
unsaturated fatty acids. Present findings revealed that the GT biplot method could efficiently be used in selection of
walnut genotypes prominent with their crude oil contents and fatty acid composition. It was also concluded that walnuts
rich in unsaturated fatty acids could be used as functional food and the present superior genotypes could be used as
parent materials in further walnut breeding studies.

Keywords: Juglans regia, nutritional characteristics, fatty acids
INTRODUCTION

The genus Juglans includes 20 species and
Juglans regia L. has long been cultured worldwide

The material used in walnut breeding should be
true-to-name and its characteristics should be well-
defined.  Morphological and  physiological

[1]. This species with large, tasty and thin-shelled
fruits is the most significant one cultured for fruits
in different countries of the world including Turkey
[2]. Gene center of Juglans species is believed to be
Central Asia and surroundings [3], and Anatolia is
also among these gene centers [4]. China, USA,
Iran, Turkey and Ukraine are the leading walnut
producers of the world. World annual production is
around 3.75 million tons. Annual production of
Turkey is 195 000 tons [5]. Walnuts have quite
high oil contents (50-80%) and are rich in proteins
(12-15%), minerals, vitamins. They have lower
sugar contents (2.5-4%), thus they are consumed as
an important dietary supplement [6]. Walnut oil is
largely composed of oleic and linoleic acids [7].
Polyunsaturated fatty acids, like linoleic acid,
reduce the risk of coronary hearth diseases. High
natural antioxidant contents of walnuts also have
preventive effects against some cancer types [8].
Walnuts green husks have also some antimicrobial
activity [9].

*To whom all correspondence should be sent:
E-mail: uzun38s@yahoo.com

descriptions either take long time because of youth
sterility or are influenced by environmental
conditions [10]. Identification of fatty acids of
walnut populations in Turkey will put forth
significant data for the identification of walnut
genotypes with high oil contents. There are several
seed-propagated walnut populations in Turkey with
quite different genetic characteristics. So, there is
huge genetic diversity in walnut populations. Yield
and fruit characteristics of these genetic sources
have been studied [11-19], and genetic diversity
researches have been conducted [20-22]. However,
there is a limited information available about fatty
acid composition and variations in this attribute of
the walnut genotypes.

Biplot analysis allows visual inspection of data
and thus is commonly used in various sciences
including economy, sociology, medicine,
engineering, genetic and agriculture. Biplot is a
two-way table design and presents graphically row
and column factors. In this method of analysis, row
and column factors can be assessed one by one
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through the relationships between each pair of them
and mutual interactions can also be presented
visually [23]. Graphical presentation of more than
one characteristic of the genotypes allows
researchers to visually compare several genotypes
and several attributes of these genotypes [24]. This
study was conducted to determine oil contents and
fatty acid compositions of walnut genotypes
collected from Central Anatolia region of Turkey.
The research results were assessed through biplot
analysis. The prominent genotypes will be able to
be used as a functional food and be also used in
further breeding studies.

EXPERIMENTAL
Plant material

About 800 walnut genotypes, already known as
seed-propagated from Kayseri province and
surrounding town in Central Anatolia, were
assessed in this study. With these assessments, 50
genotypes without any disease symptoms and
prominent with yield and fruit quality attributes
were selected and used as the plant material of the
present experiments. Fruits were collected from the
specified trees at harvest period. The shells of
collected walnuts were removed and the walnuts
were dried at shade.

Oil extraction and fatty acid composition

Deshelled walnut samples were cleaned from
the foreign materials and ground in a hand-mill. Qil
extraction was performed with hexane/isopropanol
(2:1 v/v) [25]. Ten grams of ground walnut samples
were weighed in a cellulosic cartridge and placed in
a Soxhlet extractor for 5 h to provide oil extraction
under continuously flowing solvent. At the end of
the duration, the extracted oils were centrifuged at
10.000 g for 5 min to separate some possible
strange material and the solvent was evaporated at
40 °C with a rotary evaporator. Finally, the crude
oil content of the samples was calculated using the
mass balance. The measurements were repeated
two times with three replicates.

For quantification of fatty acids, methylation
was initially performed. This process was carried
out in accordance with AOAC (1990) (Official
methods of analysis, method 969-33). About 100
mg of oil sample was weighed into centrifuge tubes
and 3 ml of hexane was added to completely
dissolve the oil. Then 100 pl of potassium
hydroxide (2 N KOH in methanol) was added and
the tubes were vortexed for one min. Finally, the
samples were centrifuged at 5000 rpm for 5 min
and the upper phase (1 ml) was taken in vials and
analyzed by a gas chromatograph (Agilent GC,
280

model 6890 N) equipped with a GC column (HP 88
capillary column - 100 m x 0.25 mm ID, 0.2 pm)
and a flame ionization detector. Injection volume
was 1 pl and injection temperature was set at 250
°C. A temperature gradient was arranged for GC
oven temperature (held at 130 °C for 1 min,
increased to 170 °C with 6.5 °C/min, increased to
215 °C with 2.75 °C/min, held at 215 °C for 12 min,
increased to 230 °C with 4.0 °C/min and held at 230
°C for 5 min). Total analysis duration was recorded
as 40.89 min. Detector temperature was 280 °C,
detector H, flow rate was 40 ml/min, dry air flow
rate was 450 ml/min, column H; flow rate was 1.3
ml/min and split rate was 50/1 [26, 27]. Fatty acid
components were identified according to the
retention times of the compounds presented by
peaks of the standards (FAME mix 37 components;
Matreya, Sigma-Aldrich, Milan, Italy) containing
C4-24 fatty acids. The analysis was repeated two
times with two replicates.

Statistical analyses

Oil and fatty acid composition data of the
genotypes were subjected to variance analysis
(ANOVA) with SAS [28] software in accordance
with randomized blocks experimental design and
means were compared using the LSD multiple
comparison test. GT biplot analysis was performed
to group fatty acid substances and for visual
assessment of the relationships between fatty acids.
A polygon was formed through connecting the
furthest genotypes from the origin of the graph. A
graph can also be formed through the lines drawn
from the origin perpendicular to polygon edges.
Resultant data were analyzed visually with GT
biplot analysis [29, 30]. Biplot was first proposed
by Gabriel [31] as a graphical analysis method to
present the results of principal component analysis
(PCA). This chemometric method is a scatter plot
graphically displaying a rank-2 matrix by both rows
(entries) and columns (testers) [32]. Using the
matrix, PCA-based genotype and feature-oriented
Genotype-trait biplot analysis was performed to
visually evaluate the data matrix, interpret the
relationships between traits and group genotypes.
The second module of the GGE-biplot program was
used in the biplot analysis [33]. In this module, the
figures obtained using the paired data based on the
SVD values of the standardized data obtained using
the standard deviations and standard errors of the
numerical values of the genotype and traits were
carried on the same plot (biplot). Information on the
model used is given in the upper right corner of the
biplot graphics. Visual evaluation was made
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according to the location of the features and
genotypes on the biplot [34].

RESULTS

Mean values of three replicates for oil contents
and fatty acids of walnut genotypes are provided in
Table 1. The differences in all investigated
parameters of walnut genotypes were found to be
highly significant (P<0.01). Crude oil levels of
local walnut genotypes varied between 61.22 and
74.00% and the contents of palmitic acid between
2.04-7.83%, stearic acid between 0.62-6.66%, oleic
acid between 13.14-47.28%, linoleic acid between
32.52-65.47%, o-linolenic acid between 7.08-
17.28% and docosanoic acid between 0.00-0.34%.
Docosanoic acid was not encountered in several
genotypes. Unsaturated fatty acid contents of the
walnut genotypes varied between 88.20 and
96.16%. The highest total unsaturated fatty acid
content was obtained for KW32 genotype and the
lowest total unsaturated fatty acid content was
obtained for KW24 genotype.

Oil contents and fatty acids of the investigated
walnut genotypes were used in GT biplot analysis
to get chemical composition vectors and to
determine the separation power of the relevant
attributes. The attribute with a longer vector has a
quite high capacity for the separation of the
genotypes. While crude oil content and docosanoic
acid had low separation capacity, other fatty acids
had high separation capacity for the present
genotypes (Fig 1). Image of biplot vectors provides
information about the relationships between the
investigated attributes. While there were positive
correlations between linoleic acid and a-linolenic
acid and between crude oil and oleic acid, the
linoleic acid and a-linolenic acid negatively
correlated with crude oil and oleic acid (Fig. 1).

In biplot analysis, there may be deviations in
some attributes of the genotypes. In this sense,
according to Table 2 in addition to Figure 1, there
were significant positive correlations between
palmitic acid and linoleic acid, between stearic acid
and oleic acid and between linoleic acid and a-
linolenic acid; while there were significant negative
correlations between palmitic acid and oleic acid,
between oleic acid and linoleic acid and between
oleic acid and a-linolenic acid.

GT-biplot polygon also reveals which genotype
is prominent with which attributes (GTI: genotype
trait interaction) (Fig. 2). It was observed that the
genotypes KW49, KW39 and KW4 were prominent
with their oleic acid contents, KW22 and KW 24
were prominent with their total saturated fatty acid
contents, KW47 with palmitic acid content, KW13,

KW9, KW11 and KW36 with linoleic acid and o-
linolenic acid content, KW32 and KW34 with total
unsaturated fatty acid content.

In another study carried out in Moldova, oil
contents of walnut genotypes were reported to be
between 55 and 72% [37]. In Morocco, total oil
contents of walnut genotypes were reported
between 54.04 and 67.48% [38]. Previous studies
carried out in different regions indicated variations
in oil contents of walnut genotypes. Such
differences were mostly resulted from genetic
differences and ecological conditions.

Significant differences were observed in fatty
acid components of the walnut genotypes. Linoleic
acid had the highest quantity (32.52-65.47 %)
followed by oleic acid (13.14-47.28 %), linolenic
acid (7.08-17.28 %), palmitic acid (2.04-7.83 %)
and stearic acid (0.62-6.66 %). Similar findings
were also reported by previous studies carried out
in different countries. In a study carried out in
Turkey, fatty acids composition of walnuts was
respectively reported as linoleic (55.3 %), oleic
(13.4 %), linolenic (8.7 %) and palmitic acid (6.4
%) [39]. Linoleic acid (58%) was also reported as
the major fatty acid in walnuts of Moldova [37]. In
another study carried out in Serbia, linoleic acid
(57.2-65.1%) was again identified as the major
fatty acid followed by oleic acid (15.9-23.7%) [40].
Uzunova et al. [41] in a study carried out in
Bulgaria reported the major fatty acids of walnut
genotypes as linoleic acid (63.52-64.69%) and oleic
acid (15.61-17.12%).

Biplot analysis allows researchers to test one or
more characteristics under different environmental
conditions. Through the use of two-way data like
genotype-trait, the genotypes can be scanned for
desired attributes [23, 29, 42]. In this study, local
walnut genotypes selected from Central Anatolia
were scanned and grouped for oil contents and fatty
acids. GT-biplot analysis allows the researchers to
identify the genotypes prominent with investigated
traits (Fig. 2) [29]. It is also possible to identify
ideal genotypes for entire traits (Fig. 3) [43].
Narrow angles between the vectors of any two traits
indicate positive correlations between the traits
(Fig. 1) and such a correlation can be visualized
with biplot analysis [29]. Such characteristics of
biplot analysis were also taken into consideration
while finding out the correlations between the
present traits (Fig. 1).
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Table 1. Fatty acid composition and crude oil content of walnut genotypes (%).
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Genotypes CcO PA SA OA LA a-LA DA TUSFA TSFA

KW1 64.11+ 5.40+ 382+ 2435+ 5497+ 11.46+ nd 90.78+ 9.22+
1.30r-t 0.030-q 0.05d 0.03m-o 0.11mn 0.150p 0.02su 0.02c-e

KW?2 71.5+ 5.18+ 2.10_i 3143+ 51.10  10.19+ nd 92.7?1 7.281+
1.08a-e 0.04qr 0.05jk  0.09e 0.06u-w 0.06q-s 0.09i-l 0.09-0

KW3 65.49+ 4.89+ 2.29% 2148+  60.12+ 11.22+ nd 92.82+ 7.18+
1.91l-s 0.06rs 0.05ij 0.26u  0.19de  0.070p 0.01h-I  0.01l-p

KW4 65.05+ 4.63+ 481+  41.53+= 40.76+ 8.27+ nd 90.56+ 9.44+
1.430-s 0.08st 0.12c 0.21c  0.17b*  0.42u 0.04tv  0.04b-d

KWS5 67.32+ 6.0_3i0.07 2.58i' 30.66+ 4794+ 12.79+ nd 91.39+ 8.611.
0.94h-r i-m 0.05g-i 0.29e-g 0.11yz  0.38k| 0.03np  0.03h-j

KW6 72.02+ 5.66+ 097+  20.06% 61.4+ 1191+ nd 93.37+ 6.63+
1.59a-d 0.12m-o0  0.030-t 0.06wx 0.08c 0.01m-o 0.15dg  0.15q-t

KW7 67.48+ 6.68+ 099+  20.96+ 56.9_6i 1441+ nd 92.33+ 7.67+
0.429-p 0.23b-e  0.070-t 0.16u-w 0.62j- 0.62d-g 0.16k-m  0.16k-m

KW8 67.60+ 6.65+ 1.03+ 3037« 51.22+ 10.72+ nd 92.32+ 7.68+
0.12g-p 0.29b-e  0.120-s 0.23fg 0.96u-w 0.79pq 0.41k-m  0.41k-m

KW9 69.59i_ 6.13+ 1.26+ 1493+ 61.76 15.670+ 0.24+ 92.6_1i 7.39+
1.23b-i 0.18h-k  0.14m-o 0.20za*  0.20c 0.01b 0.07b 0.32j-l 0.32l-n

KW10 70.66+ 6.06_i 1.08+ 29.27ﬂ_: 5340+ 10.18+ nd 92.86+ 7.14+
0.89b-f 0.23i-1  0.180-r 0.23hi  0.61p-r 0.43g-s 0.41g-k  0.41n-q

KW11 68.11+ 6.76% 0.87+ 17.55+  60.66+ 14.17+ nd 92.37+ 7.63%
0.18g-n 0.33b-d  0.10p-t 0.40y  0.33cd 0.30d-h 0.43k-m  0.43k-m

KW12 67.54+ 6.17+ 0.67+ 32.68+ 51.3+ 9.18+ nd 93.16ﬂ_c 6.84+
2.03g-p 0.13g-k 0.10t 0.15d 0.16u-w  0.22t 0.23fj  0.23n-r

KW13 69.34# 6.53+ 0.72+ 15.30+ 6547+ 11.8+ 0.19+ 92.75+ 7.25+
0.35b-j 0.19d-g 0.10rt 0.28z 0.59a  0.00n0  0.06c 0.30h-I  0.30I-p

KW14 69.57i_ 5.92_3i 2.36i_ 21.24+ 57.77i_ 12.64+ nd 91.66+ 8.34_1_
0.04b-i 0.09i-m  0.12h-j 0.09uv  0.32g-j 0.38Im 0.03no 0.03i-j

KW15 69.13i_ 5.67+ 2.40i_ 20.00+ 58.56+ 13.36+ nd 91.93+ 8.07_i
0.14d-j 0.17m-0  0.13h-j 0.18wx 0.12f-h  0.11h-I 0.05mn  0.05jk

KW16 68.69+ 6.16+ 2.31% 2579+  52.54+ 13.19i nd 91.53+ 8.471_
1.11e-l 0.24g-k 0.25jj  0.30kl  0.54g-t  0.35i- 0.49np  0.4%h-j

KW17 72.29+ 5.59+ 0.78+ 29.3i_ 52.82+  11.52+ nd 93.63+ 6.37+
1.61a-c 0.23n-p  0.10g-t 0.81hi  0.53g-t 0.050p 0.33c-f  0.33r-u

KW18 64.82+ 6.69+ 1.03+ 28.79_i 53.48+  10.00+ nd 92.28+ 7.72+
0.440-s 0.37b-e  0.180-s 0.33i  0.50p-r 0.28g-t 0.55Im 0.55kI

KW19 68.9+ 6.62+ 2.59i_ 26.2!i 50.71+ 13.87{[ nd 90.79+ 9.21+
1.03d-k 0.22c-f 0.36g-i 0.27jk  0.88vw  0.58f-i 0.58ru 0.58c-f

KW20 68.07+ 6.12_i 1.19+ 25.3+ 57.82ﬂ:_ 9.56=+ nd 92.69i 7.31+
1.04g-0 0.23i-k  0.25m-p 0.53k-m 1.79g-j  0.78r-t 0.48i-l 0.48l-0

KW21 69.331_ 6.12_i 0.69+ 2593+ 56.8?ﬂ: 10.37+ nd 93. 19ﬂ_: 6.81%
1.24b-j 0.23i-k 0.14t 0.92kI  0.76j-1  0.25qr 0.08f-i  0.080-r

KW22 66.12_31 471+ 6.66+ 22.8+ 52.3+ 13.54+ nd 88.63+ 11.37+

1.40j-s 0.27st 0.46a  0.43g-t 0.38r-u 0.63h-k 0.19w 0.19a

KW23 64.15+ 5.37+ 0.68+ 2293+ 53.74+ 17.28+ nd 93.94+ 6.06+

0.70g-t 0.330-q 0.15t  1.02p-s 1.250-q 0.70a 0.47c 0.47u

KW24 70.16+ 6.71% 5.09+  21.97+ 5492+ 1131+ nd 88.20+ 11.80+

1.24b-g 0.37b-e 0.90b  1.03s-u 1.06m-o0 0.820p 1.27w 1.27a

KW25 74.00+ 5.8_91 2.82+ 31.31+  46.98+ 13.0(_)i nd 91.29+ 8.71i_
0.21a 0.18j-m  0.21e-g 0.54ef 1.14za* 0.56j-I 0.030-s  0.03e-i

KW26 67.76+ 5.38+ 3.13+ 28.26_i 50.22+ 13.0_1i nd 91.49+ 8.511_
0.33g-0 0.220-q 0.37e 0.28i  0.47wx  0.16j-1 0.59np  0.59h-j

KW27 69.17# 6.12_i 2.30% 2594+  55.83+ 9.80+ nd 91.57+ 8.431_
0.06c-j 0.35i-k 0.26ij 0.42kl  0.50k-m  0.82r-t 0.09np  0.09h-j

KW28 68.55+ 5.22+ 1.15+  24.00+= 5436+ 15.28+ nd 93.63+ 6.37+
0.67e-m 0.22p-r 0.16n-q 0.58n0 0.53n-p 1.18bc 0.07c-f  0.07r-u

KW29 65.44+ 7.01% 1.56+ 17.08+  59.00+ 15.35+ nd 91.42+ 8.58i_
0.31m-s 0.29b 0.12Im  0.84y 0.43e-g 0.86bc 0.42np  0.42h-j
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KW30 65.72+ 5.70+ 0.7+ 23.74+  56.10+ 13.75# nd 93.60+ 6.40+
1.21k-s 0.271-0 0.11t 0.91o-g 1.63k-m 0.340-j 0.38cf 0.38r-u
KW31 72.43+ 6.51+ 2.69+ 23.86+ 56.9Qi 10.05+ nd 90.80+ 9.20+
1.06a 0.20d-h  0.26f-h  0.160p  0.45j-1 0.169-s 0.45qu  0.45c-g
KW32 67.31+ 2.33+ 1.51+ 20.26+ 61.08+  14.82+ nd 96.16+ 3.84+
0.95h-r 0.26uv  0.17l-n  0.37v-x  0.69cd  0.41c-e 0.09a 0.09w
KW33 67.4+ 6.51+ 2.39i_ 2359+ 53.11+ 14.4+ nd 91.10+ 8.90+
0.21h-q 0.22d-h  0.12h-j 0.370-r 1.169-s 0.45d-g 0.34gt  0.34d-h
KW34 67.68+ 2.04+ 2.82+ 3049+ 51.89+ 12.76+ nd 95.14+ 4.86+
1.05g-p 0.10v 0.08e-g 0.33e-g 0.08s-v  0.43kl 0.02b 0.02v
KW35 69.44+ 5.33+ 2.98+ 2848+ 51.83= 11.39+ nd 91.69+ 8.31+
0.61b-i 0.200-q  0.28ef 0.46i  0.26t-v  0.240p 0.48no 0.48i-j
KW36 61.22+ 5.79+ 091+ 13.14+  65.16+ 15.00+ nd 93.30+ 6.70+
1.24t 0.14l-n  0.090-t 0.88b* 1.41a 0.76b-d 0.23e-h  0.23ps
KW37 68.16+ 6.78+ 2.56i' 16.94+ 59.06+ 14.66+ nd 90.66+ 9.34+
1.57g-n 0.09b-d 0.16g-i 0.64y  0.43ef 0.81c-f 0.26tu 0.26¢d
KW38 63.41+ 2.50+ 5.22+ 30.94+ 51.65+ 9.69+ nd 92.28+ 7.72+
6.94st 0.23u 0.04b  0.44e-g 1.32t-v  0.69r-t 0.19Im 0.19kl
KW39 68.61+ 4.5+ 4.14+ 47.28+ 32.52+ 11.55+ nd 91.35+ 8.65i_
0.74e-m 0.251t 0.30d 0.58a  1.84d* 0.7lop 0.550q  0.55g-i
KW40 67.12+ 5.17+ 0.95+ 3345+ 46.25+ 14.18+ nd 93.88+ 6.12+
2.62h-r 0.13qr 0.040-t 1.23d  0.10a* 1.24d-h 0.09cd 0.09tu
KWa1 70.96+ 6.25i_ 0.62+ 25.01& 55.53+ 12.60+ nd 93.13ﬂ_: 6.87+
1.90a-f 0.19f+j 0.09t  0.49I-n 0.57mn 0.97I-n 0.09f-i  0.09n-r
KW42 69.72# 6.08_i 2.59i_ 21.01+ 57.71i_ 12.62+ nd 91.34+ 8.66#
0.70b-i 0.15i-1 0.15g-i 0.48u-w 0.64h-j  0.45l-n 0.290r 0.29f-i
KW43 64.5+ 635+ 1.83+  21.81+ 57.05+ 12.98+ nd 91.83+ 8.17+
1.36p-s 0.25e-i 0.20KI 0.88u  0.14i-k  0.57j-I 0.45m-o  0.45i-k
K\Wa4 65.62+ 7.00+ 2.92+ 2496+ 5326+ 11.86+ nd 90.08+ 9.92+
4.81l-s 0.18bc  0.20e-g 0.62l-n  0.11p-r 0.12m-o0 0.38v 0.38b
KW45 66.6_91 6.65+ 0.73% 27.0l_ﬂ: 55.79+ 9.51+ 0.32+ 92.63i 7.37+
1.19i-r 0.27b-e 0.05rt 0.75j 0.51Im  0.09st 0.11a 0.22j-1 0.22I-n
KW46 67.28+0. 5.54+ 0.66+ 22.67+ 58.25ﬂ_: 12.54+ 0.34+ 93.79+ 6.21+
06h-r 0.18n-q 0.05t 0.17rt  0.18fi 0.11l-n  0.10a 0.13c-e  0.13s-u
KW47 66.64_& 7.83+ 1.69+ 14.14+  63.35+ 12.9_9i nd 90.48+ 9.52+
0.47i-s 0.27a 0.151  0.8lab* 0.44b  0.04j-I 0.41uv  0.41bc
KW48 65.53+ 7.00+ 0.72+ 19.88+ 61.01+ 11.40+ nd 92.29+ 7.71+
0.67l-s 0.26bc 0.09rt 0.29x  0.30cd 0.180p 0.16Im 0.16kl
KW49 69.41% 5.52+ 2.56i_ 46.12+ 38.42+ 7.08+ 0.30+ 91.92+ 8.08.i
1.11b-j 0.24n-q 0.19g-i 0.20b  0.11c*  0.30v 0.04a 0.06mn 0.06jk
KW50 67.23+ 2.19+ 4.78+ 2993+  49.00+ 14.10+ nd 93.03# 6.97+
0.15h-r 0.19uv 0.26c  0.52gh  0.87xy 0.27e-h 0.07g-j 0.07n-q
Means 67.88 5.71 212 25.44 54.4 12.3 0.03 92.17 7.83
LSD 3.25 0.38 0.38 1.05 1.23 0.84 0.05 0.56 0.56
Slg Dg *k *k *k *k *k *% *k ok Kk

*The small letters in each column show the significant difference among the genotypes. CO: crude oil; PA: palmitic
acid; SA: stearic acid; OA: oleic acid; LA: linoleic acid; a-LA: a-linolenic acid; DA: docosanoic acid; TUSFA: total
unsaturated fatty acids; TSFA: total saturated fatty acids; Sig. Dg.: significant degree; LSD: least significant difference;

**: P<0.01, *Since all the lettering between a-z was completed in the first set, the second set was started.
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Table 2. Correlations among crude oil and fatty acids of walnut genotypes

CO PA SA OA LA a-LA DA
CO 1
PA 0.131 1
SA -0.081 -0.425 1
OA 0.140 -0.360 0.319 1
LA -0.109 0.315 -0.454 -0.947 1
aLA -0.172 -0.025 -0.143 -0.561 0.341 1
DA 0.053 0.084 -0.212 0.043 0.032 -0.185 1

In bold: significant values (except diagonal) at the level of significance alpha=0.050 (two-tailed test); CO: crude oil;
PA: palmitic acid; SA: stearic acid; OA: oleic acid; LA: linoleic acid; a-LA: a-linolenic acid; DA: docosanoic acid.

PC1 =38.2%, PC2 = 21.3%, Sum=59.5%
Transform = 0, Scaling = 1, Centering =2, 5VP =2

1.5

0.5+
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[ I I I [ I I I [ I
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20 2.5

PC1

Relationship among testers

Fig. 1. GT-biplot based on oil content and fatty acid composition focus scaling.
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PC1 = 382%, PCZ =21.3%, Sum = 59.5%
Transform = 0, Scaling = 1, Centering = 2, SWP
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Which wins where or which is best for what

Fig. 2. Polygon views of the GT-biplot based on symmetrical scaling for the which-won-what pattern for genotypes
and oil and fatty acids composition. Details of genotypes are presented in Table 1.

PC1 = 38.2%, PCZ = 21.3%, Sum = 58.5% ;
Trangform = 0, Scaling 2 1, Centering =2, SWP =1

NOT

PC1
Ranking entries based on both Mean and Instability

Fig. 3. GT-biplot based on genotype-focused scaling for comparison the genotypes with the ideal genotype

A polygon was created through connecting investigated parameters were placed at the
vector markers far from the origin of the biplot as outermost section of the polygon.
to include all the genotypes within the polygon Oil and fatty acid components of the selected

[42]. The genotypes with the greatest values for the 50 walnut genotypes were determined and
prominent genotypes were identified. While the
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genotypes KW24, KW10, KW41, KW2, KW6,
KW17, KW31 and KW25 were found to be
prominent with their crude oil contents, the
genotypes KW32 and KW34 were found to be
prominent with unsaturated fatty acids. Present
findings revealed that GT biplot method could be
used efficiently for selection of walnut genotypes

prominent with oil content and fatty acid
components.
CONCLUSIONS
Present  findings revealed significant

information about the selection of walnut genotypes
with significant health benefits. It was observed
that the fatty acid composition differed depending
on the genotypes and it was concluded that the
walnuts were quite rich in total unsaturated fatty
acids. Because of richness in unsaturated fatty acid
quantities and in linoleic acid which is an important
fatty acid for the health, the walnuts have a highly
significant potential to be a functional food. Present
genotypes can also be used as parent materials in
further walnut breeding studies.

Acknowledgement: This study was supported by
Scientific Research Projects Department of Erciyes
University (with the project code: FHD-2017-
7561).
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Activated carbons were prepared based on hydrolyzed lignocellulosic biomass, and were chemically activated with
potassium hydroxide and phosphoric acid. The texture parameters of the adsorbents obtained were determined by low-
temperature nitrogen adsorption; their thermal stability was studied by DTA/ TG and the surface functional groups - by
FTIR spectroscopy. The adsorption properties of the obtained activated carbons toward perrhenate ions from an aqueous
solution were investigated at three different pH values. The adsorbent obtained after activation of hydrolyzed lignin with
KOH was found to have significantly better adsorption capacity than that obtained after activation with HsPO4. The
maximum adsorption value of the perrhenate anion — 95.7% was obtained at a concentration of rhenium in the solution 5
mg It and pH 2. Results from this study indicated that waste-derived activated carbon can act as an effective adsorbent

for perrhenate ions from acidic wastewater.

Keywords: hydrolyzed lignocellulosic material; activated carbon; chemical activation; adsorption; rhenium

INTRODUCTION

Activated carbons are produced in great variety
from carbonaceous materials including agricultural
waste products [1, 2]. Various activation methods of
the different species of wood biomass-derived
carbonized materials have been described in the
literature [3]. Two types of methods exist for
activation in the production of activated carbons:
physical and chemical. The properties of activated
carbons largely depend on the quantity and nature of
the pores at hand [4]. Due to the high carbon content
and functionalized phenolic structure of lignin, it can
be considered as one of the ideal precursors for
activated carbons.

In case of physical activation, the lignocellulosic
raw material or pre-carbonized materials can
undergo gasification with water vapor, carbon
dioxide or exhaust combustion gases. The chemical
activation consists of impregnation of the
lignocellulosic or other carbon-containing raw
materials with chemical reagents such as alkali bases
(KOH), ZnCl; or H3PO4, which are later subjected to
carbonization or pyrolysis. The application of
gaseous flow streams such as air or nitrogen is often
met in the practice during the pyrolysis, which
generates better development of the porosity of the
material. Activated carbons are highly porous
materials with large (500-2000 m?g?) internal
surface areas. These carbon materials have high
thermal and chemical stability and they can be
effectively used in a wide range of applications, such

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

as energy storage, gas separation, catalyst supports
and others [5].

The use of ZnCl; has been decreasing in recent
years due to its influence upon the environment and
the phosphoric acid has been increasingly preferred
as an activating reagent [6]. The physical and the
chemical properties of activated carbon prepared
from Kraft lignin, commercial xylan and cellulose,
have been studied upon activation with H3PO,. Diao
et al. [7] reported that the results show higher
reactivity of the precursor under acidic conditions,
more developed porosity and particularly larger
volume of the mesopores. This investigation also
confirms the fact that the nature of the precursor, the
ratio with respect to activating reagent, as well as the
temperature of activation are substantial factors
influencing the properties of the final products.

With regard to the porous structure of the
activated carbon, Gonzalez-Serrano et al. [8] studied
the influence of carbonization. It has been
established that the maximal specific surface area is
achieved at 600°C temperature of activation and
upon using ZnCl, or H3PO, as activating chemical
reagents and the surface areas are as large as those
of the trademarks of activated carbon. The use of a
suitable activating reagent is aimed at increasing the
rate of activation in order to improve the quality of
the material, as well as to reduce the production
expenses. In  our previous investigations,
carbonaceous material was obtained through the
chemical activation of technical lignin hydrolyzed
with HsPO,4[9] and KOH [10].

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The use of activated carbons is well known for
cleaning dyes and many other organic and inorganic
contaminants - ions and other compounds from
aqueous or gaseous media. An important problem is
the extraction of metal ions such as rhenium,
molybdenum, gold, and more, from the
environment.

Rhenium is one of the rarest elements, but it is
widely used in high technology as an important
component in super alloys for blades in turbine
engines. It is a perfect metal for operation at very
high temperatures, which makes it suitable for rocket
engines. Rhenium is produced as by-product at pyro-
and hydrometallurgical processing of molybdenum
and copper concentrates. During the treatment
processes, it passes into wash acidic solutions as
perrhenic acid (HReOy) in ppm concentrations [11].
Different methods are used for the selective
separation and preconcentration of perrhenate ions
(ReO4): ion exchange, solvent extraction,
adsorption, electrolysis, etc. [12, 13]. Each of them
has its advantages and drawbacks [14].

In this aspect, the aim of the present work is to
investigate the adsorption capacity towards rhenium
ions of activated carbons obtained from technical
hydrolyzed lignin after chemical activation with
KOH and HsPOa.

EXPERIMENTAL
Materials and methods

The experiments were carried out with technical
hydrolyzed lignocellulosic  biomass (THLB).
Residual waste has been obtained in the course of
wood hydrolysis from the forage yeast production. It
is worth noting that it has been kept for more than 20
years in a depot.

The lignin first underwent a milling process and
then sieve fractioning. Sieve fractions of 0.6-1 mm
were used.

The initial material (THLB) was characterized
with respect to its chemical composition (content of
lignin, cellulose and mineral substances) and
elemental composition, determined by automated
analyzer EuroEA 3000. DTA analysis was also
performed to determine its thermal stability.

The chemical activation was carried out with
KOH and HsPO4 The appropriate conditions for
activation of THL have been investigated in our
previous studies [9].

The method of chemical activation as a typical
thermochemical process was conducted in a
controlled gaseous medium, by a modified version,
under the conditions of continuous vacuum. It is
considered that, by this modification, the mass
transfer processes will be intensified as the gaseous
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products will be easily removed from the reaction
zone during the activation process.

Chemical activation of hydrolyzed lignin

Activation with the activating reagent KOH.
Technical hydrolyzed lignin contains residual
polysaccharides in an amount of 15-35%. For the
present study, the starting technical hydrolyzed
lignin was further treated with 80% H>SO4 at room
temperature in order to remove residual
polysaccharides [14].

The preliminary pyrolysis of the hydrolyzed
lignin was carried out in a standard retort. At 170 °C
water was released, which could mean that the
product contained a lot of O.. At 414 °C, gaseous
products were released. The final product obtained
at a temperature of 520 °C, was the starting material
for the production of activated carbon. The
carbonized material thus obtained was mixed with
KOH at a ratio of 1: 1.2 (precursor: KOH). The
activation was carried out in a tube furnace at 600 °C
under vacuum for 1 hour after which the product thus
obtained was washed with deionized water until
neutral reaction.

Activation with the activating reagent HsPOs.
The starting sample (THLB) was activated with
phosphoric acid at a ratio of 1:3 (precursor: HsPOy).
After homogenizing, the samples were treated for 2
hours at 180°C. The actual activation was carried out
in the tube furnace under vacuum, at 600°C for 1.5
hours. After cooling, the sample was washed with
deionized water until neutral reaction. The
reactivation of the sample was carried out at 300°C
under vacuum according to Vladov et al. [9].

The carbonized samples obtained were labeled as
follows:

- sample of activated lignin Lnspos, prepared
by mixing of THL: H3PO, at a ratio of 1:3;

- sample of activated lignin Lkon, waste
hydrolyzed lignin sample, further hydrolyzed to
remove polysaccharides prior to pyrolysis in
standard retort;

- initial THL denoted as Lo.

Characterization of activated carbons

The characterization of the specific surface area
and the parameters of the porous texture of the
samples prepared was carried out using a sorption
apparatus - High-Speed Surface & Pore Size
Analyzer  System, model NOVA 1200,
manufactured by QUANTACHROME Instruments
(USA), by applying low-temperature adsorption of
nitrogen (77 K).

The following textural parameters of the
activated carbons were calculated: specific surface
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areas (Sger). based on the equation of Brunauer-
Emmet-Teller (BET), for the interval p/po = 0.05 +
0.35; volumes of the micropores (VMI), determined
by means of the simplified equation; total pore
volume (Vt) according t the rule of Gurvich at p/po
= 0.95; volumes of the mesopores (Vwmes) as the
difference between the total pore volume and the
volumes of micropores (Vmi) of the respective
samples; size distribution of the mesopores, on the
basis of the adsorption branch of the nitrogen
isotherm assuming cylindrical model of the
mesopores, by the method of Piers, within the
interval 3 < Dav, nm < 10; average pore diameter
(Dav), as a ratio between Vt (multiplied by four) and
Sger; Size distribution of the micropores by means of
the simplified equation, assuming flat-parallel model
of the micropores; specific surface area of the
micropores Smi m#/g.

FTIR spectra of the activated carbons were
obtained on a Nicolet Avatar 360 FTIR Thermo
Scientific spectrometer.

The thermal stability of the composites obtained
was examined by differential thermal analysis
(DTA/TG) with a Setaram Labsys Evo 1600
instrument in the temperature range 25-800 °C at a
heating rate of 10 °C /min in air atmosphere.

The adsorption properties of the obtained
activated carbons - Lpspos and Lkon toward
perrhenate ions (ReOs) from an aqueous medium
were investigated. The experiments were carried out
in the batch mode in plugged polypropylene test
tubes containing 10 ml of Re (V1) aqueous solution
and 50 mg of sorbent at 20+£1°C. The effect of the
following parameters on the adsorption was studied:
i) pH of the solution (2-7), ii) initial rhenium
concentration (5-100 mg I?), iii) contact time
between solution and sorbent (5-180 min). Working
solutions with different Re concentrations were
obtained by diluting the stock solution of KReO,
with Cre = 1000 mg I with distilled water. The pH
of the starting solutions was adjusted by dropwise
adding 0.1 N HNOs and 0.1 N NaOH. The samples
were shaken on a rotary shaker at 150 rpm until

equilibrium was reached, then filtered through a
blue-ribbon filter. The content of Re in the filtrate
was determined spectrophotometrically (UV-vis
Thermo Evolution 160) by the highly selective
catalytic method with N, N-dimethyldithioxamide
[15]. The adsorption was calculated as follows:

A (%) :(Co_ge)lo(),
0

where Co and C. are the initial and equilibrium
concentration of rhenium (mg I?) in the solution.

RESULTS AND DISCUSSION
Physicochemical characteristics

The initial THLB (Lo) contains 78 % lignin, 12.8
% cellulose and 9.1 % mineral substances. Actually,
THL contains a quantity of hardly hydrolysable
polysaccharides, determined as cellulose, within the
admissible limits. The content of mineral substances
is high, probably due to contamination of the lignin
when stored in the open air space. Table 1 presents
the data from the elemental analysis of the activated
samples.

Table 1. Elemental analysis of the initial THL and the
THL activated with H3PO4 and KOH using the automated
analyzer EuroEA 3000

Sample Element, %
N C H S
Lo - 50.21 5.00 0.60
Lxon 0.40 78.90 4,78 <0.01
Luspos 0.33 58.50 4.60 <0.01

The above data show that the activated carbon
obtained after activation of hydrolyzed lignin with
KOH has a higher carbon content - 78.90%
compared to that treated with HzPOs - 58.50%,
which shows that the treatment process hydrolyzed
most of the residual polysaccharides.

Table 2 shows data on the specific surface areas
and the main parameters of the porous texture of the
initial THL material and the samples obtained from
it [9, 10].

Table 2. Basic adsorption-textural parameters of the initial THL and the samples of activated carbons

Sample | Sger, m?/g Vi, cmilg | Vwi, cmi/g Vmes, cm®/g | Dav, nm Smi, /g | Sext, m?/g
Lo 4 0.020 - 0.020 20.0 - -
Lxon 1428 0.700 0.515 0.185 2.0 1259 169
Lspos 1497 0.790 0.320 0.471 2.1 741 756
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The activated carbons obtained by both methods
have almost the same surface area, Sget- 1428 - 1497
m2gl, but the activated carbon obtained after
activation of hydrolyzed lignin with KOH, has a
larger surface area and micropore volume - 1259
m2gtand 0.515 mg?, respectively, compared to that
treated with HsPOs - 741 m?gland 0.32 mig?,
indicating that the activated carbon obtained by
activation with KOH is characterized by a much
more developed microporous texture (more than 1.6
times in terms of micropore volume and almost
twice in terms of specific micropore surface)

compared to activated carbon obtained by
phosphoric acid activation.
FTIR analysis

To identify the functional groups present on the
surface of the initial sample, Lkon and Luspos, FTIR
spectra were recorded, shown in Figs. 1 and 2.

Absorbance, a.u.

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

g
Wavenumber, cm

Fig.1. FTIR spectra of initial THL

THL-3 KOH

Absorbance, a.u.

T T T
2500 2000 1500 1000 500
Wavenumber, ari'

Fig. 2. FTIR spectra of activated carbons Lkon and
Luspos

An intense broad band in the 3300-3500 cm™
region is observed in the feedstock spectrum (Fig. 1)
due to the valence vibrations of the alcohol and
phenolic hydroxyl groups in lignin [16]. In the
spectra of activated carbons, the bands in this region
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exist but are with lower intensity. The peak of
activated carbon obtained by activation with
phosphoric acid is more intense than that of Luspos
due to the greater amount of hardly hydrolysable
polysaccharides (which have not been previously
separated by THP).

The signals at 2924 and 2852 cm™ are ascribed to
the aliphatic -CHs and -CH, stretching vibrations.
The bands in the range 1700 - 1600 cm™ indicate the
C=0 group from the carboxyl groups. The signals at
1585 cm? (Fig. 2) are attributed to the C=C vibration
in aromatic rings and the bands at 1229 cm™ are due
to the C-O stretching vibration of the phenol group.
After activation, in the FTIR spectra (Fig. 2) of
activated carbons, some of the peaks have
disappeared or weakened [17].

Phenolic and carboxylic functional groups could
transform into —-COOH?*, —OH?* or =C=0H" by
reaction with H* in the solution. The more of these
cations existed on the sorbent surface, the better was
the recovery of perrhenate anion via adsorption from
aqueous solution. In accordance with the
conclusions of Hu et al. [18], the phenolic and
carboxylic groups contributed to the Re (VII)
adsorption on the examined sample.

Thermal analysis

The thermal characteristics of THL and activated
carbon samples were determined using DTA/TG,
and the thermogravimetric curves are shown in
Figures 3-6.

Flow. uV -+ Am(%) - 8,406 Am(%)-92.454

TG. %

Am(%)-84.214

T: 34,70 and 182.25°C

Temperature, °C

Fig. 3. DTA/TG curves of THL

As can be seen from Fig. 3, between 50 and
140°C, endothermic reactions occur that result from
the separation of the adsorbed water on the surface
of the lignin and the water bound in its structure. The
wide exothermic effect in the 230-650 °C range may
be due to the destruction of both weak and stable
bonds in the lignin molecules, resulting in the
destruction of lignin [19, 20]. Weight loss was about
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84%. Total weight loss was 92.5% at the end of the
process.

Fig. 4 shows the thermal stability of activated
carbon from THL obtained after activation of lignin
with KOH. In the range 25-210 °C, 8.38% of the
carbon weight is lost, which may be due to the
separation of water and low-molecular weight
fractions of residual polysaccharides in the lignin
composition. In the interval from 411°C to the end of
the process at 810 °C, the total weight loss was
49.35%.

Fig. 5 shows the thermal stability of activated
carbon obtained after activation of lignin with
phosphoric acid.

In the temperature range 50 — 244 °C, 14.3% of
water was released and some of the lower-molecular
weight residual polysaccharide components in lignin
were destroyed. Mass weight loss from the sample
was observed in the temperature range 500-740 °C,
51.2%, respectively. The ultimate weight loss was
84.7%. Compared to DTA/TG, the analysis of Fig. 3
of the initial THL shows that after treatment with
HsPO,, it becomes more resistant to thermal
treatment.

Investigation of ReO4 adsorption

A quite important single parameter affecting the
adsorption process, is pH of the solution [14]. The
adsorption properties of the samples Luspos and Lkon
were tested at four different pH values: 2, 3, 5 and 7
at an initial Re concentration Cre= 5 mg I

TG. % Am(%)-8379. § _—— >
=

T: 389,8 and 678,05 (°C)

3
S~

Temperature, °C

Fig. 4. DTA/TG curves of Lxon

Am(%)-49359 Flos
Flow, pV

Experiments were performed at a contact time of 3
hours. The results are shown in Fig. 6.

It can be seen that, at all tested pH values, the
adsorption capacity of the carbon activated with
KOH is significantly better than that of the H3PO,-
activated sorbent. Data show that ReO4 adsorption
on the two obtained activated carbons is affected by
the acidity of the initial solution. In both sorbents,
the adsorption efficiency for rhenium is higher at
lower pH values of the solution. The optimum pH
value was found to be at pH 2.

The effect of initial Re concentration on the
adsorption of ReO4 by the two sorbents was tested
at pH 2. Fig. 7 shows that the maximum adsorption
of 95.7% is achieved at Cre=5 mg I using KOH-
activated carbon. The adsorption capacity of the
H3PO,- activated sorbent under the same conditions
is about two times lower. This tendency is also
observed at higher concentrations of rhenium in the
solution.

In order to optimize the contact time for the ReOy
adsorption, Kinetic experiments were performed in
the interval of 5 min - 3 hours. Solutions with initial
Re concentrations of 50 mg I were used for this aim.

As can be seen from Fig. 8, maximum adsorption
of rhenium on both activated carbons was achieved
within the first 15 min of contact between the
solution and the sorbent. The rapid adsorption
process indicates a good interaction between the
adsorbent and the perrhenate ions.

o Am(%)-84,74
Am(%)-143 / 3 TG, %

T:706,50 and 753C

J

T:36,11 and 265,19°C

Am(%)-51,21

Temperature, °C

Fig. 5. DTA/TG curves of Luspos
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Fig. 6. Effect of pH of the solution with initial Cre=5 mg I* on adsorption of ReOy4 by activated carbons Lnzpos and

Lkon
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Fig. 7. Effect of initial Re concentration on ReO, adsorption by activated carbons Luzpos and Lkon at pH 2.
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Fig. 8. Effect of contact time on ReO4 adsorption on Lspos and Lxon sorbents at Cre=50 mg I and pH 2
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CONCLUSIONS

Activated carbons were obtained after activation
of technical hydrolyzed lignocellulosic material with
KOH and HsPOs. The sample obtained after
treatment with KOH has a higher carbon content -
78.90% compared to that activated with HsPO, -
58.5%, indicating that, in the first case, after lignin
pretreatment with H;SO., most of the residual
polysaccharides were hydrolyzed.

e The activated carbons obtained by both
methods have almost the same surface area, Sger
1420 - 1497 m? g%, but the activated carbon obtained
after activation of the hydrolytic lignin with KOH
has a larger surface area and volume of micropores -
1259 m?gt and 0.515 mig?, respectively, compared
to that treated with HsPO,4 - 741 m2gt and 0.32 m3g
! indicating that the first type of activated carbon has
a more developed internal surface on the micropore
level.

e DTA analysis showed that activated carbon
obtained after treating THL with KOH, is more
thermally resistant than that obtained after treating
THL with phosphoric acid, which is probably due to
the higher carbon content of the former sample. At a
final temperature of 810 °C, the degradation of the
starting lignin was 92.5%, of KOH-activated -
49.3% and of HsPO.-activated - 84.7%

e The activated carbon obtained after
activation of hydrolyzed lignocellulosic material
with KOH, has a better adsorption capacity for
rhenium than that obtained after activation with
HsPOs. At initial Re concentration Cre=5 mg I* and
pH 2 of the tested solution, 95.7 % of ReO, are
adsorbed. The adsorption process is fast and
equilibrium is reached within 15 min, which is
promising for the practical application of the
sorbent.
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Pakistan, being an underdeveloped country, is highly facing waste disposal and especially waste plastic which lasts
for hundreds of years without degradation. Many factors may be involved in it, but we need to purpose and try to urgently
implement a constructive idea of using this non-biodegradable waste. The contaminated rain or sewage water and the
potholes are the great problems in trafficking and shipping. The idea of preparation of polymer coated aggregate (PCA)
is not new, but for our country, it is a whole new process. This study is the country's contribution that is proposing and
building not even the idea but the whole process for utilizing the waste plastic in preparation of PCA, which will further
be used as road construction material. This study aims at the most suitable solution to these problems, as it was aligned
to solve both problems related to the waste plastic and the deteriorated roads, which simultaneously manages waste and
improves the road life. The coating of molten plastic over the aggregate supports to recover the value of the aggregate.
The binding strength of 290 tons is achieved by 25 wt. % polyethylene while higher binding strength can be achieved by
using different plastics. Higher plastic weightage leads to lower moisture absorption, less voids, better soundness and
impact value. At the same time, abrasion value is also lowered by higher plastic content thus causing lower friction and

skidding of automobiles.

Keywords: Non-biodegradable; waste plastic; polymer-coated aggregate; bitumen; binding strength.

INTRODUCTION

Due to the increased use of plastic and
modernization of the world, humans cannot protect
themselves from vanishing plastic, so it has to be
used constructively. Waste plastic disposal is a
major problem of our environment, causing drastic
damage to all habitats and increasing pollution,
global warming, and is a threat to the existing and
the future life. It should be recycled or reused to
prevent everyone from all of its hazards. Many ideas
have been proposed yet, related to reusing,
recycling, pyrolysis of waste plastic, but our idea of
using the waste plastic for preparation of road
material shall help us to provide better binding
property and increased road life. Many researchers
have worked on it, and this idea has been adopted
successfully throughout the world. Many countries
are paving their roads by using their trash, and this is
not only an economic way, but it also adds beauty to
their environment, supporting tourism and
ultimately supporting their economy [1, 2].

A material, which is made from many small
monomers having large molecular weights, can be
shaped into various things called organic polymer or
plastics. Plastics are strong, durable, and degrade
very slowly. They are made up of long-chained

*To whom all correspondence should be sent:
E-mail: engrasimmushtag@yahoo.com
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molecules (polymers) containing repeated units of
carbon atoms (monomers). These polymers have
extremely strong intermolecular carbon-carbon
bonds. If plastic is durable on the one hand, then, on
the other hand, it is resistant to degradation [2, 3].

Transportation is one of the most important
factors that contribute a lot to the development of a
country. As regards transportation, the flexible
pavement is very important in constructing roads by
using polymer coated aggregate (PCA). It can
achieve all requirements of strength, durability,
flexibleness, and cost-effectiveness.

This study is based on the usage of waste plastic
in an innovative way to prepare road construction
material. By adding the waste plastic polymer over
the hot aggregate; which will eventually get coated
on continuous agitation yielding the PCA, it is
further used in the preparation of road construction
material by mixing the PCA with heated molten
bitumen [1, 4].

In 1907 the advancement of Bakelite
accomplished a boom in materials by bringing
designed plastic into world trade. Before the
completion of the 20th century, plastics were found
to be persevering polluters of various ecological
fortes, from Mount Everest to the sea level. On

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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account of being mistaken for food by animals,
flooding low-lying areas by plugging up squander
systems, or causing immense revile, plastics have
pulled in growing thought as a tremendous poison
[2, 5].

Plastic is a polymeric material, that is, a material
whose particles are huge, often taking after long ties
containing an unending course of action of
interconnected associations. For instance, silk exists
in abundance, yet nature's "plastics” have not been
entangled in environmental tainting since they don't
continue on the Earth. Since fabricated plastics are,
for the most part, non-biodegradable, they will, by
and large, pollute natural surroundings. Likewise,
various lightweight single-use plastic things and
packaging materials, which speak to around half of
all plastics made, are not put away in compartments
for the following departure to landfills, reusing
centers, or incinerators. They may be improperly
disposed of at or near the territory where they end
their comfort to the buyer. Dropped on the ground,
removed from a vehicle window, heaped onto a
successfully full garbage holder, or unexpectedly
took away by a tornado, they immediately begin to
defile the Earth. Unquestionably, scenes littered with
plastic packaging have gotten ordinary in various
bits of the world [6, 7].

Materials utilized in the principal half of the
twentieth century, for example, glass, iron,
aluminum, paper, and plastics have a low
recuperation rate. They are generally wasteful to
recycle as reused scrap in the assembling cycle,
because of noteworthy preparing troubles, for
example, a low softening point, which keeps toxins
from being driven off during warming and reusing.
Most reused plastics are financed underneath the
expense of crude materials by different store plans,
or government guidelines just commanding their
reusing. Reusing rates change drastically from
nation to nation, with nations getting rates more
prominent than 50%. Regardless, reusing doesn't
generally address plastic contamination since reused
plastic is "appropriately” discarded, while plastic
contamination  originates from inappropriate
removal [8].

With the increase of advancement and the role of
technology in the daily life of humans, polymer
plastics have played an important role in facilitating
us in every aspect of life. They had taken over the
place of metals, ceramics, wood, and all other
materials used before, which were far more hygienic
and easy to dispose of or reuse than plastic. As time
passes, it has become crucial to find robust, long-
lasting, and economic way to dispose of or
innovatively reuse plastic waste. Several researchers

worked on it for a long time and proposed different
processes for constructively reusing plastic. Our
country is facing the same plastic disposal problem
since the start of its use.

Despite being nonnutritive and unappetizing,
plastics have defilements up to multiple times. They
enter the seawater and a while later pass on to the
species that ingest them. In one assessment, levels of
polychlorinated biphenyl (PCB), a salve, and
ensuring material that is right now commonly
precluded, seemed to have extended essentially in
the dress organ oil of streaked shearwaters after
seabirds had been dealt with plastic pellets
winnowed from Tokyo Bay for simply a solitary
week [1, 3].

Plastic Contamination Break Down into
Microplastic

Afloat, sunlight, wind, and wave action separate
plastic waste into little particles, routinely short of
one-fifth of an inch over. These alleged
microplastics are spread all through the water section
and found in each edge of the globe, from Mount
Everest, the most raised top, to the Mariana Trench,
the most significant box [9].

Microplastics are further disintegrated into tinier
and humbler pieces. Plastic microfibers, at that
point, have been found in metropolitan drinking
water structures and coasting through the air.
Sunlight and seawater embrittle plastic, and the
conceivable breakdown of greater articles into
microplastics makes plastic available to zooplankton
and other marine animals.

Plastics changed prescription with life-saving
contraptions, made space travel possible, helped
vehicles and planes—saving fuel and tainting—and
saved carries on with defensive covers, incubators,
and equipment for clean drinking water [9, 10].

The facilities plastics offer, regardless, provoked
a disposable culture that reveals the material's
obfuscated side today; single-use plastics speak to
40% of the plastic made every year. A critical
number of these things, for instance, plastic sacks
and food covers, have a future of just minutes to
hours, yet they may proceed in nature for a long time.

A huge part of the plastic waste is found in the
oceans, Earth's last sink, streams from land. Deny is
furthermore passed on to the sea by noteworthy
streams, which go about as transport lines, getting
progressively more garbage as they move
downstream. When uncontrolled, a huge aspect of
the plastic junk remains in waterfront waters.
Nevertheless, when found a workable pace in ocean
streams, it might be delivered all over.
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The arrangement is to keep plastic waste from
entering waterways and oceans in any case. It could
be refined with improved waste administration
frameworks and reusing a better item plan that
considers the short existence of dispensable
bundling and a decrease in the assembling of
pointless single-use plastics. The second major
problem of concern is deteriorated roads, showing
poor management and a lack of technology [11, 12].

This research aligned these two major problems
by using plastic waste in the production of polymer-
coated aggregate (PCA) for road construction
material to solve two major problems in a
combination, to contribute towards the betterment of
society. With the increasing use of plastic, the
problems increased, not only related to human
health, but due to its toxicity, also related to the
environment and all-natural habitats. Humans have
troubled not only their lives but also disturbed all
creatures. The waste plastic disposed of in oceans is
deadly, harming marine life and disturbing the food
chain.

Fig. 1. Contamination of waste, mainly plastic, in a
local area

The biggest problem for developing countries is
the management of solid waste, as shown in Figure
1. Today Pakistan produces about 87,000 tons of
solid waste every day, estimated up to 48.5 million
tons of solid waste every year. So, it is a matter of
great concern because the death rate is increasing
due to waste-related diseases, and it causes serious
environmental effects. Only a little waste is recycled.
Out of 48.5 million tons of solid waste, plastic waste
is about 9% of the total waste produced in Pakistan.
Because of its non-biodegradability, it produced
water stagnation and was associated with hygienic
problems [12, 13].

Deterioration of Roads

According to a report by the Permanent
International Association of Road Congress
(PIARC) and National Highway Authority (NHA),
the total length of roads in the country is 264,401 km
long Highway network - that is 3.65 % of the total
road network carrying 80 percent of the total traffic
of Pakistan. Over the past decade, road traffic,
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including both passengers and freight, has
significantly promoted the national economy.
Currently, it is 91 percent of national passenger
traffic and 96 percent of the cargo. Roadways,
highways, and even pathways in Pakistan are
generally in very poor condition. The distresses like
rutting and fatigue cracking have degraded the
condition of the available roads and the current
heavy rain makes transportation more unsafe and
dangerous for travelers.

Fig. 2. (a) Small potholes, deterioration of the road (b)
Large pothole (contamination resulting in water)

Pavement conditions suggested that 41% of the
National Highway (NHA) lost its structural
coherence and load-bearing capacity. 58% of the
NHA network is suffering from rutting that is
affecting transportation and traveler's safety. Nearly
27% of the NHA network has a serious safety hazard
where the wheel path ruts more than 25 mm. Even
on a smaller scale, the condition of roads is very
poor, the potholes and stagnate rain or sewage water
are always a trouble for the countrymen, as shown in
Figure 2 (a, b) [1, 8].

The major objectives of this research are to
recycle plastic waste by reusing it by coating it over
the surface of aggregate, which is further used in
road construction material. It can improve durability,
flexibility, stability, and economy of the road.
Strength characteristics of PCA itself and also with
bitumen are studied. The polymer coating reduces
the voids and cracks, thus having good resistance
towards water stagnation and rainwater. The
abrasion, weathering, and pothole formations are
also reduced. The purpose is to improve and enhance
the properties, including binding strength,
penetration value, tensile strength, stripping
(potholes) seepage of water, better resistance,
Marshall stability value, and check the durability for
the pavement of roads.

With the rapid increase in the world population,
the demand for such a versatile material could
automatically increase. The countries are in dire
desire of such ideas and implementation of them,
which helps to get rid of problems and this idea of
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using waste into road construction is like converting
the waste into treasure, as facing both problems of
increasing waste and the poor condition of roads.
The waste plastic is either left on roads or dumped in
land or oceans. Both ways are harmful. The
contribution of plastic cannot be denied in our daily
life; rather, it has to be utilized in a constructive way
for the nation's prosperity [10, 14].

This study envisages improvements in these
parameters after the preparation of PCA, solid waste
management, usage of unwanted trash, reducing
voids and potholes formation, moisture absorption,
and improving cost-effectiveness, compression
strength, binding strength. Plastic waste could be
classified in several ways, but most often by its
physical properties. Based on chemical sources,
general groups of plastics are cellulose plastics,
protein plastics, natural resin, elastomers, and
synthetic resin plastic fibers. According to physical
properties, plastic is of two types: thermoplastics and
thermosetting plastic.

Upon application of heat, the thermoplastics
could be molded into different shapes and become
solid on cooling. Common examples are
polyethylene, polypropylene, polystyrene, polyvinyl
chloride, Teflon, and nylon.

Thermosetting plastics, when once shaped, could
not be softened or remolded on the application of
heat. Common examples are Bakelite, epoxy resins,
polyesters, and polyurethane. According to the
property of remolding on heat application, we are
using thermoplastics as waste plastic raw material,
in our project. Generally, some of the thermoplastics
are softened at a temperature of around 130-150°C.
It is noticed that at a temperature of around 120-
180°C, there is no gas evolution, but beyond this
temperature, thermal degradation and gas evolution
may occur [6, 15].

Sources of generation of waste plastic are HDPE
and LDPE (carry bags, cosmetic bottles, sacks, milk
pouches), polyethylene terephthalate (drinking
water bottles), polypropylene (wrappers of biscuits
detergents, caps of bottles), polystyrene (yogurt
pouches, food trays, egg boxes) and polyvinyl
chloride (pipes, building, and constructions,
electrical fittings).

The waste plastic polymer exhibits good binding
properties. When coating the aggregate with molten
waste plastic polymer, it will cover the surface of the
aggregate. The required PCA is already there.
Adding molten bitumen to it will provide a road
construction material, whose properties have been
improved from the conventional road construction
material. The voids will have been filled, and the
binding will also have been strengthened, as the

molten plastic will cover the surface of the
aggregate, that is, attached to it completely, and
afterward, this mixture is covered by bitumen. This
result will further be confirmed by several testings
[3,12].

To resist the drastic weather conditions and the
friction between wheels and roads, the surface layers
of pavement may contain the strongest and most
expensive material as it is necessary to build roads
which have high strength. Roads must have the
ability to drain off the surface water, which is the
requirement to improve road life, and it is important
for vehicle safety also. Asphalt performance strongly
depends upon the polymer-coated aggregate.

METHODOLOGY

The basic raw material utilized for this research
is easily and cheaply available. Raw materials for lab
or commercial basis synthesis are waste plastic
(polyethylene, polypropylene, polystyrene),
aggregate, and bitumen. In this research, the raw
materials for lab and commercial basis synthesis
were the same.

The product was obtained in two stages. In the
first stage, the waste plastic was melted and coated
over the aggregate in the reactor yielding the PCA.
In the second stage, the raw material bitumen was
mixed with PCA to obtain the final product (the
actual road laying material).

Plastic is easily accessed and useful material on
the one hand, but on the other hand, it is one of the
world's greatest environmental problems. Yet, both
society and the industrial sector are highly dependent
on plastic. Since it is lightweight, a good insulator
and resistant to corrosion, so vast use is undeniable
in every sector. Due to its vast use, kinds of research
have been made and are in progress to overcome its
waste-causing pollution. Scientists are switching
towards biodegradable bioplastic made from
renewable biomasses or agricultural byproducts.
Still, it will take our country, a whole century or
more, to shift towards it, and before, we have to
reduce our present plastic waste in a useful way, for
which our project will play a key role.

Aggregate mainly comprises a broad category of
coarse to medium-grained materials. This study uses
crushed stones mixed with sand as an aggregate.
Bitumen is a highly viscous liquid and a mixture of
various products whose main constituent is carbon.
For transportation of bitumen through pipes, it must
be heated or diluted with a lighter oil. For paving the
roads and roofing tiles, far more refined bitumen is
used. Desirable properties of bitumen include good
adhesion and cohesion. It is water repellant. Its
nature is thermoplastic. Drawbacks include
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oxidation that may occur, which leads to cracks.
Water absorption may cause potholes formation.
Bitumen is a petroleum product, so its cost is high
[13, 16].

This work emphasizes preparing a material that
will be used in road construction. It has improved
strength than conventional roads, lower water
absorption due to lesser voids, lower abrasion
between tires and roads, improved life of both tires
and the road, and lesser cracks due to better binding.

The selection of appropriate raw materials is the
key to achieving the desired product. This project
uses a pre-processed raw material (crushed
aggregate), and before use, no further processing is
required except the waste plastic, which is shredded
manually before its use. All the raw materials can be
easily stored in atmospheric conditions. The
handling of materials can be done properly as the
process is done at a high temperature.

This process is an innovative way to find the
solution of increasing waste plastic and utilizing it in
paving the roads. The prepared PCA is the raw
product for road construction material. The heated
bitumen is added after the preparation of our desired
PCA. We have done some amendments like varying
the properties of PCA by varying temperature. This
research designs equipment that can bear high
temperatures and will also give good mixing for the
required product.

Process Description

There is only one process available to prepare
PCA that has been adopted. The process is the same
as the conventional road construction material
process. Still, the modification did find the optimum
condition for the best PCA. A new innovative
method was proposed by coating waste plastic over
the hot aggregate and mixing it with molten bitumen
to get the desired high-strength road construction
material by designing the reactor to achieve the
required temperature and agitating condition. After
the preparation of the sample, it will be exposed to
different tests to check different parameters. Before
starting the actual process, some pretreatments are to
be carried to achieve the desired results of PCA.

Segregation

The waste plastic is collected from numerous
sources, and non-organic waste is separated from it
(if any). For this study, the waste plastic was
collected from homes. Later, it will be collected
from the neighborhood to initiate the constructive
use of waste plastic. For further requirements, it can
be bought from the scrap market.
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Shredding of Waste Plastic

The waste plastic collected is shredded into small
pieces to avoid lumping, so uniform coating will be
achieved. Shred the plastic manually in small pieces
by using a scissor. The pieces were not single-sized,
but this will not cause any trouble as at high
temperature it will steadily coat if provided
appropriate mixing.

Crushing of Aggregate

The stone aggregate used for road construction
was crushed to get a uniformly sized aggregate, so
uniform heating and coating will be done
simultaneously. For this research, crushed stone
aggregate was bought. The plastic waste collected
consisted of shoppers, plastic bottles, discarded
disposable utensils. We are innovatively using this
waste plastic. It was shredded and mixed with hot
aggregate, quickly melted and got coated over the
hot aggregate. The bitumen was heated separately
and was subsequently mixed with this coated
aggregate.

Preparation of Polymer-Coated Aggregate (PCA)

The aggregate has to be heated to the highest
temperature of nearly 200°C (just to soften the
plastic and not decomposing it, to prevent
degradation of plastic which causes a great hazard to
the environment by producing toxic gases). The
shredded waste plastic was added over the heated
aggregate with continuous agitation to give a
uniform coating of molten polymer. The plastic was
softened on heating and coated over the aggregate
(monitoring of temperature is crucial). Within a few
seconds or a minute, plastic melts and gets coated
over the hot aggregate, so PCA is obtained. Plastic
gives an oily look to the aggregate and, ultimately,
to the PCA. Molten bitumen is mixed with PCA, and
the resulting PCA-bitumen mix is ready to pave a
road, as shown in Figure 3. The temperature and
agitation must be controlled and monitored
continuously to achieve the best strength, quality,
and durability.

Q

HEATED
AGGREGATE

}; WASTE PLASTIC

POLYMER
COATED
AGGREGATE(PCA)
HEATED
BITUMEN

AGGREGATE l

PCA and
BITUMEN MIX

Fig. 3. Bitumen flow diagram for preparation of road
construction material through PCA.
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Equipment Design

The equipment used for this experiment was not
previously available. The prime functions required
for PCA are temperature controlling and continuous
agitation, for which a heating and mixing chamber
was designed as displayed in Figure 4. The non-
reactive heating and mixing chamber includes the
components shown in Figure 4.

FEED IN

PRODUCT OUT
_|‘?/MOTOR\\—|—>

P -

—

A

Q

| BURNER |

Fig. 4. Process instrumentation diagram for designed
equipment.

Vessel. This equipment mainly consists of a
vessel in which the raw material is mixed and heated.
It is a combination of heater and mixer as required
for the simultaneous heating and mixing of polymer
and aggregate.

Agitator. The agitator is used for continuous
mixing to achieve homogeneous heat transfer and
uniform coating of the molten polymer over the hot
aggregate. For this purpose, a curved blade turbine
impeller is used.

Temperature gauge. As temperature control is
the main factor in the preparation of PCA, a
temperature gauge is used to observe the temperature
readings of the sample. It is placed on the wall of the
chamber.

Burner. To provide heat in the vessel's base. The
burner is used as a heating source, and the flame is
controlled manually for PCA temperature.

Electric Motor. A high-power motor is used to
rotate the agitator. As solid raw materials are used,
so the motor must be powered enough to continually
agitate the mix.

Lid. A lid is used to cover the vessel having a
motor mounted on it and the shaft of the agitator
fixed in it.

Designed Parameters

Figure 5 (a) shows the designed equipment to
achieve that desired product has these designed
parameters: minimum required reaction temperature
(T) = 100°C; the desired temperature is between
100°C -200°C; material is stainless steel, diameter d

~ 0.45 m, height ~ 0.75 m, and impeller = curved
blade turbine.

Initially, pre-designed equipment was used,
which can do simultaneous heating and mixing, as
shown in Figure 5 (b). This pre-designed equipment
consists of a closed chamber, insulation of glass
wool, impeller, lid mounted with an electric motor,
heater rod attached to the lid, temperature sensors,
and speed controller for the impeller, mainframe
where the reactor and control panel are mounted. A
control panel is attached to the reactor to control the
temperature and speed of the impeller.

s

Fig. 5. (a) Newly design equipment (b) Setup of the
pre-designed equipment (c) Experimental result (stuck
product in pre-design equipment)

While experimenting with this designed
equipment, the following observations were made:
maximum reaction temperature (T) = 800 °C; the
desired temperature is within this range, volume (V)
=2 L, D = 0.108 m, impeller = 45 tilted pitched
blade turbine - 4 blades. This equipment was
designed for liquids and had to be modified for the
required reactor. During the experiment, the
temperature range was appropriate but faced
problems and troubleshooting while using this
equipment. The capacity of the reactor was too
small; also, the diameter was small. The melting rate
of the polymer was too slow due to a single heater
rod, which results in inappropriate heat transfer -
lumps of the molten polymer formed owing to
inappropriate heating and mixing due to small
blades. As a result, choking of PCA happened after
processing, which was cleaned by us but will be
difficult in the future as it was a time-consuming
process, especially for a reactor having a small
opening. Figure 5 (c) shows the stuck product in the
pre-design equipment.
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Open Flame Process

Figure 6 (a) displays the open flame process, a
trial process for the preparation of PCA before
designing our equipment. The objective of this open-
flame process was to check the melting property and
the binding strength of waste plastic while achieving
the desired temperature.

Fig. 6. (a) Open flame setup; (b) PCA and bitumen
mix in the process; (¢) Product of open flame process (d)
Block of PCA-bitumen mix prepared in the newly
designed equipment

The open flame equipment consists of a circular
cooking pot, simultaneously heating and mixing
aggregate and polymer. The heating source was the
wood logs confined in bricks, and an open stove was
used. Two heating sources were made to heat the
polymer-aggregate mix and bitumen separately. A
large porous cooking spoon was used as a spatula,
and a steel container was used for heating bitumen.
The thermometer was used to note temperature
manually from time to time. Raw materials were the
same as defined above. Small mold was used for
molding the finished product, as given in Figure 6
(b) to place the cooking pot on the heating source.
Add aggregate to the cooking pot and start heating.
Check the temperature of the cooking pot using a
thermometer; when the desired temperature is
achieved, add shredded waste plastic over hot
aggregate. It takes a minute to melt the waste plastic
and to coat it over the aggregate. Use a spatula to mix
the aggregate and the melted plastics for uniform
distribution. Add some more plastic; mix it
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uniformly using the spatula. Heat the bitumen to
melt it in the container to about 160°C as hot
bitumen has to be added over the hot aggregate for
better binding. Then add the melted bitumen over the
polymer-coated aggregate to obtain the final product
— a uniform mix of the bitumen and the PCA as
shown in Figure 6 (c). Put the sample in a mold.
Compress it using some weights and wait to get it
dry.

While experimenting with open flame
equipment, the problem faced was the uncontrolled
temperature, as logs surrounded by bricks were used
as heating source. The fluctuating direction of the
wind was disturbing the flame. One sample was
prepared by this method. By observing the failure of
achieving the desired temperature and binding, it
worked on the fabrication of our equipment to get a
better sample of PCA. The newly developed reactor
consists of an assembly having the following
components:

Reactor (cylindrical vessel made up of stainless
steel) designed for heating aggregate and polymer
and mixing them simultaneously. Lid with a
mounted electrical motor. Impeller fitted in the lid,
its rod attached to the motor used to mix PCA
electrically. The heating source (gas stove) is placed
under a cylinder as an external heating source. A gas
cylinder is connected to the heating source as a fuel
source. An open flame process was used for heating
and mixing bitumen with PCA. Place the heating
source under the reactor and turn it on. Add
aggregate in the reactor and start heating on high
flame. Add plastic after some time and let aggregate
and plastic heat and mix till the plastic is uniformly
coated over aggregate using continuous mixing.
Check the temperature of the cooking pot using a
thermometer; when the desired temperature is
achieved, add shredded waste plastic over hot
aggregate. It takes a few minutes to melt the waste
plastic and to coat it over aggregate. Heat the
bitumen to melt to a temperature of about 160°C. Put
the sample in a mold. Compress it using some
weights and wait to get it dry, as shown in Figure 6
(d).

The sample prepared in this reactor had the
following composition: aggregate = 799.6 g,
bitumen = 252.6 g, plastic = 140.4 g. It is 9.36% of
the total sample, and the remaining from 1500 g was
sand that is 307.4 g. Table 1 shows different
temperatures and plastic percentages for the various
samples.
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Table 1. Different temperatures and plastic percentages for various samples

Temperature Polymer Temperature Polymer Temperature Polymer

(°C) wt.% (°0) wt.% (°0) wt.%

2 2 2
130 5 140 5 150 5

10 10 10

2 2 2
135 5 145 5 155 5

10 10 10

While experimenting with the newly designed
reactor, the following problems were faced: the
temperature was slightly deviating from the desired
value as it was controlled manually. The fluctuating
direction of the wind was disturbing the flame.
Electrical heating will give accurate temperature and
will be unaffected by wind direction, but it is not
economic to use. Due to the mounted motor, the lid
becomes too heavy, has to be removed for
inlet/outlet of material and to check uniform coating
of polymer over aggregate. A small inlet must be
designed in the lid that prevents the removal of the
whole lid. This study prepared only one sample of
this reactor at T = 120°C and 9.36 wt. % polymer (by
wt. % of the total sample). The thermal
characteristics of the polymer used are given in
Table 1. The softening point test is done through ball
and ring equipment.

Characteristics of Polymer-Coated Aggregate
(PCA)

The main product of this research, PCA, was
characterized by property tests.

Binding Strength. The molded block of PCA is
subjected to compression by a universal testing
machine to check the binding strength of the sample.
The addition of plastic in aggregate improves the
binding strength of the material [17].

Moisture Absorption. A known amount of PCA
block is placed in water for 24 hours and weighed
after taking it out. The amount of water absorbed is
found by subtracting the mass before and after the
immersion of PCA in water. The difference will be
the mass of water absorbed. It is expected to realize
that the water absorption had been reduced by
improving the arrangement, covering plastic over the
hot aggregate. This coating of plastic shows a
decrement in voids. Therefore, the coating of molten
plastic over aggregate supports to recover the
aggregate value [17, 18].

Soundness Test. A soundness test is done for
checking the protection of aggregate to withstand
action. The low-value aggregate causes weight loss.
The plastic-coated aggregate is expected to present
no or low amount of weight loss, thus approving the

enhancement in aggregate value. The soundness
directly depends upon the amount of porosity and
voids of the aggregate that is decreased by the
addition of polymer. It is determined by doing an
enhanced weathering test cycle. The net loss in
aggregate weight for five cycles must not exceed 12
%, tested with sodium sulfate.

Aggregate Impact Test. Here, resistance or
durability of the aggregate is determined to break
under rehashed impacts. The total was exposed to 15
blows with a mallet of weight fourteen kg, and the
squashed total was sieved on a 2.26 mm sifter. The
total effect esteem is the proportion of fines (going
through the 2.36 mm strainer size) to the complete
load of the example in percent. The aggregate effect
esteem must not surpass 30% for its application in
asphalts.

Los Angeles Abrasion Test. The repeated motion
of the vehicle with a rubber tire will have specific
wear and tear done by the external surface of the
pavement. For the Los Angeles abrasion (LAR) test,
a PCA sample that remained on the 1.70 mm (No.
12) sieve is placed in a huge rotating drum which
includes a shelf plate attached to the outer wall of the
drum. A detailed amount of steel spheres was then
placed in the machine, and the drum was revolved
for 500 revolutions at a speed of 30 - 33 rpm. The
solid material was taken out and separated from the
material passing through the 1.70 mm (No. 12) sieve.
The weight of remained material (bigger elements)
was then compared to the actual sample weight. The
difference in weight was stated as a percent of the
original weight and called the percentage loss. For
pavements, the LAR value must be less than 30%.
The LAR values were less for PCA than for the plain
aggregate.

Characteristics of the PCA-Bitumen Mix

Marshall Stability ASTM D 1559. It is the
characteristic of the load-bearing capacity of the
adjustable pavement of the bituminous PCA at a
loading rate of 50.8 mm/min. It is associated with the
resistance of bituminous PCA materials to rutting,
shearing stress, and displacement.
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Bitumen Extraction Test ASTM D2172. The
extraction tests are executed as bituminous PCA,
mixed with TCE (trichloroethylene), and bitumen
separation. Here the separation or extraction of
bitumen was almost done. Bituminous PCA was first
mixed with TCE, and the mixed bitumen was then
extracted, separated, and estimated. The entire
elimination of bitumen was not done. A better
separation of bitumen was executed using another
solvent, such as decalin that also acts as a plastic
extractor. The bituminous PCA obtained from step 2
is mixed with decalin for another 30 min, and
extracted bitumen was approximated. The extraction
was again repeated by refluxing the mix for five min.
More separation took place.

Penetration Index Test. This test is done by using
a penetrometer. The penetration of a bituminous
PCA is the length penetrated in 10 mm. A standard
needle would penetrate or enter vertically into a
material sample under standard temperature
conditions, load applied, and time.

Ductility Index Test. The distance in centimeters
determines the ductility of the bituminous PCA
material. It can be elongated before fracture when a
standard briguette specimen of the material is hauled
separately at a definite temperature and speed.

Stripping Test. The stripping value measures the
binding strength of the PCA and the bitumen by
submerging the mixture in water for 24 h at 40°C. So
the water penetrates the pores and voids of the stone
resulting in shedding off the bitumen. The outcome
results in the release of the aggregate material, and
potholes are also formed. The molten polymer that
fills the voids of the aggregate also binds the
aggregate together and with the bitumen. Now the
water does not penetrate over the PCA material,
therefore peeling off the bitumen from the PCA
stopped and so stripping value enhanced.

Material and Energy Balances

Variables to be used: A = polymer; B =
aggregate; 2 = PCA; m = mass flowrate, kg.s; xa =
mass fraction of polymer (xa = 1; as A is pure); Xg =
mass fraction of A in B (xg = 0); T = temperature,
°C; Ta=Tg=troom; T, = outlet temperature of PCA
= temperature of contents of vessel; Ty = temperature
of burner; controlled manually; Q = heat added to the
system, J.s* = W; Y = height of mixture (sample)
within the vessel, m; V = volume of mixture, m%; D
= mean density of PCA, (mean of density at all
stages; at inlet, within the vessel and at outlet of
vessel), kg.m?.

Constants: U = overall heat transfer coefficient,
W.m2.°C*; A = over all heat transfer area, m? and C
= specific heat, J.kg*.°cC™.
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The assumptions made while carrying out
material and energy balances are: the mixture is non-
reactive, perfect mixing takes place; no spatial
variations. The density of the polymer is only
varying on the application of heat within the vessel
and remains constant at the inlet and outlet,
assuming constant D. Figure 7 shows the schematic
diagram of the designed equipment.

=

m,,C,Thx, m,,C,, Ty, x

=

mg, Cp, Tg, x5

Fig. 7. Schematic diagram of designed equipment

Mass Balance:

Overall balance:

d(Dv)

=> =my + mg-m,

dy _ my +mpg—m,

Component balance:

= d(D+Vxx) _
_ dt
Since, x4y =land xg =0
d(D+Vxx)
a dV_ d
X

=> —_— —_—= —

D*xdt +D*th my — my *dJ;

dx
=>DxV—=my— my*xx— D*xx—
dt A 2 dt

dx
=>D*A*YE=mA—m2*x— Dx*xAxx—

My *X4+ Mp*xXg— My *X

=>

my — my*x

Using the value of % from (1)

dx
=>DxAxY—
dt
=my— myxx— Dx*xA
my + mg — m,
* x( )

4 D=xA
X
=>D*A*YE=mA— my, *x —x(my + mg —
my)
dx
=> D*A*YE=mA— My *X —My *X — Mp *

X+ my *X
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dx
:>D*A*YE:mA—mA*X_ mB*X

:>D*A*Y%=mA(1—x)— mpg * X

dt DxAxY
............................................................................ 2)
Energy balance:
=> w:m*CA*TA+mB*CB*TB+
Q-—my*Cy*T,
=> D*Cz*AmzmA*CA*TA+mB*CB*

dt
Tg+Q—my*(Cy+T,

= d(Y=Ty) _ mg*xCa*T g+mp*Cp*Tp+Q—my*CyxT,

dx _ my(1-X)— mp*Xx

darT, _ Mp*Ca*T g4+mp*Cp*Tp+Q—my*Cy*T,

=> —=
dt Dx+Cy*AxY

. dy
Using the value of o from (1)
AT, _ mp*Cy*T 4+mp*Cp*Tp+Q—my*Cy*T,

E D*Cy*AxY
T, mg+mp—m,

Y D*A
=>

T, dY
Y dt

=>

daT, _ My*xCy*T 4+mp*Cp*Tp+Q—my*Cy*T,
at D*Cy*AxY -
My*Ty, + mp*T, — My*T,

Dx+AxY
where:

Q= U*AX(T, -

Mathematical Modeling

dt DxCy*A

=> Y% + Tz% = mA*CA*TA+mBSCC‘f*7;f+Q‘m2*C2*TZ Based on the above-derived equations, the
_ AT | Tpavr _ MARC 3T g+ Mg eCeT ot Qg+ ConT, following mathematical model was made as given in
Tat U ovac D+Cy *AxY Figure 8:

D

fily — Y X

mg i—b ﬂ: my, + my —m, N dx my(1-x)— my*x L ——

dt D+A At DeAsY
my —
£ o—
Y

U — Q dT, mu*C*T+mgsCarTp+Q-my*C2T, T,

A — Q=UAYT,-Ty |« it D*C,*A*Y —

Tb — T mu*T, + mg*T, —m,*T,

Ds*AsY

D, Ca Co, Gy, V, Ty, Ty, my, mg, m

I

Fig. 8. Derived mathematical model

RESULTS AND DISCUSSION

PCA is an alternative to a bitumen-asphalt
mixture and offers great resistance to potholes
formation. In PCA, the term aggregate refers to the
gravels and sand, while polymer-coated refers to the
coating of the gravels by recycled polymers. The
data of various test results were taken to support this
research to prove the importance of PCA and
utilization in the pavement of roads. Table 2 shows
the thermal properties of the polymer [18, 19].

Binding strength was tested by varying plastic
composition; the maximum binding strength was
achieved for the maximum plastic composition, as
given in Table 3. The binding strength of 290 tons
was achieved by 25 wt. % polyethylene while higher
binding strength can be achieved by using different

plastics. It was concluded that binding strength is
sensitive to the type and composition of the plastic.
Different methods test the physical properties of
PCA, and by changing compositions, different
results with different physical properties were
achieved by altering temperatures and process
parameters, as shown in Table 4 [4, 6, 20].
Evolution of harmful gases at different
temperatures was tested by varying the temperature
and it was concluded that by keeping the temperature
below 200°C there is no evolution of toxic gases.
Table 5 shows the Marshall stability value for the
PCA-bitumen mix [21, 22]. Table 6 shows the
results of the bitumen extraction test, and the
physical properties of waste plastic are given in
Table 7 [14, 17]. Table 8 shows the stripping value
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of the PCA-bitumen mix. Higher plastic weightage
leads to lower moisture absorption, less voids, better
soundness and impact value. At the same time,

compositions, which is one of the disadvantages of
higher plastic content as lower abrasion value offers

lower friction and causes skidding of automobiles.

abrasion value is also lowered by higher plastic

Table 2. Thermal properties of polymer

Type of | Solubility Softening Products Decomposition Products Ignition Products
olymer | in water temperature reported temperature reported temperature reported
poly range (°C) P range (°C) P range (°C) P
PE nil 100-120 no gas 270-350 CHa, CoHs >700 CO, CO;
PP nil 140-160 no gas 270-350 CoHs >700 CO, CO;
Table 3. Variation in binding strength
Plastic Binding strength Compression strength
Type of polymer Wt % (Kg) (Tons)

Polyethylene 10 325 250

(PE) 20 340 270

25 350 290

Polypropylene 10 350 280

(PP) 20 370 290

25 385 310

Table 4. Aggregate technical properties

Plastic coated over

Moisture

Aggregate impact

Los Angel's Abrasion/

aggregate absorption SOUI’(I)EI’]GSS value Rattler test (LAR) V$ds
wt. % % 0 (AIV) % 0
0 4 5+1 25.4 26 4
1 2 Nil 21.20 21 2.2
2 1.1 Nil 18.50 20 1
3 Traces Nil 17.00 18 Nil
Table 5. Marshall stability value for PCA-bitumen mix
Bitumen Eﬁ:}/r?eer]r ;-Jrgllsfn%fr Marshall value Flow value Void I(\Qﬂjgiihe?:'!
0, 0,
L% wt. % plastic (KN) (X) (0.25mm) & (KN/mm)
45 5 PP 16 4 53 4
45 10 PP 20 5 55 4
45 10 PE 20 4 58 5
45 15 PE 22.5 4 56 5.63
Table 6. Bitumen extraction test
Plastic Bitumen extracted after 5 min | Bitumen extracted after 10 min Bitumen extracted after 15
wt. % % % min %
0 96.0 98.0 99.0
0.5 63.5 88.7 92.3
0.75 63.2 86.7 90.7
1.0 61.3 76.7 83.6
Table 7. Physical properties of waste plastic
. Softening temperature
Commercial plastic material Nature of plastic Thl_ckness range
(microns) °C)
Carry bag 10 100-120
Cup 150 100-120
Water bottle Polvethvlene 210 170-180
Soft drink bottles yethy 210 170-180
Parcel cover 50 100-120
Film 50 120-130
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Table 8. Stripping value of PCA-bitumen mix

Plain aggregate PCA
Time (hours) 2 24 72 96 2 24 72 96
Stripping value 0 0 2 5 0 0 0 0

Process Costing and Economic Analysis

This novel strategy for up-degree streets ends up
being valuable and practical, sparing millions of
rupees. There are enormous prospects of the street
up-degree as far as quality and cost-viability, as the
condition and nature of streets are declining day by
day. Due to increased waste problems and early
damage of roads, especially in Karachi, which
occurred due to stagnant wastewater or any other
reason, the economic sustainability of the city and
even the whole country is declining as health and
transportation problems are increasing gradually.
This method not only provides the utilization of
landfilled waste but also contributes towards the
improvement of road properties and lowering the
cost of road material with durability, thus
economically uplifting the country.

Basic Costs: cost of waste plastics = Rs. 25/- per
kg, cost of bitumen per drum (200 Kg) = Rs. 8400/-
and cost of bitumen per kg. = Rs. 42.00/. Generally,
roads are constructed in a basic width of 3.0 m, 3.75
m, and 4.0 m. Consider a 1 km length road of width
3.75m.

In terms of aggregate: Let optimum amount of
waste plastic used = 10% (by wt. of aggregates).
Amount of aggregates used in road construction (1
km length x 3.75 m width) = 3750 m? x 12.5 kg per
m? (avg.) = 46875 kg. So, amount of waste plastic
used in road (10% by wt.) = 4687.5 kg. Total cost of
waste plastic used = 4687.5 * 25 = Rs. 117,187.5/-.
Cost of bitumen saved (4687.5 kg equivalent to
plastic used) = 4687.5 * 42 = Rs. 196,875/-

In terms of bitumen: let the optimum percentage
of plastic in the blend as per different testing results
is around 5% wt. of bitumen. Cost of road (new) /
kilometer: bitumen required  for  work
(approximately) 21,300 kg per km, cost of bitumen
in new work per km= 21,300 * 42 = Rs. 894,600/,
waste plastic coated over hot aggregate for PCA (5%
by wt. of bitumen) = 21,300 * 0.05 = 1,065 kg, cost
of waste plastic used = 1,065 * 25 = Rs. 26,625/,
cost of bitumen saved (1065 kg equivalent to plastic
used) = 1,065 * 42 = Rs. 44,730/- and total savings
per km = 44,730 — 26,625 = Rs. 18,105/-

Cost of road (up gradation) / kilometer, bitumen
required for work (approximately) = 11,925 kg per
km, cost of bitumen in repairs (up gradation) per km
= 11925 * 42 = Rs. 500,850/-, waste plastic coated

over hot aggregate for PCA (5% by wt. of bitumen)
= 11,925 * 0.05 = 596.25 kg, cost of waste plastic
used = 596.25 * 25 = Rs. 14,906.25/-, cost of
bitumen saved (596.25 kg equivalent to plastic used)
=5096.25 * 42 = Rs. 25,042.5/- and total savings per
km = 25,042.5 — 14,905.25 = Rs. 10,137.25/-.

Economic Outcomes

All kinds of waste plastic used are most
problematic to the environment. The burning of
waste plastic produces hazardous gases that can be
limited by using plastic in the proposed process.
Landfilling will be reduced to a larger extent by
utilizing the waste plastic that contributes to a larger
portion of solid waste that is increasing day by day.
The non-biodegradable plastic covering prevents
composting of organic waste, which will decompose
more quickly after eliminating plastic. Once the
plastic is separated from the organic waste, farmers
can directly utilize the latter instead of purchasing
fertilizers. The government expenditure will lower
on road construction. The increased life of roads will
be the most cost-effective and sustainable benefit.
The enhanced road properties by the use of non-
biodegradable and durable plastic will ease
transportation.

CONCLUSION

This constructive method of obtaining PCA and
its utilization to prepare road construction material
or any other use will become a definite part of the
environment. This study was aligned for the solution
of the two major problems faced by the country -
increasing waste plastic and increasing and early
deterioration of roads - through the utilization of
waste plastic polymers in preparation of PCA for
construction of road material. The preparation of
PCA utilizes the waste plastics and reduces them in
the future so that the pollution rate will also be
decreased and marine life could be saved. The PCA
will be one of the economical and beneficial
materials for road preparation because it saves 1 km
of road material as the shredded plastic in the form
of polymer covers the aggregate and occupies a large
portion of the road. The absorption rate of PCA is
very low due to the utilization of waste plastic. The
life of the road will be increased because of its low
porosity, and there will be no pothole formation. The
addition of waste plastic in aggregate (PCA) will
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help improve the strength (Marshal stability value)
and the durability of the pavement. The water
absorption was reduced by improving the
arrangement, covering plastic over the hot
aggregate. This coating of plastic shows a decrement
in voids. The plastic-coated aggregate is expected to
present no or low amount of weight loss, thus
approving the enhancement in aggregate value. For
pavements, the Los Angeles abrasion (LAR) value
must be less than 30%, showing better water
resistance, no water stagnation, no stripping, and no
potholes.
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Astragalus gombo obtained from Ouargla, Algeria, is first studied in this research for antioxidant activity. Our aim
was to evaluate total polyphenol, flavonoid, tannin contents and antioxidant capacity of Astragalus gombo stems. Total
polyphenol, flavonoid and tannin contents of Astragalus gombo stems varied from 4.174 + 0.034 mg GAE/g DW to
0.213 + 0.001 mg GAE/g DW, 0.706 + 0.002 and 0.011 + 0.000 mg QE/g DW and 0.098 + 0.005 and 0.0084 + 0.0001
mg CE/g DW, respectively. The antioxidant activity was measured by two methods: inhibition of DPPH* and total
antioxidant capacity by phosphomolybdate assay (PM). The results showed that the extracts display an excellent
antioxidant capacity. An excellent relationship between antioxidant activity and total polyphenol content manifested
that the phenolic compounds were the most important antioxidant components in the extracts.

Keywords: Astragalus gombo; Antioxidant; DPPH*; Total polyphenol content

INTRODUCTION

The medicinal use of plants is very old, the
researchers demonstrate that remedial use of
medicinal plants is known since 4000 - 5000 B.C.
and Chinese first employed the natural herbal
composition as treatment. In India, sources of use
of plants as medicine can be found in Rig-Veda,
which is said to be written between 1600-3500 B.C.
[1]. The expression of medicinal plants comprises a
different kind of plants and several of these plants
possess medicinal activities [2]. These medicinal
plants are rich of ingredients, which can help in
developing drugs.

The genus Astragalus is the biggest in the
Fabaceae family, with more than 2500-3000 species
[3]. The species are spread in Central Asia, South
and North America and North and South Africa.
One of these species, Astragalus gombo bunge, is
present in Septentrional Algerian Sahara. It is a
perennial plant, common and endemic, frequently
used as animal fodder [4]. Astragalus roots are used
in traditional medicine as an anti-tonic. It has also
been used to treat diabetes, leukemia and treating
female irregular menstruation and amenorrhea [5].
Some  astragalus  species like  Astragalus
mongholicus and A. membranaceus are used in
traditional Chinese medicine due to their anti-
cancer properties [5, 6].

Free radicals are atoms or molecules with an
unpaired electron and are important intermediates
in natural processes, involving regulating biological

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

functions such as vasodilation, and
neurotransmission. However, an excessive amount
causes many diseases like cancer [7].

Free radicals are not stable and react rapidly
with other compounds, aiming to take the necessary
electron to achieve stability. The human body
possesses a complex system of enzymatic and non-
enzymatic antioxidant defenses which neutralize
the deleterious consequences of free radicals [8].
The term antioxidant designates any substance
which has a low concentration compared to
oxidizable substrates, inhibits or delays the
oxidation process [7]. The antioxidants play an
important role in the protection from free radicals
by donation of hydrogen or electron, which quench
the free radicals [9].

The interaction of flavonoids with many radicals
has been used in various studies to evaluate the
essentials of antioxidant capacity [10].

The aim of this work is to measure the total
content of phenolic, flavonoid and tannin
compounds of stems Astragalus gombo bunge and
study the correlation between them and the
antioxidant capacity.

MATERIAL AND METHODS
Chemicals and reagents
Folin-Ciocalteu reagent, ascorbic acid, gallic
acid, catechin, vanillin, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), sulfuric acid, butylated

hydroxytoluene (BHT) were purchased from Sigma
Aldrich; ammonium molybdate, sodium carbonate,

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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hydrochloric acid, sodium dihydrogen phosphate,
were provided by Biochem Chempharma. All other
chemicals and solvents used in this research were
of analytical grade.

Instrumentation

The proposed work was carried out on a UV/Vis
spectrophotometer SPECTROSCAN 80 DV. All
weighing was done on an electronic analytic
balance. Plant extracts preparation was carried out
by using a rotary evaporator ISOLAB GmbH for
evaporating the solvent.

Plant collection

Plant stems were collected from the region of
Oued N'ssa [32°23'N 5°21'E] (Ouargla, Algeria,
arid climate). The collection was in the mornings in
the beginning of March 2018. Professor
Abdelmadjid Chahma from the University of
Ouargla, Algeria, identified the specimen. Stems
were cut into small parts and stored in paper
containers at 25 °C in darkness until required for
use.

Preparation of the extracts

Stems of Astragalus gombo were macerated at
room temperature with petroleum ether for 24 h,
and then the plant was air-dried until all the solvent
was evaporated. After that the stems were
macerated again with MeOH-H,O (80:20, v/v) for
24 h three times. After filtration, the filtrate was
evaporated until dryness, subsequently the dried
filtrate was dissolved with H,O and successively
extracted wusing different organic  solvents
dichloromethane, ethyl acetate and butanol. These
extracts, as well as the rest water fraction were
concentrated under reduced pressure and then
redissolved with minimum of methanol or water
and kept at 4°C.

Phytochemical screening

The crude extract of stems was used for carrying
out the following phytochemical tests using
standard procedures to identify the various
constituents described in the literature [11-13].

Determination of total phenolic content (TPC)

The total phenolic content in all stems extracts
of Astragalus gombo was determined spectro-
photometrically according to the Folin-Ciocalteu
method [14]. Briefly, 0.1 ml of the extract sample
was mixed with 0.5 ml of a 10 % Folin-Ciocalteu
reagent (diluted in distilled water 1/10). After 5
min, 2.0 ml of 20 % Na,COs were added, and the
mixture was incubated for 30 min at 25°C in the
dark. Absorbance at 760 nm was measured. The
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TPC was determined using linear regression
equation obtained from the calibration curve of
gallic acid. The content of total phenolic
compounds was determined as mean=SD (n=3) and
expressed as mg gallic acid equivalent GAE/g of
dry weight (DW) of plant.

Determination of total flavonoid content (TFC)

The content of total flavonoids was measured
using the aluminum chloride colorimetric assay
[15]. Briefly, 0.5 ml of the extract was added to 0.5
ml of 2 % AICI; ethanol solution. After 30 min
incubation at 25°C, the absorbance at 430 nm was
measured. The content of total flavonoids was
estimated as mean = SD (n = 3) and expressed as
mg quercetin equivalent QE/g of dry weight (DW).

Determination of total tannin content (TTC)

The total tannin content of the Astragalus
gombo stems was determined by using the vanillin-
acidified method [16]. 3 ml of a freshly prepared
solution of vanillin (4% wi/v vanillin solution in
ethanol) and 1.5 ml of concentrated HCI were
added to 0.4 ml of extract sample. After 15 min of
incubation, the absorbance at 500 nm was
measured. The content of total tannin was estimated
as mean + SD (n = 3) and expressed as mg catechin
equivalent CE/g dry weight (DW).

Antioxidant activity

Evaluation of total antioxidant capacity by
phosphomolybdate  assay  (PM).  Phospho-
molybdate assay was used to estimate the
antioxidant activity of the samples [17]. The
different extracts and fractions of Astragalus
gombo were used. Various concentrations of
extracts (0.1 ml) were mixed with 1 ml of reagent
solution (4 mM ammonium molybdate, 28 mM
sodium phosphate and 0.6 M sulfuric acid). The
mixture was kept at 95 °C for 90 min. The
absorbance was read at 695 nm against blank after
cooling the tubes at 25°C, using ascorbic acid as a
positive control, and the results were expressed in
mM as the ascorbic acid equivalent antioxidant
capacity AEAC. The following equation was
employed to determine the values of AEAC:

AEAC =
k

where, Kexract: Slope of the curve absorbance =
f(L/dilution number), Kascorbic acid: Slope of the curve
absorbance = f(concentration of ascorbic acid).

gxtract

ascorbic acid

DPPH radical scavenging activity. The power to
scavenge the free radical DPPH* was estimated as
the decrease in absorbance at 517 nm according to
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[10]. Sample solution (1.5 ml) at various
concentrations was added to methanolic DPPH (1.5
ml of a 0.25 mM solution) . The mixture was
incubated for 30 min in dark, and then the
absorbance was measured at 517 nm against a
control. The antioxidant capacity of the extract was

expressed as an ICsp value defined as the
concentration (mg/ml) of the extract that inhibited
DPPH* radicals by 50%. The following equation
was employed to determine the % DPPH radical
scavenging activity:

( control absorbance — extract absobance)

x100

% DPPH radical scavenging =

RESULTS AND DISCUSSION

The recovery percentage of extractable
compounds of stems ranged from 4.8852 to
0.1387%. The extraction yields of dichloromethane
and of ethyl acetate were low, however, the yield of
butanol extraction was significant. The results
revealed that the highest yield extracts were
obtained by the crude (methanol) (4.8852%) and
butanol (1.2947%). This can be related to the
richness of the plant in polar compounds. The
variation in the vyields of extracts could be
attributed to the difference in solvent polarities
used, which also plays a key role in increasing the
solubility of phytochemical compounds.

The curative properties of Astragalus gombo are
probably due to the existence of various secondary
metabolites  like  polyphenols,  flavonoids,
coumarins, saponins, quinones, tannins, etc. The
phytochemical screening of the extracts from the
stems of Astragalus gombo is illustrated in Table 1.

The results of phytochemical tests detected the
presence of flavonoids, tannins, protein, glycosides,
terpenoids, coumarins, saponins and quinones. The
existence of these compounds has been proved and
six new cycloartane-type triterpene glycosides have
been isolated in Astragalus gombo [18].

Table 1. Phytochemical screening of extracts from
stems of Astragalus gombo

Phytochemical components Stems
Flavonoids ++
Steroids -
Tannins +

Saponins +++
Terpenoids +
Alkaloids -
Glycosides ++
Cardenolides -
Protein +
Quinones +
Polyphenols +++
Coumarins +++

+ = Present, - = Absent

(control absorbance)

Another study [19] revealed the presence of
protein in the aerial parts of Astragalus gombo from
a semi-aride region in Algeria. On the other hand,
Kim et al. [20] isolated protein of Astragalus
membranaceus which acts as an allergen.

The richness of the Astragalus species in
polysaccharides and saponins explains the use of
this plant for their hepatoprotective, immune-
stimulant, antioxidative, and antiviral properties
[21].

In addition, this plant contains coumarins which
are used as anticoagulants [22], antioxidants,
antimicrobial (antiviral, antifungal, and anti-
parasitic), anticancer, antidiabetic, analgesic, anti-
neurodegenerative, and anti-inflammatory agents
[23].

Preliminary tests have shown the existence of
phenolic compounds. These compounds have a
wide range of biological activities [24]. Therefore,
our choice focused on this family of compounds
that were obtained by the methods of extraction of
polyphenols. The results are shown in Table 2.

The TPC of the various stems extracts is
expressed in terms of GAE and is presented in
Table 2. The TPC were calculated using the
following linear regression equation derived from
the standard curve of gallic acid: y = 3.326x, R*> =
0.992, where y is absorbance and x is the
concentration of gallic acid in g/L. Total phenolics
ranged from 4.174 + 0.034 mg GAE/g DW to 0.213
+ 0.001 mg GAE/g DW (Table 2). The highest
content was found in the aqueous phase of stems;
the lowest content was registered in the ethyl
acetate phase of stems.

Ethyl acetate was applied to extract medium
polar flavonoids and glycosides while butanol and
water were utilized for extracting polar compounds
like phenolic acids, aglycones. The TFC of the
various crude extracts are expressed in terms of QE
and are presented in Table 2. The TFC were
calculated using the following linear regression
equation obtained from the standard plot of
quercetin: y = 36.37x, R? = 0.999, where y is
absorbance and x is the concentration of quercetin
in g/L.
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Table 2. Yields of the extracts, total phenolic, flavonoid, tannin and antioxidant activity of various extracts of

Astragalus gombo

Extracts Yield TPC TFC TTC 1Cso AEAC
% mg GAE/gDW  mg QE/gDW  mg CE/gDW  mg/ml mM

Crude 4.8852 3.104+0.011 0.548+0.001 0.029+0.001 1.586+0.011 271.5+0.3
Dichloromethane  0.1387 0.254+0.001 0.011+0.000 0.008+0.000 0.073+0.005 099.1+1.8
Ethyl acetate 0.1508 0.213+0.001 0.518+0.002 0.008+0.000 0.300+0.026  099.2+1.1
Butanol 1.2947 1.209+0.008 0.706+0.002 0.039+0.003 0.616+0.021  194.7+22
Aqueous ND 4.17440.034 0.593+0.002 0.098+0.005 0.890+0.080 229.1+1.4
BHT / / / / 0.004+0.000  004.9+1.5
Vitamin C / / / / 0.009+0.000 /

ND, not determined

TFC of the crude extract and the fractions of
Astragalus gombo, expressed as quercetin
equivalent per gram dry weight mg QE/g DW, was
between 0.706+ 0.002 and 0.011 + 0.000 mg QE/g
DW. The highest content was found in butanol
stems extracts; the lowest content was registered in
dichloromethane stems extracts. Total tannin
equivalents of the various extracts are expressed in
terms of catechin equivalent and are presented in
Table 2. The TTC were calculated using the
following linear regression equation obtained from
the standard plot of catechin: y = 4.378x, R? =
0.997, where y is absorbance and x is the
concentration of catechin in mg/mL. TTC in the
fractions and the crude extract of Astragalus
gombo, varied between 0.098 =+ 0.005 and
0.0084+0.0001 mg CE/g DW. The highest content
was found in aqueous stems fractions, while the
lowest was found in dichloromethane stems
fractions.

The role of an antioxidant is to scavenge free
radicals. One mechanism out of which this is done
includes donating hydrogen to a free radical and
hence its reduction to an unreactive species.
Addition of hydrogen removes the odd electron
feature, which is responsible for radical reactivity.
The antiradical activity of ten crude extracts of
Astragalus gombo leaves and stems was
investigated by radical scavenging methods such as
DPPH-".

The  scavenging  effect of  different
concentrations of Astragalus gombo leaves and
stems extracts on the DPPH°® free radical was
compared with that of a standard antioxidant,
(ascorbic acid and BHT). The results, expressed as
ICso (mg/ml), are shown in Table 2.

The method of DPPH?* is based on the reduction
of the stable radical DPPH*® with a violet color to
DPPH-H with a yellow color. The disappearance of
the violet color can be monitored spectro-
photometrically at 517 nm. The values of ICs
varied between 1.586+0.011 and 0.073+0.005

310

mg/ml (Table 2). The best activity was found in the
dichloromethane stems fraction with an 1Cso value
of 0.073+0.005 mg/ml followed by ethyl acetate
with an ICs value of 0.3+0.026 mg/ml. BHT and
ascorbic acid showed a good antiradical activity,
better than all extracts.

The total antioxidant activity of the different
extracts of Astragalus gombo was measured by the
phosphomolybdenum method, which is based on
the reduction of Mo (V1) to Mo (V).

The formation of green phosphate/Mo (V)
compounds was measured at 695 nm. Total
antioxidant activity of all extracts varied between
2715+ 0.3 and 99.1 + 1.8 mM. Crude fraction had
a strong antioxidant activity with a value of 271.5 +
0.3 mM followed by aqueous stems extract with a
value of 229.1 + 1.4 mM. The lowest antioxidant
activity was recorded in the dichloromethane
fraction with a value of 99.1 + 1.8 mM.

Recently interest in food phenolics has highly
increased, for their antioxidant capacity and their
possible beneficial effects in human health, such as
in the treatment and prevention of cancer,
cardiovascular disease, and other pathologies [25].
Phenolic compounds undergo a complex redox
reaction  with  the  phosphotungstic  and
phosphomolybdic acids present in the Folin-
Ciocalteu reagent [26]. Under alkaline conditions,
phenolic compounds reduce the Folin reagent to
form a blue color; however, the assay is not specific
for phenolic compounds. Tryptophan, ascorbic acid,
thiols, redox-active metal ions, and nucleotide
bases all reduce the Folin reagent and increase the
final values [27].

Flavonoids, as a class of polyphenolics, are one
of the most diverse, and most extensively present in
plants. Numerous studies have established positive
effects of flavonoids as potent antioxidants. These
compounds exert a wide range of anticancer effects
[28].

We have observed that phenolic and flavonoid
contents are higher in the polar fractions (aqueous
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and butanol fractions), which may indicate that
these  polyphenol  compounds are  more
hydroxylated and/or glycosydated. The content of
phenolic or flavonoid compounds in the fractions
was affected by their solubility in the solvent used
for extraction. Polar fractions had more
polyphenols than non-polar fractions. Other studies
showed that the content of phenolics in leaflets in
different Astragalus species was higher than that in
roots and seeds [29].

Comparing our results with previous studies
specific for Astragalus gombiformis we noted that
the values of ICso obtained by Teyeb et al. [30] are
higher. By way of example, for the aerial parts they
give 0.473 mg/ml; and for the roots - 0.626 mg/ml.
We recall that the extraction system used in this
study is methanol.

Other studies on the Astragalus chrysostachys
Boiss. roots show that the inhibition of DPPH"* is
better than our results - in ethyl acetate phase
0.0146 mg/ml and in butanol phase - 0.0517 mg/ml
[31].

Antioxidant capacity assays may be in general
classified as single electron transfer (SET) and
hydrogen atom transfer (HAT) based assays. SET
assays measure the capacity of an antioxidant in the
reduction of an oxidant. Phosphomolybdenum
assay method is based on the redox antioxidant
reaction.

Relationships among antioxidant capacity estimates
and TPC, TFC, TTC

In the current research, the extracts of stems
give an excellent correlation between TTC and TPC
with a correlation coefficient R? = 0.85 while the
extracts give a medium correlation between TPC
and TFC with R? = 0.46. Moreover, the extracts of
stems give a medium correlation between TFC and
TTC with R?> = 0.48. The TTC and TFC give a
medium correlation with the antioxidant activity
(especially with ICsg). On the contrary, a good
correlation is shown between TPC and the
antioxidant activity especially with ICso (R*= 0.78).

Zhang et al. [32] estimated the antioxidant
activity of a number of extracts from Astragalus
complanatus obtained under different extraction
conditions. They found that the antioxidant
capacity, measured by DPPH* test, well correlates
to the TPC of the corresponding extracts. The high
correlation coefficient (0.95) indicates that the total
phenolics in the extracts were the major free radical
scavenging compounds.

In addition, a good correlation is shown of TPC,
TFC and TTC with the reduction capacity of Mo
(VI) to Mo (V). Furthermore, according to some

studies, the antioxidant activity depends on the
structural conformation of the phenolic compounds.
The latter is generally influenced by the phenolic
compounds in the samples and by the different
mechanisms involved in the radical-antioxidant
reactions. These compounds may have a wide set of
chemical structures that could react with radicals by
hydrogen donation and/or electron transfer. There is
an excellent correlation between the two methods
of antioxidant activity determination (PM and
DPPH"*) (R?=0.94).

CONCLUSION

In the present study, application of different
solvents to extract antioxidant compounds from
Astragalus gombo stems was investigated. Our
results suggest that Astragalus gombo bunge could
be a potential source of compounds with strong
antioxidant potential. In addition, a high content of
phenolics and tannin in this plant was determined.

This study indicated that the aqueous fraction
has higher phenolic and tannic contents than other
fractions. In addition, it exhibited strong
antioxidant capacities in PM assay. All extracts
exhibited strong reduction of Mo(VI) to Mo(V)
comparable to the commercial BHT antioxidant.
That is why the Astragalus gombo bunge is a
suitable plant for treatment of many diseases.
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Electrodeposition of HAP/TiO, on type 316L stainless steel for orthopedic application
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The effect of nano HAP/TiO, coating on type 316L stainless steel was investigated. Type 316L stainless steel
substrates were electrophoretically coated for various coating time spans and voltages. The coated samples were
sintered in an air furnace at 700°C for 1 h. The electrochemical corrosion test was performed in simulated body fluid to
evaluate the coating impact on the corrosion behavior of the substrates. The results showed that the coated substrate at
30 V for 60 sec provides a uniform, crack-free coating with enhanced adhesion strength, improving the corrosion
resistance of the substrate. /n vitro study with MC3T3-E1 osteoblast cells showed improved cell attachment and better
cells proliferation compared to uncoated sample, by controlling the release of metal ions.

Keywords: Nano biocomposite, Corrosion resistance, Electrophoretic deposition, Type 316L stainless steel.

INTRODUCTION

Metallic implants such as titanium, type 316L
stainless steel (316L SS) and magnesium alloy are
extensively utilized for load bearing applications,
which can provide many solutions to problems such
as osteoarthritis, damaged hard tissues and bone
fractures in dental and orthopedic applications [1-
3]. However, the corrosion behavior of metallic
implants such as pitting corrosion, crevice
corrosion and fretting corrosion has been observed
in the physiological body fluid [4, 5]. It can lead to
the release of ions into the tissue environment.
Hence, the metal that is to be used as implant must
possess high corrosion resistance and better
biocompatibility. Till today type 316L SS is the
most commonly used biomaterial to orthopedic
prostheses due to its excellent corrosion resistance
and biocompatibility [6].

In order to enhance the cell-implant material
interaction and to increase the longevity of the
material, bioactive ceramic-based coating has been
applied to type 316L SS. Among the protective and
biocompatible coatings, nano hydroxyapatite
(HAP) is an attractive biomaterial for human hard
tissue implants since it contains a similar chemical
composition to that of natural bones and teeth [7,
8]. Nano HAP plays an excellent role in biomedical
applications owing to its excellent biocompatible,
osteoconductive and bioactive properties, and its
close resemblance to the mineral component of
bone tissue [9, 10]. Though nano HAP can bond
directly to natural bones, its brittle nature and poor
strength limit its clinical applications under load-
bearing conditions.

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

To overcome these problems and provide better
corrosion resistance, incorporation of reinforcing
materials like nano TiO is used [11, 12]. Nano
TiO, is a biocompatible, bioinert material and it was
added as a matrix to produce composite coatings
possessing higher chemical stability. It has also
been reported that TiO, coating is biocompatible
and improves the calcium and phosphate
precipitation onto the metal surface [13].

Many researchers have reported different
methods for obtaining of bioceramic coatings on
implants, such as sol-gel, micro-arc oxidation, ion
beam sputtering, air brush spraying, electrophoretic
deposition (EPD), plasma spraying, etc. [14, 15].
Among  many  techniques, electrophoretic
deposition has been found to be an efficient
technique to fabricate nano triphasic bioceramic
coatings from suspensions and it is an easier
process for obtaining nano structural deposits [16,
17]. Thus, nano biocomposite (nano HAP/nano
TiO2) coatings provide the implants with
bioactivity, better chemical stability and enhanced
adhesion property. So far, there are no reports on
nano hydroxyapatite/nano TiO, composite coating
on type 316L SS. The present work investigates the
development of nano biocomposite coating on type
316L SS by electrophoretic deposition process
(EPD). EPD was carried out at different voltages
from 10 to 40 V for different time intervals (30 to
90 sec) to find out the optimum voltage and its
respective time using corrosion studies.

EXPERIMENTAL
Substrate preparation

Type 316L SS substrate was obtained from Steel
Authority of India Limited (ASTM F138- 13a).

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Type 316L SS substrate was used as a cathode
with a size of 10 mm % 10 mm x 2 mm and 314 SS
was used as an anode with a size of 11 mm X § mm
x 0.5 mm. The substrates were abraded using grit
emery paper starting by ranges from 120 to 1000
followed by soap solution treatment, ultrasonically
cleaned with acetone and dried at room
temperature.

Suspension preparation

A 2% suspension of nano biocomposite in
isopropyl alcohol (IPA) was taken in a 100-ml
beaker. lodine (0.1 g) was added to the suspension.
Iodine acts as a dispersant to stabilize the
suspension and also prevents the agglomeration of
the nano particles in the suspension. The
suspension was kept for one day in undisturbed
condition to get uniform dispersion of the particles.
Then, the suspension was sonicated for 30 min to
get uniform suspension of particles for the EPD
coating process.

Deposition of nano biocomposite

Deposition of nano biocomposite on type 316L
SS substrate was achieved by EPD process at room
temperature. Two electrodes (type 316L SS and
314 SS) were immersed in a suspension and the
distance between these two electrodes was less than
1 cm in order to achieve optimum particle
deposition on the exposed electrode surface area.
Before deposition one edge of the sample was
masked with a Teflon tape and deposition was
carried out on other 1 ¢m? surface areas. After the
coating process, the coated substrates were dried at
room temperature. The dried substrates were
subjected to a sintering process at 700°C in an air
furnace at a heating rate of 10°C/min for 1 h. The
samples were removed after cooling from the
furnace and were stored in vacuum desiccators. The
coating parameters as voltage and time were
optimized by means of electrochemical studies.

Preparation of SBF

Simulated body fluid (SBF) with ion
concentration nearly equal to that of human blood
plasma, modified fluids with different ion
concentrations shown in Table 1, were prepared by
dissolving reagent grade NaCl, CaCl,, KCI,
NaHCOs;, NaH;PO4, glucose, MgS04.7H,0,
MgCl,.6H,0, Na,HPO4.2H,O0 in distilled water. In
this study, the SBF solution does not contain
organic materials which would be appropriate to
systems in vivo.

Characterization of coated substrate

Electrochemical impedance spectroscopic (EIS)
and potentiodynamic polarization studies were
performed using a Biologic-SP 240 (EC-lab
Version 10.37) interfaced with a computer. A
conventional three-electrode cell was used for
electrochemical measurements according to ASTM
guidelines (G61-86). A graphite electrode,
saturated calomel electrode (SCE) and the nano
biocomposite coated 316L SS sample were used as
a counter electrode, reference electrode and
working electrode, respectively. Electrochemical
measurements were carried out using an SBF
solution with pH of 7.4 at room temperature. EIS
was carried out by applying a frequency range from
100 kHz to 10 mHz. Using Nyquist plot, the
polarization resistance (R,) was calculated.
Potentiodynamic polarization study was initiated
with a starting potential less than 0.250 V of OCP
at a scan rate (dE/dt) of 10 mV/min and the
parameters like corrosion potential (Ecor) and
corrosion current density (Icor) were measured. The
microhardness properties of the composite coated
samples (ASTM E92-17) were measured using
Vickers microhardness tester (Ever One Enterprises
Limited, India). A loading force of 100 gram Force
(gF) was applied for 5 sec to record the
measurements.

Table 1. Chemicals used for preparing SBF

Order Chemicals Purity (%) Weight (g/ L)
1 NacCl 99.5 8.00
2 CaCl, 96.0 0.14
3 KCl1 99.5 0.40
4 NaHCO3 99.5 0.35
5 NaH,PO4 99.5 0.10
6 Glucose 99.5 1.00
7 MgS0O4.7TH20 99.0 0.06
8 MgCl.6H,0 96.0 0.10
9 Na;HPO4.2H,0 96.0 0.06
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The X-ray diffraction (Bruker model DS,
Germany) analysis was conducted using Cu ka
radiation, and A of 1.5406A. The 20 angles were
swept from 10 to 70° in steps of one degree. The
surface roughness of the composite coated 316L SS
samples was measured by a non-contact optical
surface profiler (BRUKER model CONTOUR GT,
Germany). Average surface roughness (Ra)
measurements were taken at ten various locations
on the coated samples to get an accurate
assessment. All the measurements were taken
perpendicular to the machine markings.

MC3T3-E1 osteoblast cells were obtained from
the National Centre for Cell Sciences, Pune
(NCCS) and used to assess cell viability on nano
biocomposite coated and uncoated 316L SS
substrate. In vitro cytotoxicity study was carried out
using MTT assay [18].

RESULTS AND DISCUSSION
Electrochemical studies

EIS technique was used to characterize the
electrochemical nature of uncoated 316L SS and
nano biocomposite coated type 316L SS substrates.
Figs. 1a and 1b show the Nyquist plots of uncoated
316L SS and nano biocomposite coated type 316L
SS substrates at different coating voltages and time
spans. The polarization resistance (Rp;) and
impedance (|Z|) values were higher for coated
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substrate than for the uncoated type 316L SS.

The presence of nano biocomposite outer
coating acts as a barrier layer which prevents the
metal ions from corrosive attack due to SBF fluids.
Thus, coatings provide protection to metallic
substrates in the corrosive body fluid atmosphere
mainly due to the presence of chloride ions. Table 2
shows the electrochemical parameters for uncoated
and nano biocomposite coated type 316L SS
substrate at a coating time of 60 sec and different
coating voltages.

From Table 2 it can be observed that the
maximum resistance and impedance values
obtained for 30 V are due to formation of uniform,
crack free coating with strong adhesion on the
metal surface. In the case of 20 V a thin coating is
produced, which can easily cleave and let the SBF
solution enter into the metal surface and stimulate a
release of metal ions into the solution. Similarly,
coating at 40 V yields a thick layer with hair crack
formation, which provides a pathway for body
fluids to attack the metal ions. This leads to a
decrease in polarization resistance and impedance
values at higher voltages. Thick coating with more
crack formation was observed on the nano
biocomposite coated layer on type 316L SS above
40 V. Thus, the best protective coating was formed
on type 316L SS at 30 V.

2.8x10°
( b) 60 sec
2.4x10°
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1.6x10° <
1.2x10° 4
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Fig. 1. Nyquist plots of uncoated and nano biocomposite-coated type 316L SS

Table 2. Electrochemical parameters for coated substrates with coating time of 60 sec at different coating voltages

Coating voltage Ecorr (mv) vs SCE  Ieon (MA/cm?) R, (KQcm?) |Z| Qcm?
316L SS -246 -4.33 19.72 17443
20V -163 -4.91 38.77 123037
30V -138 -5.81 90.17 266790
40V -223 -4.76 31.28 91332
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Table 3 shows the electrochemical parameters
for uncoated and nano biocomposite coated type
316L SS substrate at a coating voltage of 30 V for
various coating times. Maximum polarization
resistance and impedance was observed at a coating
time of 60 sec compared to other coated and
uncoated type 316L SS substrates. At coating time
spans of 30 sec and 90 sec a thin, respectively,
thick coating is produced with crack formation. So,
at these coating time spans the SBF solution
contacts with the metal surface and initiates a
corrosion reaction. Hence, poor resistance and
impedance was observed at this condition. With
coating times above 90 sec, thick coating with more
crack formation was observed on the nano
biocomposite coated layer on type 316L SS.
However, a highly protective bioceramic coating on
type 316L SS substrate was observed at a coating
time of 60 sec. Fig. 2a shows the potentiodynamic
polarization curves of uncoated 316L SS and nano
biocomposite coated type 316L SS substrates at a
coating time of 60 sec at different coating voltages.
Fig. 2b shows the potentiodynamic polarization
curves of uncoated 316L SS and nano biocomposite
coated type 316L SS substrates at a coating voltage
of 30 V with different coating times.

Potentiodynamic polarization curves can be seen in
Fig. 2 and the electrochemical parameters including
Ecorr and Icorr obtained from the Tafel curves are
shown in Tables 2 and 3. It can be noted that all
coated substrates showed higher values of L. and
Ecorr than uncoated ones. It also can be observed that
the passivation curves of the coating at 30 V and 60
sec show higher electrochemical stability on the
dynamic nature of the corrosion process, when
compared with other coated and uncoated
substrates. Hence, the best protective coating is
obtained on type 316L SS substrate at 30 V for 60
sec.

Mechanical characterization

Implants meeting an intricate physiological
environment not only should have good biological
properties but also adequate mechanical strength
for durable performance [19]. The mechanical
strength of nano biocomposite coated and uncoated
type 316L SS samples were measured by Vickers
microhardness test. The hardness values for
bioceramic coated and uncoated type 316L SS
substrates are shown in Fig. 3.

Table 3. Electrochemical parameters for coated substrates with coating voltage of 30 V at different coating times.

Coating time Ecorr (mv) vs SCE Leorr (MA/cm?) R, (KQcm?) |Z| Qem?
316L SS -246 -4.33 19.72 17443
0 sec -182 -4.85 47.93 159218
60 sec -138 -5.81 90.17 266790
90 sec -234 -4.53 41.01 43458
-100 -100
1(a) (b)
200 - 200
@ a0l 5oy o 300
w0 w
2 2
E -400 E -400
s s
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Fig. 2. Potentiodynamic polarization curves
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Fig. 3. Vickers microhardness for uncoated and nano biocomposite coated type 316L SS

Fig. 3a shows the Vickers microhardness for
uncoated 3161 SS and nano biocomposite coated
type 316L SS substrates at a coating time of 60 sec
with various coating voltages. Fig. 3b shows the
Vickers microhardness for uncoated 316L SS and
nano biocomposite coated type 316L SS substrates
at a coating voltage of 30 V with various coating
times. Vickers microhardness test was carried out
on nano biocomposite coated type 316L SS after
sintering at 700°C in an air furnace. From Fig. 3 it
can be observed that coated substrates showed
significantly enhanced hardness compared to
uncoated 316L SS sample. The higher mechanical
strength observed on nano biocomposite coated
type 316L SS at 30 V and 60 sec is due to the
enhanced adhesion strength of the uniform crack-
free coating after sintering. Thus, the coated sample
at 30 V and 60 sec was highly suitable for
biomedical application.

XRD analysis

Fig. 4 shows the XRD spectra of nano
biocomposite coated type 316L SS substrate
obtained at 30 V and 60 sec after sintering. The
peaks with maximum intensity detected at (002),
(210), (211), (300), (202), (310), (222), (213) and
(004) reflection planes, were assigned to nano
HAP. The obtained results were in good agreement
with the JCPDS file card No. 09-0432.

Generally, TiO» crystallites are present in three
forms: brookite (orthorhombic), anatase
(tetragonal), and rutile (tetragonal). Brookite and
anatase phases are stable at room temperature and
they are transformed to rutile phase at 700°C [20].
The remaining peaks corresponding to rutile nano
TiO; were observed at (101), (004), (200) and (211)
(JCPDS file n0.21-1276) [21]. This rutile phase of
nanoTiO, enhances the bioactivity and cell
proliferation when compared to anatase and

brookite. No other peak was observed after
sintering of nano biocomposite coated type 316L
SS substrate. Thus, the XRD spectra confirmed the
presence of bioactive nano HAP and bioinert
nanoTiO; crystalline phases in nano biocomposite
coated type 316L SS substrate.

% Nano HAP
A Nano Tio,

*

(211}

* (300)

3(002)

Intensity (arbitary unit)

20 30 40 50 80
26 (degree)

Fig. 4. XRD spectra of nano biocomposite-coated
type 316L SS

Surface roughness analysis

Surface  profilometer image of nano
biocomposite coated type 316L SS substrate
obtained at 30 V and 60 sec after sintering is shown
in Fig. 5. Overall surface roughness of the coated
substrate was recorded using a surface profilometer.
The average surface roughness for the nano
biocomposite coated substrate was found to be
0.497 £ 0.06 um. The enhanced surface roughness
obtained for the nano biocomposite coated substrate
is due to interlocking of the rough porous surface of
nano HAP with nano TiO, powder. Surface
roughness is one of the important characteristics for
cell attachment and proliferation.
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Fig. 6. Cell viability with MC3T3-E1 osteoblast

The stability of the implant can be improved by
increasing the surface roughness of the coatings
[22]. This can provide a suitable environment for
the bone cells to attach on the surface of the
implant. Thus, nano biocomposite coated type 316L
SS substrate at optimized voltage of 30 V and time
of 60 sec is suitable for bone bonding.

Cell culture studies

Surface roughness, corrosion resistance and
mechanical property of the coated layer are playing
very important roles in cell attachment,
proliferation, and diversity of MC3T3-El
osteoblast cells. In addition to that the greater
surface area on the coated substrate can capture
more cells [23]. Fig. 6a shows the cell viability of
MC3T3-E1 osteoblast cells for uncoated 316L SS
and nano biocomposite coated type 316L SS
substrates at a coating time of 60 sec with various
coating voltages. Fig. 6b shows the cell viability of
MC3T3-Elosteoblast cells for uncoated 316L SS
and nano biocomposite coated type 316L SS
318

substrates at a coating voltage of 30 V with various
coating times. Cell viability was measured using
MC3T3-E1 osteoblast cells for uncoated and nano
biocomposite coated type 316L SS samples after
culturing for 72 h.

The cell viability of the coated substrate was
higher than that of the uncoated one. Uncoated
substrate easily releases metal ions and affects the
cells viability due to non-protected surface. Better
performance of the coated substrate was observed
when compared with uncoated substrate due to the
protective layer of the coating. Crack free coating
with a very good protective layer and rougher
surface along with superior mechanical strength
were achieved at 30 V and 60 sec compared with
other coated substrates. It was found that better cell
viability (98%) was obtained for the coated type
316L SS substrate at 30 V and 60 sec than for other
coated and uncoated substrates. All the above
factors lead to improved osseointegration properties
of the coated substrate at 30 V and 60 sec.
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Fig. 7. Histomorphology cell image for nano biocomposite coated type 316L SS

Osteoblast MC3T3-E1 cells exposed to uncoated
and coated type 316L SS implants are shown in
Fig. 7. The histomorphology cell image for nano
biocomposite coated type 316L SS substrate at 30
V and 60 sec is seen. Histomorphology was taken
for cell growth using osteoblast MC3T3-E1l cells
after 72 h. This histomorphology shows that more
cells are present on the coated substrate than on
uncoated 316L SS.

The presence of a good number of live cells
which proliferate on the coated substrate because
bioactive nano HAP is a natural component which
is plentifully found in bone matrix, favors
osseointegration of cells. The presence of
biocompatible nano TiO, provides strong adhesion
of the bioceramic through the coating on type 316L
SS substrate. The number of cells per unit area of
the coated substrate increased with surface
roughness. Nano biocomposite coating provides
uniform crack free coating with strong adhesion
and improved corrosion resistance with good
surface roughness at 30 V and 60 sec.

Thus, cells which were attached on coated
substrate proliferated more actively and covered the
entire surface area at the optimized conditions.
Thus, higher cell viability and proliferation was
achieved on coated type 316L SS substrate at 30 V
and 60 sec. Hence, nano biocomposite coated
substrate at 30 V and 60 sec could be considered as
a better coating to improve the life span of implants
in orthopedic applications.

CONCLUSIONS

Nano biocomposite was coated by EPD on type
316L SS substrates using different voltages and
coating time spans and was subsequently sintered at
700°C in an air furnace. The electrochemical
studies in an SBF solution revealed that coated
substrates at 30 V and 60 sec exhibit higher
corrosion resistance when compared to other coated
and uncoated type 316L SS substrates. The XRD

analysis confirms the presence of two bioceramics:
nano HAP and nano TiO, in the coating. The
composite coating at optimized conditions
exhibited enhanced microhardness strength. /n vitro
cell culture studies showed that the coated substrate
at the optimized conditions facilitated cell viability
and enhanced cells proliferation. Hence, nano
biocomposite coated type 316L SS substrate at 30
V and 60 sec could improve the life time of
implants by enhanced bioactivity and faster bone
growth, as well as enhanced corrosion resistance.
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Synthesis of NiO nanoparticles (NPs) by a calcination method is the approach used in this article. Materials utilized
were nickel chloride hexahydrate, chitosan (CS) and 2-aminopyridine (2-AMPY) ligands for the preparation of the
nickel(IT) complex, [Ni(CS)(2-AMPY)(H20);]. NPs properties were identified by Fourier transform infrared (FTIR)
spectroscopy, UV, TG, X-ray powder diffraction and scanning electron microscopy (SEM). The results obtained prove
the presence of nickel oxide NPs produced during calcination. Finally, the anti-cancer activity of the nickel oxide NPs
was studied. The cytotoxic effectiveness of the NiO NPs was examined in cultured human breast cancer cells. The results
of the present study indicate that the NiO NPs could increase the permeability of cancer cell wall.

Keywords: Mixed-ligand complex, NiO nanoparticles, XRD, Anti-cancer activity.

INTRODUCTION

Currently, nanomaterials such as nanoparticles
(NPs), nanotubes and nanowires exhibit electronic,
magnetic, mechanical, thermal, and catalytic
properties, and are used in chemical reduction,
photo-reduction, electrochemical reduction, spray
pyrolysis, laser and ablation methods [1-5]. Metal
oxide nanoparticles (MONPS) preparation and
properties constitute a major research field in
materials chemistry; mostly relevant is the use of
nanoparticles in nanotechnology applications,
because metal particles sized in the nanometer scale
(1-100 nm) possess specific physical, chemical and
biological properties [6-11]. The biological activity
of these NPs depends on their stability,
concentration and size when added to the microbe's
growth medium, so this provides more confinement
time for interaction of microbes with nano-particles.
Highly ionic nickel oxide NPs may be particularly
important antimicrobial, antifungal and anticancer
agents as they can be synthesized with extremely
high surface areas and unusual crystal shapes [12,
13]. Chitosan (CS), the product of N deacetylation
of chitin widely spread in shell fish and cell walls of
plants or fungi, is an important renewable natural
resource. It is also well-known that chitosan has
antifungal activity, biocompatibility  and
biodegradation due to its chemical and
physicalproperties, as well as unusual biological
activity, which have been used in food, catalysis,
material and pharmaceutical applications [14-17].
Moreover, the complex-forming ability of pyridine
and its derivatives with transition metal ions is well-
known, 2-aminopyridine acting as a monodentate

*To whom all correspondence should be sent:
E-mail: m.alfakehqu.edu.sa.

ligand through its pyridine N-atom [18]. Thus, the
chemistry of nickel(Il) mononuclear compounds
with O- and N-containing groups, especially
pyridine ligands, has been widely studied [19, 20].
There are several chemical or mechanical processes
developed for synthesizing crystalline metal oxide
powders in nanoscale dimensions. The purpose of
this work is the synthesis and characterization of a
new complex derived from chitosan, a pyridine
derivative and nickel(Il). The resulting mixed-ligand
complex was used as a precursor for preparation of
NiO nanoparticles.

EXPERIMENTAL
Material and physical measurements

Chitosan with more than 90% degree of
deacetylation and 2-aminopyridine were purchased
from Sinopharm chemical reagent Co., Ltd, China
and Sigma-Aldrich, respectively. All materials and
solvents utilized were commercially available and
employed as received without further purification.

The elemental analysis (carbon, hydrogen and
nitrogen) was performed using Analyischer
Funktionstest Vario El Fab-Nr.11982027 elemental
analyzer. For more details of the other physical
measurements see [5]. The cytotoxic activity of the
synthesized compound was studied at the National
Research Center, Cairo, Egypt.

Cytotoxic activity

Materials of the cell lines assay. Cell culture of
HCT-116 (human colorectal carcinoma) and MCF-7
(human breast adenocarcinoma) cell lines were
purchased from the American Type Culture
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Collection (Rockville, MD, USA) and maintained in
Dulbecco’s Modified Eagle Medium (DMEM)
which was supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, and
100 U/mL streptomycin. The cells were grown at 37
°C in a humidified atmosphere of 5% CO,.

MTT cytotoxic assay. The cytotoxic activities
against HCT-116 and MCF-7 human cancer cell
lines were estimated using the 3-[4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay which is based on the reduction of the
tetrazolium salt by mitochondrial dehydrogenases in
viable cells [21, 22]. Cells were dispensed in a 96-
well sterile microplate (1x10* cells/well) and
incubated at 37 °C with a series of different
concentrations of each tested compound or
doxorubicin (positive control) in DMSO for 48 h in
a serum-free medium prior to the MTT assay. After
incubation, the media were carefully removed, 40
pL of MTT (2.5 mg/mL) were added to each well
and then incubated for additional 4 h. The purple
formazan dye crystals were solubilized by the
addition of 200 pL of DMSO. The absorbance was
measured at 570 nm using a Spectra Max Paradigm
Multi-Mode microplate reader. The relative cell
viability was expressed as the mean percentage of
viable cells compared to the untreated control cells.

Synthesis of [Ni(CS)(2-AMPY)(H:0)3] »

Chitosan (1 g, 0.5 mmol) was added to 60 ml of
distilled water containing 0.4 ml of acetic acid at
room temperature and stirred until the chitosan
ligand was dissolved. Then 25 ml of NiCl,.6H,O
(1.47 g, 0.6 mmol) was added into the dissolved
chitosan.The solution mixture was then stirred for
about 15 min and an ethanolic solution of 2-
aminopyridine (0.58 g, 0.5 mmol) was added to the
mixture. The solution mixture was heated on a water
bath for about 50 min whereupon a light-green
precipitate was formed which was filtered and
washed with ethanol and dried. Analysis for
C11H23N3NiO7: Theoretical value: C, 35.89; H, 6.31;

N, 11.41. Experimental values: C, 34.96; H, 6.22; N,
11.08, melting point 186 °C.

Formation of NiO nanoparticles

By calcining the synthesized complex in air at
450 °C with a calcination time of 4 h NiO
nanoparticles were obtained.

RESULTS AND DISCUSSION

The reaction of nickel(Il) with chitosan and 2-
aminopyridine yields a mixed-ligand complex. This
Ni(Il) complex is stable in air and insoluble in
common organic solvents, but partially soluble in
dimethyl sulfoxide (DMSO).

Fourier transform infrared spectroscopy (FT-IR)

Figure 1 shows the FT-IR spectrum of the
synthesized Ni(Il) complex. The strong and broad
band at 3424 cm™! is attributed to OH asymmetrical
stretching vibration and amino (NH;) stretching
vibrations; the band at 1418 cm™ is related to -CH,
bending, and the absorption band at 1070 cm™! is due
to C-O-C stretching vibration in glucosidic linkage
[23]. The FT-IR spectrum of the nickel(II) complex
shows at 3434 cm™ —OH, —NH,; at 2928 cm™! and
2862 cm ' —C-H stretching; at 1632 cm™' —C=0,
amide; 1460 cm™ (~CH>-N) coupled with 1380 cm™
' (-N-H); 1155 cm™ (skeleton C-O and -C-O-C);
at 888 cm™! C-O-C bridge, as well as glucosidic
linkage. All these vibrational peaks are characteristic
for chitosan. On the other hand, for the 2-AMPY,, the
absorption peaks in the area around 3365 and 3473
cm ! indicate the existence of amino (NH,) group in
the nickel(I) complex [24]. These peaks also
indicate that the amino N-atom does not participate
in the bonding [25]. 2-Aminopyridine displays two
bands at 904 and 1468 cm™ which can be referred to
V(C-N) ring vibrations [26]. Finally, the bands at 576
and 528 cm! are attributed to (Ni-N-) and that at
425 cm™! to (Ni-O).

Hi(ll) complex
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Figure 1. FT-IR spectrum of the Ni(Il) complex.
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Electronic spectra

Electronic spectra of Ni(Ill) mixed ligand
complex and nickel oxide nanoparticles recorded in
the 200-900 nm region in dimethyl sulfoxide
(DMSO) solution are shown in Fig. 2. The spectrum
of the Ni(II) complex shows two distinct bands at
235 and 434 nm which are referred to (n—n*) and
(n—7*) transitions within the 2-ampy and chitosan
ligands, respectively [27, 28]. The structure of the
nickel complex can be assumed as follows:

(a)

(c)

Figure 2. (a) Structure of the Ni(IT) complex, (b) Estimation view of coordination round Ni(II), (c) DFT (HOMO-
LUMO) molecular orbital plots for frontier molecular orbitals of NiO.

Figure 2 (c) shows that the charges being carried
by the atoms, cause a dipole moment of 2.9178
debye and total energy of 1575.6 a.u. Fig. 3. displays
the UV-vis absorption spectrum of NiO
nanoparticles. It is apparent that the spectrum
exhibits a band absorption edge at 348 nm [29].

Thermal analysis studies

The thermal decomposition of the nickel(II)
compound was inspected from ambient temperature
to 650 °C. The thermogram of this complex displays
four decomposition steps (Fig. 4), at 28-90, 92-250,
252-390 and 392-650 °C. The first step corresponds
to the detachment of the coordinated water (calc.
14.08 %, found 13.87 %). The DTG curve of this
step shows a minimum at 56 °C and an endothermic
peak at 58 °C in the DTA trace. The mass loss in the
second step indicates the release of 2-aminopyridine
ligand (calc. 24.50 %, found 24.26 %) (DTG peaks

at 225 °C) with a broad exothermic peak in the DTA
trace at 227 °C.
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Figure 3. UV-vis absorption spectrum of the NiO
nanoparticles.
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The third and fourth steps identify the DTA curve at 352 and 477 °C. The final product was
decomposition of the organic ligands (DTG peaks at identified as nickel oxide (calc. 19.45 %, found
350 and 475 °C) with two exothermic peaks in the 18.92 %).
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Figure 4. TGA and DTA curves of the Ni(II) complex.
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Figure 5. X-ray powder diffraction pattern of the nickel(II) complex.
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Figure 6. X-ray powder diffraction pattern of the nickel oxide nanoparticles.
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Table 1. XRD crystal data of the compounds.

Parameters Ni(IT) compound NiO
Empirical formula C11H23NiN3Og NiO
Formula weight 384.00 74.68
Crystal system Triclinic Hexagonal
a(A) 8.02 2.95
b (A) 10.25 2.95
c(A) 2.74 7.23
a(®) 94.56 90.00
B 99.21 90.00
v (®) 103.42 120.00
Volume of unit cell (A%) 214.83 54.67
Particle size (nm) 156 74

Figure 7. SEM of NiO nanoparticles.

Scanning electron microscopy (SEM)

The scanning electron micrograph of nickel oxide
NPs is shown in Fig. 7. SEM is perfect to illustrate
the NiO nanoparticles morphology, and clearly
shows the formation of NiO nanoparticles in the
form of hexagonal groupings.

Cytotoxicity studies

The suggested inducement of intracellular
oxidative stress is to be a key event in the toxicity
mechanisms of metal oxide nanoparticles (MONPs)
such as NiO NPs. The oxide nanoparticles enter
inside the cell; this nanomaterial may induce
intracellular oxidative stress by annoying the
balance between oxidant and antioxidant reactions.
On the other hand, the photo-catalysis appears to be

the more important anti-cancer mechanism. Reactive
oxygen species (ROS) produced on the surface of
these nanoparticles in the presence of light cause an
oxidative stress in the microbial cell. This eventually
leads to the death of the cell. Also the generated NPs
can penetrate into the cell membrane and kill the
microbes [30]. From the oxidative stress produced
by exposure to nanomaterials an increase of the
cytosolic Ca?" concentration may be catalyzed or
may cause the translocation of transcription factors
to the nucleus, which arrange pro-inflammatory
genes. Alternatively, overriding oxidative stress may
also adjust lipids, proteins and nucleic acids, which
further stimulates the anti-oxidant defense system or
even leads to cell death [31]. The cytotoxic effect of
the NiO NPs was examined on cultured human
breast cancer cells by exposing cells for 72 h to the
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medium containing the nickel oxide nanoparticles at
5-100 pg/ml concentration. In relation to cell death,
a minimum concentration for NiO NPs is well
enough to induce it. The micro-organisms carry a
negative charge while metal oxides carry a positive
charge [32, 33]. This causes electromagnetic
attraction between the microbe and the treated
surface of nanoparticles. When the metal oxide NPs
approach the microbes, the latter oxidize and die
immediately. The cytotoxic effect of the NiO
nanoparticles at 100 uM on lung adenocarcinoma
A549), and prostate cancer (PC3) human tumor cell
lines and RPE1 human normal cell line, was 39%,
0% and 41% for A-549, PC3 and RPE1 respectively,
compared to doxorubicin taken as 100%. The XRD
and SEM demonstrated the decrease in particle size
for NiO NPs, which increases the release of Ni**
ions. The more Ni*" ions contact the cell membrane,
the higher damage is caused to cancer cell
membrane.

CONCLUSIONS

NiO nanopowder was successfully synthesized
using nickel chloride hexahydrate and two organic
ligands, chitosan (CS) and 2-aminopyridine (2-
AMPY) to prepare a Ni(Il) complex which was
subsequently calcined.

The X-ray pattern shows that all peaks can be
well attributed to the phase of NiO. The SEM
micrograph manifested that there are some micro-
pores between the nanocrystals for the sample
calcined at 450 °C for 4 h. The majority of obtained
NiO nanopowders had an average particle size less
than 74 nm. The cytotoxic effect of the nickel oxide
NPs was examined on cultured human breast cancer
cells by exposing cells for 72 h. NiO NPs showed
anticancer activity.
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Thymidine-containing derivatives are some of the most exigent analogs of drug molecules. In this investigation,
several 5'-O-acyl thymidine derivatives (2—11) having different aliphatic and aromatic groups were employed for
optimization, molecular docking, biological prediction, and physicochemical studies. Density functional theory (DFT)
with B3LYP/3-21G was employed to demonstrate their thermochemical, atomic partial charge (APC), and molecular
electrostatic potential (MEP) properties. Prediction of activity spectra for substances (PASS) revealed promising
antibacterial, antiviral, and anti-carcinogenic activities of these thymidine derivatives compared to their antifungal
activities. In support of this observation, their cytotoxic prediction and molecular docking studies were performed
against FimH adhesin of Escherichia coli (PDB: 1TR7). The molecular docking studies exhibited that most of the
molecules could bind to the near crucial catalytic binding site, Tyr48, Ile13, Ile52, Phel, and Tyr137 of the lectin
adhesin FimH, and the molecules were surrounded by other active site residues like GIn133, Asp47, Asnd6, Asp54,
Asnl35, Aspl40, and Ala6. Besides, these partially acylated thymidine derivatives were analyzed for their
pharmacokinetic properties which revealed that the combination of in silico ADMET prediction and drug-likeness
showed a promising pharmacokinetic profile. Overall, the present study might be useful for the development of
thymidine-based potential antimicrobial drugs.

Keywords: Thymidine; adhesin FimH; MEP; PASS; ADMET; DFT

Abbreviations: DFT: density functional theory; ADMET: absorption, distribution, metabolism, elimination, toxicity,
QM: quantum mechanical; LYP: Lee, Yang and Parr’s; MEP: molecular electrostatic potential; PASS: prediction of
activity spectra for substances.

INTRODUCTION transcription, a ticklish phase in the life cycle of a
virus. Edoxudine is another thymidine-derived
antiviral drug, strongly working against the herpes
simplex virus [3]. Moreover, thymidine is used in
cell biology to synchronize cells. Thymidine analog
bromodeoxyuridine is often used for the detection
of proliferating cells in living tissues. Thymidine is
also catabolized to identify TP-expressing tumor
xenografts [9]. Furthermore, after alteration of
hydroxyl (-OH) group in nucleoside derivatives
uridine and cytidine also have potential
antimicrobial activity [10-17].

Antagonists of the Escherichia coli type-1
fimbrial adhesin FimH are recognized as attractive
alternatives for antibiotic therapies and prophylaxes
against acute and recurrent bacterial infections.
Pyrimidine nucleosides are influential antimicrobial
agents that act as a specific inhibitor of the
dihydrofolate reductase of bacteria. Some recent
computational studies reported that modified
thymidine derivatives are also possessing
significant thermodynamic stability and
pharmacological properties [18]. Pathogenic E. coli
adheres via the FimH adhesin at the tip of their

Nucleoside antibiotics have been under
investigation for many years [1]. Some of the most
clinically effective antiviral agents currently in use
are purine or pyrimidine nucleoside analogs [2].
Thymidine, structurally known as deoxythymidine
(Figure 1) is a pyrimidine-based nucleoside that
constitutes a major part of one of the four
nucleosides in DNA and is listed as a chemical
teratogen [3]. Modification of hydroxyl (-OH)
group at 3 and 5 position improves the
antimicrobial activity of thymidine derivatives and
brings about some potential antimicrobial agents
[4-6]. As a result of screening synthetic compounds
for potential antimicrobial activity, a study reported
that azidothymidine (AZT) has potent bactericidal
in vitro activity against various members of the
family Enterobacteriaceae [7]. Azidothymidine
(AZT) is one of the most popular thymidine
derivatives (antiviral drug) in which 3’-hydroxyl
(-OH) was modified by an azide group and is now
used worldwide for the treatment of HIV infection
[8]. AZT suppresses the mode of reverse

*To whom all correspondence should be sent:
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type-1 fimbriae to mannosylated glycan receptors
on epithelial linings [19, 20]. The use of mannose-
based anti-adhesives for the selective inhibition of
type 1-pilus mediated bacterial adhesion has
attracted great interest for the non-antibiotic
treatment of urinary tract [19, 21] and intestinal
[20, 22, 23] infections caused by pathogenic E. coli.
These bacteria can express an arsenal of multiple
adhesins, lectins with a variable immunoglobulin
fold, for their attachment to and colonization of
host cells.

Computational chemistry is a popular tool to
predict the physicochemical, and biological
properties of synthesized chemicals [24-28]. In this
context, the potent antimicrobial efficacy of several
thymidine derivatives 2—11 (Table 1) with various
aliphatic and aromatic chains was investigated by
molecular docking against lectin FimH of
Escherichia coli (PDB: 1TR7) along with the
prediction of activity spectra for substances
(PASS). In addition, attempts were taken to
optimize the acylated thymidine derivatives to
predict their physicochemical and thermochemical
behavior based on DFT (B3LYP/3-21G) approach
with cytotoxicity. Finally, designed thymidine
derivatives were analyzed for their pharmacokinetic
properties which revealed that the combination of
in silico ADMET prediction, and drug-likeness
calculation gave a promising pharmacokinetic
profile. Hence, this research work scintillates on the
development of antimicrobial lead molecules from
thymidine derivatives against lectin FimH in silico
tools and studies their pharmacokinetic and toxicity
properties.

CH

3

~AE iii;«‘«'

A

Figure 1. Chemical structure (A) and optimized
molecular structure (B) of thymidine.

EXPERIMENTAL
Materials and methods

Molecular docking has become an increasingly
important tool for drug discovery to predict drug
interactions with receptor proteins. The blind
docking method demonstrates a search throughout
the whole surface of the protein molecule for
binding sites. The following software was used in
the present study: i) Gaussian 09, ii) AutoDock
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4.2.6, iii) Swiss-Pdb 4.1.0, iv) Python 3.8.2, v)
Discovery Studio 3.5, vi) PyMOL 2.3, and vii)
LigPlot p v.2.2.

Computational Details
Optimization of thymidine derivatives by DFT

In computational drug design study, quantum
mechanical (QM) methods have gained attention on
the calculation of thermodynamic properties,
molecular orbital features, dipole moment, as well
as interpretation of different types of interactions
[29]. Molecular geometry optimization and further
modification of all thymidine derivatives were
carried out using the Gaussian 09 program [29].
Density functional theory (DFT) with Beck’s (B)
[30] three-parameter hybrid model, Lee, Yang, and
Parr’s (LYP) [31] correlation functional under 3-
21G basis set was employed to optimize and predict
their thermochemical properties. Molecular weight,
heat capacity, entropy, free energy, atomic partial
charge, and molecular electrostatic potential were
calculated for all the derivatives.

PASS prediction

Web-based prediction of activity spectra for
substances (PASS) (http://www.pharmaexpert.ru
/PASSonline/index.php) was employed for the
prediction of the biological spectrum of these
thymidine esters [32]. Firstly, structures of the
thymidine derivatives were drawn and converted
into their smiles formats by using SwissADME free
web tools (http://www.swissadme.ch), which were
used to predict the biological spectrum using PASS
online software. This program is designed to
anticipate more than 4000 forms of biological
activity including drug and non-drug actions and
can be used to identify the most probable targets
with 90% accuracy. PASS results are expressed as
Pa (probability for active compound) and Pi
(probability for inactive compound). Having
probabilities, the Pa and Pi values vary from 0.000
to 1.000, and in general, Pa + Pi # 1, since these
probabilities are calculated freely. The activities
with Pa > Pi are only considered as possible for a
particular drug. The PASS prediction results were
interpreted and used flexibly, viz. (i) when Pa > 0.7,
the chance to find the activity experimentally is
high, (ii) if 0.5 < Pa < 0.7, the possibility to search
the activity experimentally is low, but the
compound is probably not so similar to known
pharmaceutical agents, and (iii) if Pa < 0.5, the
feasibility to find the activity experimentally is
lower, but with a chance to find a structurally
similar pharmaceutical agent. So, the prediction of
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the activity of the spectrum of a drug is known as
its intrinsic property.

Protein preparation and visualization

The 3D crystal structure of lectin FimH of
Escherichia coli (PDB: 1TR7) was retrieved in pdb
format from the protein data bank [33]. All hetero
atoms and water molecules were removed using
PyMol (version 1.3) software packages [34]. Swiss-
Pdb viewer software (version 4.1.0) was employed
for energy minimization of the protein [35]° Then
optimized thymidine ligands were subjected to
molecular docking study against E. coli (1TR7)
(Figure 2). In fine, molecular docking simulation
was rendered by PyRx software (version 0.8) [36]
considering the protein as a macromolecule and the
drug as a ligand. AutodockVina was employed for
docking analysis, and AutoDock Tools (ADT) of
the MGL software package was used to convert pdb
into pdbqt format to input protein and ligands. The
size of the grid box in AutoDockVina was kept at
46.9741, 34.6094, and 41.4160 A for X, Y, Z
directions, respectively. After the completion of

docking, both the macromolecule and ligand
structures were saved in pdbqt format needed by
Accelrys Discovery Studio (version 4.1) to explore
and visualize the docking result and search the
nonbonding interactions between ligands and amino
acid residues of receptor protein [37]. In vitro,
FimH tends to form amyloid-like aggregates at pH
3, but neither at pH 5, nor 7. Since 1TR7 has its
crystal structure in a state that represents the
pharmacological target for the development of new
drugs, it was selected for computational studies.
The validation was checked by PROCHECK online
server and it gave 98.08 overall quality factors in
ERRAT (http://www.ncbi.nlm.nih.gov/entrez
/query.fcgi?cmd=Retrieve&db=PubMed&list_uids

=8401235&dopt=Abstract), 96.23% score in
VERIFY 3D  (https://www.ncbi.nlm.nih.gov/
pubmed/1853201?dopt=Abstract). PDBsum online

server was also used to check the validation of the
main protease receptor with Ramachandran plot
(Figure 3) which revealed that 88.07% residues
were in the allowed region and no residues were
missed.
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Figure 3. Ramachandran plot for lectin FimH 1TR7.
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Docking validation protocol

The docking validation was performed by
extracting the co-crystallized ligand (DEG - butyl
a-D-mannopyranoside) of the lectin FimH (PDB:
1TR7) and re-docking it into the same position. The
lowest energy pose obtained on re-docking and the
co-crystallized ligands were superimposed using
PyMOL 2.3, and its root means square deviation
(RMSD) was calculated between these two
superimposed ligands. To validate the docking
process, the RMSD must be within a reliable range
of 2 A [38, 39]. It was done to enhance ligand
enrichment, which is necessary to test the docking
procedure.

In silico pharmacokinetics ADMET and drug-like
parameters prediction

To point out potential drug molecules, the
ADMET properties were determined for the
preliminary prediction of the pharmacokinetic,
physicochemical, and drug-like properties in the
drug discovery process. In silico study suggests an
indication to the accession of pharmacokinetic
parameters (adsorption, distribution, metabolism,
excretion, and toxicity, ADMET) [40], its
absorption in the human intestine, percolation of
the blood-brain barrier and the central nervous
system. The metabolism indicates the chemical
biotransformation of a drug by the body, total
clearance of drugs and the toxicity levels of the
molecules. The drug-likeliness of a molecule is
expressed by Lipinski’s rule of five parameters
(molecular weight <500 Da, no more than 5
hydrogen bond donors, hydrogen bond acceptors
should be less than 10 and log P should not be
greater than 5). Lipinski’s rule of five properties
was obtained from the SwissADME server
(www.swissadme.ch/index.php) [41]. Prediction of
the drug-likeness of the designed thymidine
derivatives was also assessed by rule-based filters
from Lipinski, Ghose, Veber, and Egan, and the
synthetic accessibility difficulty scale was 1-10.

RESULTS AND DISCUSSION

Designed and optimized thymidine derivatives

In the present study, ten thymidine derivatives
were modified with different aliphatic and aromatic
chains (2-11) (Table 1) and were subjected to a
quantum chemical study to realize the mode of their
thermochemical properties. Initially, partially
acylated derivatives were predicted for biological
activities using the PASS program. The observed
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activities were then rationalized by calculating their
physicochemical (DFT method), cytotoxicity
(predicted), molecular docking, and with the
combination in silico ADMET and drug-likeness
properties.

Table 1. List of thymidine derivatives 2-11.

Entry Name of the compound Acyl groups

1 Thymidine --

2 5-0- CH;CH,CO-
Propionylthymidine

3 5'-0O- CH3(CH»),CO-

Butyrylthymidine

4 5'-0- CH3(CH>)4CO-
Hexanoylthymidine

5 5°-0- CH3(CH»),CO-
Nonanoylthymidine

6 5’-O-Lauroylthymidine ~ CH3(CH»)10CO-

7 5°-0- CH3(CH»)14CO-
Palmitoylthymidine

8 5'-0O-Stearoylthymidine ~ CH3(CH»)16CO-

9 5'-0-4- 4-C1.CsH4CO-

Chlorobenzoylthymidine
10 5’-0-3- 3-Br.CsH4CO-
Bromobenzoylthymidine

11 5'-O-Tritylthymidine (CsHs);C-

Thermochemical study

The spontaneous reaction and stability of a
product was elucidated from the free energy and
enthalpy values [42]. Highly negative values were
more significant for thermal stability. In a quantum
chemical study, dipole moment influences non-
bonded interactions of hydrogen bond formation
smoothly. The binding property can also be
improved by increasing of the dipole moment [43].
Free energy (G) is another important factor to
display the interaction of binding partners, where a
negative value is favorable for spontaneous binding
and interaction. Greater negative values reveal
better thermodynamic properties. Presences of a
bulky acylating group suggesting the possible
improvement of free energies are presented in
Table 2. In this study, all thymidine derivatives
possess a greater negative value for free energy
than the parent thymidine, and hence, indicated that
the insertion of the acyl group could improve
interaction and binding of these molecules with
different microbial enzymes. Due to these higher
values (-1670.229 to —3774.042 Hartree),
halobenzoyl derivatives 9-11 exhibited a better
score against E. coli. Furthermore, the increased
negative values of derivatives 2—-8 suggested that
these derivatives were thermodynamically more
stable.
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Table 2. Stoichiometry, molecular weight, heat capacity, entropy, and total free energy of thymidine derivatives.

Entry  Stoichiometry = Formula weight Heat capacity Entropy Total free energy
(g/mol) (cal/mol-kelvin) (cal/mol-kelvin) (Hartree)
1 C10H14N20s 242.230 59.701 125.981 -870.318
2 C13H1sN20s 298.291 74.723 144.447 -1061.254
3 C14H20N206 312.120 80.664 156.868 -1100.352
4 C16H24N206 340.371 90.173 169.613 -1178.554
5 C1oH30N206 382.451 104.181 182.114 -1295.853
6 C22H36N206 424.530 118.450 213.440 -1413.161
7 C26H44N206 480.585 136.963 240.043 -1569.554
8 C2sHasN2O6 508.693 146.185 246.456 -1647.774
9 C17H17N206Cl 380.780 88.157 168.941 -1670.229
10 C17H17N206Br 425.231 87.893 171.081 -3774.042
11 Ca9H8N50s 484.540 119.760 200.099 -1598.771
Table 3. Predicted biological activities of the thymidine derivatives using PASS software.
Entry Biological activity
Antibacterial Antifungal Antiviral Anti-carcinogenic
Pa Pi Pa Pi Pa Pi Pa Pi

1 0.432 0.024 0.240 0.112 0.806 0.004 0.806 0.005

2 0.463 0.078 0.292 0.084 0.744 0.004 0.797 0.005

3 0.413 0.027 0.300 0.081 0.737 0.004 0.829 0.004

4 0.515 0.027 0.319 0.074 0.724 0.004 0.830 0.004

5 0.515 0.027 0.319 0.074 0.724 0.004 0.830 0.004

6 0.515 0.027 0.319 0.074 0.724 0.004 0.830 0.004

7 0.515 0.027 0.319 0.074 0.724 0.004 0.830 0.004

8 0.515 0.027 0.319 0.074 0.724 0.004 0.830 0.004

9 0.360 0.040 0.258 0.102 0.657 0.005 0.622 0.012

10 0.385 0.034 0.262 0.100 0.648 0.005 0.510 0.018

11 0.348 0.084 0.762 0.011 0.776 0.004 0.659 0.010

Another remarkable change observed was that
with the increase of molecular weight, heat
capacity, entropy, and free energy sharply increased
for compounds 2 to 8 which have a long acyl chain.
But fluctuations were found for the aromatic ring-
containing derivatives 9-11. In fine, all of these
properties may contribute to show higher chemical
activity in the drug-related chemical and
biochemical fields.

Computational evaluation of antimicrobial
activities: PASS

The PASS results were designated as Pa and Pi
which are presented in Table 3. It was manifest
from prediction Table 3, that thymidine derivatives
2—-11 showed 0.34 < Pa < 0.51 for antibacterial,
0.29 < Pa < 0.76 for antifungal, 0.64 < Pa < 0.80
for antiviral and 0.51 < Pa < 0.83 for anti-
carcinogenic activity. This expressly revealed that
these molecules were more prone to viruses and
bacteria as compared to fungal pathogens.
However, attachment of additional aliphatic acyl
chains (C-2 to C-18, compounds 2-8) increased the
antibacterial activity (Pa % 0.515) compared to
thymidine (1, Pa Y4 0.432), whereas attachment of
chloro- and bromo-substituted benzoyl groups did

not lead to reasonable improvement (derivatives 9—
11). The same scenario was observed for the
antiviral activity where acyl chain derivatives 2—8
revealed improved values than the halo-benzoyl
derivatives 9 and 10. But compound 11 which has
the tri-phenyl group exhibited the highest antiviral
activity (Pa % 0.776). We have also predicted the
anti-carcinogenic property of these derivatives.
Thus, PASS predication exhibited 0.51 < Pa < 0.83
for anti-carcinogenic activity which indicated that
the thymidine derivatives were more potent as anti-
carcinogenic agents than previous antimicrobial
agents. Significantly, antibacterial, antiviral, and
anti-carcinogenic ~ properties ~ of  thymidine
derivatives with saturated acyl chains (2-8) were
found to be more promising than those of
halobenzoyl and tri-phenyl derivatives (9—11) [44].

Atomic partial charge

The polarity of chemical bonds often indicates
the structures and reactivity [45]. The dipole
moment is just a vector, but it does not give the
polarity of the molecule. Several methods have
been suggested for assigning partial charges to the
atoms of a molecule, including both quantum
chemical and empirical schemes. Two different
methods (Mulliken and NBO) have been utilized to
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compute the partial charges of all drug atoms
including both quantum chemical and empirical
schemes [46]. They are the most recognized
population analysis methods and have a significant
contribution to the application of quantum chemical
calculations to a molecular system because dipole
moment and molecular polarizability are also
related to atomic charges [47]. Here, all the
hydrogen atoms showed a positive charge in both
methods, and other electronegative atoms (N and
O) negative charge in both methods as expected
(Figure 4).

Derivative 6, (C-1 and C-15) showed a greater
positive charge due to the presence of highly
electronegative oxygen (0O-27, 0-29, and O-31),
nitrogen (N-7) atoms, and H-5 exhibited a higher
positive value than another hydrogen because of the
oxygen atom of the hydroxyl (-OH) group.
Similarly, derivatives 7 (C-1, C-25, and C-40), 8
(C-1, C-24 and, C-36), and 9, 10 (C-6 and C-13)
displayed a positive charge in both methods due to
the presence of oxygen atom of the carbonyl group
and halogen atom (Br) in the aromatic ring.

Compound 6

Charge
(=]

Compound 7

Molecular electrostatic potential (MEP)

Molecular electrostatic potential (MEP) is
globally preferred as a map of reactivity that
reveals the most suitable region for organic
molecules to perform electrophilic and nucleophilic
reactions of charged point-like reagents [48]. It
helps to explore the biological recognition process
and hydrogen bonding interaction [49]. MEP
counter map provides a simple way to predict how
different geometry could interact. The MEP of the
title compound was obtained based on the B3LYP
with basis set 3-21G optimized result and is shown
in Figure 5. The MEP is very useful in the study of
molecular structure with physicochemical features
relationship [50]. MEP was calculated to determine
the reactive sites for electrophilic and nucleophilic
attacks of the optimized structure of thymidine 1
and its derivatives 2, 4, and 7. The different colors
of the electrostatic potential indicate different
values. The potentiality of the attacking zone
decreases in the sequence: blue > green > yellow >
orange > red. The maximum negative area is
displayed by red color where electrophiles can
easily attack and the maximum positive area is
indicated by blue color which is suitable for
nucleophilic attack. Moreover, the green color
showed zero potential zones.

mMulilken ENBO

Atom position

Atom position

Figure 4. Atomic partial charges of compounds 6 and 7.
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Figure 6. Re-docking pose with the RMSD value of 0.402 A (red = original, green = docked).
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Docking validation study

To identify the ability of docking algorithms to
determine the conformation of the protein-bound
ligand, re-docking of the co-crystallized ligand was
employed to validate the accuracy of the docking
procedure. Figure 6 indicates the superimposed
view between the docked ligand conformation and
the co-crystallized ligand conformation and the
RMSD value is 0.402 % The complex was found to
interact with the same amino acid residues
compared to those reported in the present study.
The bulky symmetric molecules could be
exchanged in the binding site during docking, as is
the case in this investigation; the RMSD would be
at a very high level. On the contrary, the small
compounds could gain low RMSD easily even
when placed randomly. Some reported studies [51-
53] have suggested a new benchmark for the
quality of docking poses based on visual inspection.
For visual inspection, Figure 7 shows the 2D
visualization of the interactions between a
generated docking pose and the experimental ligand
conformation. The results of this visual inspection
showed the same interactions as in the experimental
binding mode, as observed in Figure 7. This result
revealed that only visual inspection is not a reliable
parameter for the quality of docking poses for
docking validation, and the use of visual inspection
as a new reference is essential. These partially
proved the efficacy and validity of the docking
protocol.

Molecular docking studies

Estimation of the feasible binding geometries
and interactions between ligand and the active site
of proteins was obtained from molecular docking
[54]. All selected molecules were subjected to
docking into the same binding pocket of lectin
FimH of E. coli (PDB: 1TR7) using similar
optimized docking conditions to identify their
binding mode. The results of the docking
exploration showed that all thymidine derivatives,
along with the parent molecule, gain binding
affinities ranging from -5.8 to -6.9 kcal/mol. As
shown in Table 4, all the derivatives 2—11 showed
comparatively higher binding affinities compared to
the parent drug, thymidine 1. These results
indicated that modification of the —OH group, along
with an aromatic ring or an aliphatic chain
molecule improved the binding affinity, while the
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insertion of halo-benzoyl groups like -Cl and -Br,
made some fickleness in binding affinities.
However, modification with halogenated aromatic
rings increased the binding affinity. The docked
pose showed that the drug molecules bind within
the active site of the E. coli (1TR7) macromolecular
structure (Figure 7). Figures 8 and 9 show that
thymidine derivatives 9, 10, and 11 (binding
affinities -6.7, -6.9, and -6.7 kcal/mol, respectively)
bind firmly through hydrophobic bonds with the
catalytic binding site Tyr48, Ile52, Ala6, and Ilel3,
where these residues exhibited alkyl, pi-alkyl pi-
sigma and pi-pi stacked interaction. The pi-pi
interaction revealed the tight binding with the
active site. Besides, GInl133, Asn46, Asp47,
Tyr137, and Phel which were the highly specific
binding pocket of FimH were also found to form
hydrogen and electrostatic bonds. It is evident from
the structural contrast that compounds 9-11 have an
additional aromatic (halogenated ring and tri-
phenyl ring) substituent in the parent structure,
indicating a high density of electrons in the
molecule leading to a comparatively higher binding
affinity (6.7 to -6.9 kcal/mol). On the other hand,
thymidine derivatives 2, 3, and 4 revealed three
similar binding pockets with tyrosine gate Tyr4S,
Asn46, Asp47, and Pro49 through both hydrogen
and hydrophobic bonds. These ligands were bonded
in a deep and polar pocket at the N-terminal end of
FimH, in which the amino acids Asn46, Asp47,
GIn41, and Asnl35 create a dense network of nine
hydrogen bonds with each hydroxyl group of the
ribose ring. In addition, Asn46 showed a closer
distance of 1.831 A for derivative 4.

The derivatives 58, which were modified with
a long aliphatic chain (nonanoyl, lauroyl, palmitoyl,
and stearoyl), enhanced the binding affinities by
specific recognition events at post-glycosidic
linkage atomic positions two to three with Ile52 and
Tyr48 of the tyrosine gate. Interestingly, these
derivatives specifically bind through the hydrogen
bond with the specific pocket Ile13, Ile52, Asn46,
Asnl35, Asp47, Asp54, and GIn133. Among all of
these residues, Ile52 was found in a close
interaction (1.770 A). Besides, derivatives 9—11
(along with Phel) displayed the maximum m-alkyl,
m-cation, and m- T interactions with the Tyr48 Ile52
and Ile13 indicating a tight binding with the active
site.
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Table 4. Binding affinities and non-bonding interactions of thymidine and its derivatives.

Entry Protein Binding affinity Bond Residues Interaction Distance
(kcal/mol) category in contact types A)

1 1TR7 -5.8 Hydrogen ASN135 H 2.387
Hydrogen ASP140 H 2.549

Hydrogen THRS53 C 3.417

Hydrophobic THR134 PS 3.621

2 1TR7 -6.0 Hydrogen ASN135 H 2.168
Hydrogen ASP47 H 2.406

Hydrogen GLN41 H 2911

Hydrogen TYR48 H 2.140

Hydrophobic ALA6 A 3.602

Hydrophobic ALA6 PA 5.462

3 1TR7 -6.1 Hydrogen ASP47 H 2.336
Hydrogen TYR48 H 2.204

Hydrophobic PROA49 A 4.583

Hydrophobic PROA49 PA 4.863

Hydrophobic PRO104 PA 5.223

4 ITR7 -6.4 Hydrogen ASP47 H 2.725
Hydrogen TYR48 H 2.920

Hydrogen ASN46 H 1.831

Hydrophobic LYS76 A 3.716

Hydrophobic PRO49 PA 4.858

5 1TR7 -6.5 Hydrogen ILE52 H 1.951
Hydrogen ASN46 H 2.368

Hydrogen ASN46 H 2.447

Hydrogen ILEI3 H 2.805

Hydrogen ASP54 H 1.898

Hydrogen GLN133 H 2.849

Hydrogen ASN135 H 2.431

Hydrophobic TYR48 PA 4.499

6 ITR7 -6.5 Hydrogen ASP47 H 2.531
Hydrogen PRO49 H 4.926

Hydrogen SER39 H 2914

Hydrophobic ASN46 PS 3.970

Hydrophobic ILES2 A 1.770

7 1TR7 -6.6 Hydrogen ILES2 H 2.334
Hydrogen GLY79 H 2.630

Hydrogen ILEI3 H 3.040

Hydrogen PRO104 H 1.832

Electrostatic ASP47 PAn 3.554

Hydrophobic ALA6 PA 5.286

8 ITR7 -6.4 Hydrogen ILES2 H 2.996
Hydrogen TYR48 H 2.747

Hydrophobic ALA106 PA 5.445

9 1TR7 -6.7 Hydrogen ASP47 H 1.875
Hydrogen SER39 C 3.716

Hydrophobic LYS101 A 4.696

Hydrophobic ILE13 A 4.050

Hydrophobic PHEI A 4.553

Hydrophobic PRO102 PA 4.855

Hydrophobic ILES2 PA 5.458

10 ITR7 -6.9 Hydrogen GLNI133 H 2.358
Electrostatic PHEI1 PCa 4.219

Hydrophobic TYR48 PPS 3.883

Hydrophobic ILES2 A 3.848

Hydrophobic TYR48 PA 4.781

Hydrophobic ILE13 PA 5.277

11 1TR7 -6.7 Hydrogen TYR137 H 2.009
Hydrogen ASN46 H 2.322
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Hydrogen THR40 H 2.212
Hydrogen GLN133 H 2.940
Hydrogen ASP47 PDH 3.069
Hydrophobic ILE13 PS 3.560
Hydrophobic ALA6 A 3.796
Hydrophobic ALA6 PA 5.423

H = Conventional hydrogen bond; C = Carbon hydrogen bond; A= Alkyl; PA = Pi-alkyl; PAn = Pi-Anion; PCa =
Pi-cation; PS = Pi-sigma; PPS = Pi-Pi stacked; PDH = Pi-donor hydrogen bond.

Figure 7. Docked conformation of derivative 10 at inhibition bounding site of 1TR7 (a) and docked conformation of
derivative 11 at inhibition bounding site of 1TR7 (b).
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Figure 8. Non-bonding interactions of compounds 9 and 10 with the amino acid residues of 1TR7 generated by
Discovery Studio.
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Figure 10. Hydrogen bond surface and hydrophobic surface of 1TR7 with compound 5 (a) and compound 9 (b).

Recent studies reported that the Tyr48 is
considered as the principal component of the PPS,
responsible for the accessibility of small molecules
to the active site. Binding affinity and binding
specialty were improved in the case of 2, 4, 5, 6, 7,
and 11 due to significant hydrogen bonding. It was
observed that modifications of the —OH group of
thymidine 1 enhanced the n-m interactions with the
residues of the active site while increasing their
polarity resulted in the formation of hydrogen
bonding interactions. The most prominent H-bonds
were obtained for the derivative 5, formed with
Asp54, GInl133, Asn46, Ilel3, and Asnl33.
Hydrogen bonds executed a vital function in
shaping the specificity of ligand binding with the
receptor, drug design in chemical and biological
processes, molecular recognition, and biological
activity [55]. The hydrogen bond surface of
derivative 5 and the hydrophobic surface of
derivative 9 are consequently represented in Figure
10. We realize that the analyzed thymidine
derivatives were bound within some of the catalytic
binding sites such as isoleucines (Ile13 and Ile52),
Tyr48, Tyr137, Asp46, Asp54, Aspl40, Asn46,

Asnl35, GInl33, and Phel of the FimH, which is
responsible for acute and recurrent bladder
infections and chronic inflammatory bowel diseases
such as Crohn’s disease. Among all the molecules,
the inhibition activity of the derivative 10 was
found to be the highest (-6.7 kcal/mol). The results
were summarized into a set of structural changes to
be wused in FimH-targeted inhibitor design:
thymidine derivatives gave an improved affinity
and inhibitory potential; because of their relative
flexibility combined with a favorable interaction
with isoleucine-52 located in the middle of the
tyrosine gate.

Pharmacokinetic prediction and Lipinski’s rule

In order to predict that the modified derivatives
are potential drugs, we used the in silico
pharmacokinetic parameters ADMET. The pkCSM
online server [56] was employed to calculate in
silico  ADMET properties (Table 5). The
absorbance value below 30% indicated poor
absorbance; most of the compounds displayed a
value above 60%, which revealed a good
absorbance in the human intestine.
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Table 5. In silico ADMET prediction of thymidine and its derivatives.

Entry | Absorption Distribution Metabolism Excretion Toxi
city
Intestinal VDss BBB CNS Substrate Inhibitor Total Clearance | AMES
absorption | (human) perme perme toxi
(human) ability ability CYP city

2D6 ‘ 3A4 | 1A2| 2C19 | 2D6 | 3A4
Numeric (% | Numeric | Numeric | Numeric Numeric (Log | Catego
Absorbed L L Log PS . I/min/k ical
sorbed) IS/I?g% (Bg)g (Log PS) Categorical (Yes/No) ml/min/ke) (r;{c:s/
No)
1 60.686 0.395 -0.982 -2.649 No Yes | Yes | Yes No | Yes | 0.729 No
2 61.061 0.409 -0.950 -3.646 No Yes No Yes No | Yes 1.446 No
3 61.802 0.405 -0.380 -3.634 No Yes | Yes | Yes No | Yes 1.454 No
4 62.236 0.494 0.334 -2.615 No Yes | Yes | Yes No | Yes 1.507 No
5 63.364 0.459 0.323 -2.919 No Yes | Yes | Yes No | Yes 1.585 No
6 65.540 0.439 0.310 -2.884 No Yes | Yes | Yes No | Yes 1.664 No
7 68.304 0.465 0.327 -2.837 No Yes No Yes No | Yes 1.357 No
8 69.892 0.506 0.385 -2813 No Yes | Yes | Yes No | Yes 1.388 No
9 69.418 0.402 0.274 -2.147 No Yes | Yes | Yes No | Yes | -0.109 No
10 69.227 0.409 0.305 -1.146 No Yes | Yes | Yes No | Yes | -0.071 No
11 89.906 0.525 0.920 -1.676 No Yes | Yes | Yes No | Yes | 0.650 No

It is evident that the volume of distribution
(VDss) was supposed to be high if the value was
higher than 0.45. In addition, blood-brain barrier
(BBB) and central nervous system (CNS)
permeability had standard values (>0.3 to < -1 log
BB, and > -2 to < -3 log PS), respectively. A given
compound with a log BB < -1 is poorly distributed
to the brain, while that with log BB >0.3 means a
potential to cross BBB and with log PS > -2 is
considered to penetrate the CNS, while with log PS
< -3 it is difficult to move in the CNS [57]. It was
observed that most of the compounds exhibited a
significant potential to cross the barriers except
derivatives 2, and 3. The enzymatic metabolism
ensures the chemical biotransformation of a
designed drug in the body, which plays a key role
in the transformation of drug compounds. In the
body, drugs produce several enzymatic metabolites
which play a role in catalyzing the reaction with
several drug concentrations [58]. It is essential to
consider the metabolism of drugs, which may show
several physicochemical and pharmacological
parameters. The cytochrome P450 (CYP450) plays
a major role in drug metabolism because of the
major liver enzyme system involved in phase 1
metabolism. Some selective CYP genes of CYPI,
CYP2, CYP3, and CYP4 families were found to be
involved in drug metabolism, with CYP (1A2,
2C19, 2D6, and 3A4) causing the biotransformation
of more than 90% of drugs undergoing phase I
metabolism. Therefore, among these members,
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CYP3A4 is the most important inhibition in this
study [59]. All designed derivatives were found to
be the substrate and the inhibitor of CYP3A4.
Clearance is a constant that indicates the
relationship between drug concentration in the body
and the rate of elimination of the drug. Therefore,
all modified derivatives showed a somewhat high
value but were still acceptable in the persistence of
the drug in the body. Moreover, it is essential to test
whether the calculated derivatives are non-toxic
because this plays a critical role in the selection of
drugs. All the derivatives we designed are non-
toxic. Overall, derivatives 4—11 have better in silico
pharmacokinetic properties.

Generally, drug-likeness is evaluated using
Lipinski's rule of five [60]. As a matter of principle,
an orally active drug should have no more than one
interruption of the following conditions: (1) no
more than five hydrogen bond donors, (2) no more
than ten hydrogen bond acceptor, (3) molecular
mass of less than 500 Da, (4) an octanol-water
partition coefficient of not more than five, and (5)
molar refractivity <140. If two or more of the
guidelines are disrupted, reduced absorption can be
estimated. All of the thymidine derivatives did not
violate any of Lipinski's rule of five (Tables 6 and
7). However, topological polar surface area (TPSA)
is a contributing factor for oral absorption and
blood-brain barrier permeation capacity and the
screened drug-likeness of a molecule should have
TPSA between 20 and 130 A2 The SwissADME
web tool prediction ravels that only derivative 11
violates this TPSA standard and all others ligands
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are anticipated to be orally bioavailable. In
addition, Pan-assay interference derivatives
(PAINS) revealed no violation with these
thymidine derivatives. PAINS are chemical
compounds that often give false-positive results in
high-throughput screens. PAINS tend to react
nonspecifically with numerous biological targets

rather than specifically affecting one desired target.
The derivatives designed were evaluated for their
synthetic accessibility, the synthetic accessibility
values for all derivatives designed are about 3 to 5,
therefore, they are easy to synthesize. In fine, the
new compounds 2—4 and 9-11 respect all drug-
likeness rules.

Table 6. Drug-likeness prediction of thymidine and its derivatives.

Entry Molar Refractivity Log Pow NRB NHA NHD TPSA Csp3
(A) (XLOGP3) (A2
1 58.070 -1.510 2 5 3 104.550 0.601
2 72.621 0.391 5 6 2 110.620 0.620
3 77.422 1.874 6 6 2 110.620 0.640
4 87.044 1.940 8 6 2 110.620 0.691
5 101.460 3.322 11 6 2 110.620 0.744
6 115.882 4.954 14 6 2 110.620 0.772
7 135.119 7.110 18 6 2 110.620 0.814
8 144.722 8.202 20 6 2 110.620 0.821
9 92.720 1.755 5 6 2 110.620 0.350
10 95.412 1.814 5 6 2 110.620 0.350
11 93.556 3.491 7 5 2 136.151 0.244

Table 7. Drug-likeness prediction of the thymidine esters basing on Lipinski, Muegge, Veber, Egan, Ghose, and their
synthetic accessibility.

Entry Lipinski Muegge Veber Egan Ghose Synthetic PAINS
accessibility alert
1 Yes Yes Yes Yes Yes 3.641 0
2 Yes Yes Yes Yes Yes 3.960 0
3 Yes Yes Yes Yes Yes 4.064 0
4 Yes Yes Yes Yes Yes 4.281 0
5 Yes Yes No Yes Yes 4.625 0
6 Yes Yes No Yes Yes 4972 0
7 Yes No Yes Yes No 5.454 0
8 Yes No No Yes No 5.701 0
9 Yes Yes Yes Yes Yes 4.025 0
10 Yes Yes Yes Yes Yes 4.106 0
11 Yes Yes Yes Yes Yes 5.040 0
Table 8. Predicted cytotoxic activity of the thymidine derivatives.
Cancer cell line prediction result
Entry Blood (Leukemia) Lung (Carcinoma)
Pa Pi Pa Pi

1 0.640 0.007 0.569 0.024

2 - - 0.502 0.016

3 0.515 0.013 0.570 0.024

4 0.505 0.014 0.568 0.024

5 0.505 0.014 0.568 0.024

6 0.505 0.014 0.568 0.024

7 0.505 0.014 0.568 0.024

8 0.505 0.014 0.568 0.024

9 - - 0.503 0.048

10 - - - -

11 0.522 0.013 0.523 0.039
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Cytotoxic prediction

Web-based PASS was used to predict the
cytotoxicity of modified thymidine derivatives.
Childhood T acute lymphoblastic leukemia and
non-small cell lung cancer -3 stages were predicted
to suggest the maximum nontoxic bioactive drug
molecule. It was evident from prediction Table 8
that thymidine derivatives 2—11 showed 0.50 < Pa
< 0.52 for lymphoblastic leukemia, 0.50 < Pa <
0.56 lung cancer. There is a clear concept from the
predicted data that these molecules have an equal
potentiality to work against both of the cancer cells.
Derivatives 3—8 exhibited the same types of activity
(Pa % 0.505) and (Pa % 0.568) in spite of having a
different aliphatic chain. Finally, derivative 11
which has a tri-phenyl ring revealed a
comparatively higher activity (Pa % 0.523) in both
predictions. We hope to conduct such studies for a
more drug-related validation of these promising
thymidine derivatives.

CONCLUSION

In conclusion, several thymidine derivatives
were successfully analyzed in silico for their
antimicrobial, thermodynamic, molecular docking,
pharmacokinetic, and drug-likeness properties.
Quantum mechanical (QM) calculations of all the
thymidine derivatives were performed to determine
the thermodynamic parameters, atomic partial
charge, and molecular electrostatic potential which
revealed that insertion of aliphatic chains and
halobenzoyl ring increased the stability of the
thymidine derivatives. PASS prediction values of
the thymidine derivatives 2—11 were Pa < 0.51 in
antibacterial, Pa < 0.76 in antifungal, Pa < 0.77 in
antiviral and Pa < 0.83 in anti-carcinogenic activity
which revealed the antimicrobial potency of the
modified derivatives. Molecular docking was
employed to suggest the best antibacterials against
E. coli (1TR7). Thymidine derivatives showed an
interesting range of binding affinity -6.0 to -6.9
kcal/mol and strong interactions with at least one of
the catalytic residues (Tyr48, Tyr137, Ilel3, 1le52,
Asp47, Asp54, Aspl40, Asn46, Asnl35, and

GIn133) of the lectin FimH (1TR7). These
derivatives showed several non-covalent
interactions, such as hydrogen bonding,

hydrophobic, and electrostatic interactions. These
blind molecular docking analyses may provide a
potential approach for the application of
antibacterial drugs as expected inhibitors of E. coli
protein lectin FimH. The docking validation
process revealed that RMSD is in the standard
range. Visual inspection exhibited very convincing
results in the molecular docking validation process.
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In fine, these derivatives were analyzed for their
pharmacokinetic properties which expressed that
the combination of cytotoxic prediction, in silico
ADMET prediction, and drug-likeness had shown
promising results because the newly designed
molecules have improved kinetic parameters and
maintain all drug-likeness rules, as well as an
interesting result in terms of biological activity. So,
it could be concluded that most of the selected
antibacterials showed promise and can be used to
design effective antibacterial drugs against E. coli
protein lectin FimH. More drug-likeness in vitro
and in vivo studies such as nontoxic concentration
towards healthy cells may be conducted in the near
future.
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Boundary layer flow of Walters-B liquid by an inclined unsteady stretching sheet was investigated. Simultaneous
effects of heat and mass transfer on entropy generation were considered. Analysis was carried out in the presence of
thermal radiation and viscous dissipation. Convective condition was employed for the heat transfer process. Resulting
problems were computed for the convergent solutions of velocity, temperature and concentration fields. The effects of
different physical parameters on entropy generation, velocity, temperature and concentration fields are discussed. It was
observed that angle of inclination and Weissenberg number decay the velocity field whereas the velocity field is an
increasing function of mixed convection parameter. Temperature field rises for larger values of Eckert number and Biot
number. The concentration field decreases when Sc increases. Numerical values of skin friction coefficient, local
Nusselt number and local Sherwood number were computed and analyzed. We concluded from Table 1 that the
magnitude of skin friction coefficient decays for larger values of mixed convection parameter, radiation parameter and
Eckert number. Entropy generation decreases when temperature/parameter ratio increases while magnetic parameter
boosts the entropy generation. It was also noted that entropy generation rises with larger Reynolds numbers.

Keywords: MHD Walters-B fluid, entropy generation, viscous dissipation, thermal radiation, unsteady inclined

stretching sheet, convective boundary condition.
INTRODUCTION

It is a commonly accepted argument now that
the fluids in numerous technological and biological
applications do not follow the commonly assumed
relationship between the stress and the rate of strain
at a point. Such fluids have come to be known as
non-Newtonian fluids. Materials like molten
plastics, polymers, shampoos, certain oils, personal
care products, pulps, mud, ice, foods and fossil
fuels, which may saturate in underground beds,
display non-Newtonian behavior. In recent times,
there has been a great deal of interest in
understanding the behavior of viscoelastic fluids.
Such fluids are of great interest to the applied
mathematicians and engineers, essentially from the
points of view of theory and simulation of
differential equations. On the other hand, in applied
sciences such as rheology or physics of the
atmosphere, the approach to fluid mechanics is in
an experimental set up leading to the measurement
of material coefficients. In theoretically studying
how to predict the weather, the ordinary differential
equations represent the main tool. Since the failures
in the predictions are strictly related to a chaotic
behavior, one may find it unessential to ask whether
the fluids are really Newtonian. Constitutive
equations describe the rheological properties of

To whom all correspondence should be sent:
E-mail: asadsadia@ymail.com

viscoelastic fluids. Most of the models or
constitutive equations are empirical or semi-
empirical. Also the extra rheological parameters in
such relations add more nonlinear terms to the
corresponding differential systems. The order of the
differential systems involving non-Newtonian
fluids is higher in general than the Navier-Stokes
equations. In view of all these challenges there is
paucity of approximate, analytic and numerical
solutions of the nonlinear flow problems of
viscoelastic fluids. Keeping this in view, the
various investigators are still developing such
solutions (see [1-10] and some relevant papers
therein).

No doubt, there have been significant advances
in the mathematical modeling and analysis of
steady boundary layer flows of non-Newtonian
fluids over a stretching surface with/without heat
and mass transfer. Such flow analysis in presence
of heat transfer is important in polymer extrusion,
paper production, continuous casting, cooling of
metallic plates in a bath, etc. Further, not much
attention in this direction is focused on the unsteady
flow of MHD non-Newtonian fluids with entropy
generation over a stretching sheet. Hayat et al. [11]
investigated the unsteady flow with heat and mass
transfer characteristics in a third-grade fluid
bounded by a stretching sheet. They found a series
of solutions of the problem.

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Flow of Maxwell fluid over a stretching surface in
the presence of a first-order constructive/destructive
chemical reaction has been reported by
Mukhopadhyay  and Bhattacharyya  [12].
Mukhopadhyay [13] studied the unsteady two-
dimensional flow of a non-Newtonian fluid over a
stretching surface with  prescribed surface
temperature. The heat transfer in unsteady
boundary layer stagnation-point flow over a
shrinking/stretching sheet is investigated by
Bhattacharyya [14]. Mishra and Singh [15]
investigated the fluid flow along a vertical unsteady
stretching sheet with a combined effect of heat and
mass transfer. They formulated the problem in the
presence of heat generation and a transverse
magnetic field.

In this study, we focus on entropy generation,
heat and mass transfer, with MHD non-Newtonian
fluid. Heat and mass transfer are some of the most
interactive factors of energy consumption. Entropy
generation in a magnetohydrodynamic flow of non-
Newtonian fluid is an efficient method for
enhancing the heat transfer, which is very useful to
enhance the performance of industrial processing.
Initially the concept of entropy generation
minimization is given by Bejan [16, 17]. After that
many researchers discuss this concept with
different physical aspects and different fluid
models. Effect of entropy generation on the
convective MHD flow of a third-grade fluid is
investigated by Rashidi et al. [18]. They discussed
influences of different physical parameters on the
entropy generation. Sithole et al. [19] studied a
nano fluid flow with entropy generation and
nonlinear thermal radiation. They focused on the
effects of nonlinear radiation on entropy generation.
Naz et al. [20] analyzed the cross nanofluid with
entropy  generation and  gyrostatic  motile
microorganisms. They observed that Brownian
motion parameter and temperature difference
parameter play an important role to control the
concentration of nano particles and the process of
entropy generation, respectively.

The purpose of the present investigation is to
examine the effect of entropy generation on the
boundary layer flow of MHD Walters-B liquid over
an unsteady inclined stretching sheet. Simultaneous
effects of heat and mass transfer are taken into
account. Energy equation in presence of viscous
dissipation and thermal radiation effects is
considered. Resulting nonlinear problems are
formulated first and then solved for the convergent
solutions. Contributions of involved parameters on
the flow, temperature, concentration and entropy
generation are examined. Skin friction coefficient
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and Nusselt number are computed and analyzed.
Problem formulation

Here we investigate the flow of an
incompressible Walters' B fluid due to an inclined
stretching sheet with convective boundary
condition. The effects of viscous dissipation and
thermal radiation are present. The sheet is inclined
at an angle a with the horizontal axis, i.e. x-axis
and y-axis is taken normal to it. The extra stress
tensor S in Walters' B fluid is given by:

S = 2n9A, — 2ko =2, 1)

P A L V.A -~ ATV - (TV)T. A, @)

In the above equations A is the rate of strain

DAy . ] L
tensor, D—t’ is the covariant derivative of the rate of

strain tensor in relation to the material in motion
and 1y and k, denote the limiting viscosity at small
shear rates and a short memory coefficient,
respectively, i.e. :

N(1)dr, 3
TN (1)drT, 4)

??0:,[;
kﬁ :fg
where w ) is the distribution function with

relaxation time 7. Taking short memory into

account the terms involving
j:c "N (7r)dt, n =2, 5)

are neglected in case of Walter's B fluid 11]. The
subjected boundary layer equations are given by:
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—4+==0,
dx + ay (6)
du du du a%u ke 3u 3*u 3*u Buﬁzu
atat e T, a; o |atay? T Yaxayr TV oy Yooy
du 8“u G’BUII
—— — 7
ayaxayl + gﬁT(T T.)cosa 7
(61’" N aT ‘o BT) 9T dg, N (61;) du d%u
Polar T ax TV ay) T a2 Ty TGy °|3y dray
du d%u aua u
—_ 8
+u avaxav+ ava ]+aBgu ) (8)
——i—u——l—v——D —C 9)
63»'
u=1u;(x), v= 0, — ka_y =WT;—T) ,C=C,aty =0,
(10)
u—=0T-=T,C—>C,asy—w, (11)

in which u and v represent the velocity components
along and normal to the sheet, w, :% is the

velocity of the stretching sheet, T is the fluid
temperature, v = (u/p) is the kinematic viscosity,
p is the density of the fluid, k is the thermal
conductivity of the fluid, h is the convective heat
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transfer coefficient, 7, =T,, + T, J,% (1—at)™3/2is

the surface temperature, C is the concentration of
fluid, D is the effective diffusion coefficient and
Cp = Co+ l“‘"t is the fluid concentration.

—a

We introduce:

= e (£ s ) e wele(ar 4 gnr) 4 p 2 —2r e g

vp L T-T, c-¢, b /
w=x ()R, 00) = 12 o) = 20 =y (s
(12)
o oy

and the wvelocity components % ~ 3y’ V="

where y is the stream function. Now Eq. (6) is
identically satisfied and Egs. (7-11) are reduced
into the following forms:

+GOcosa —Mf =0, (13)

4 " 1 . , . . 1 " -
(1 +§R)€ — Pr [58(39 +n0)— f0 +2f 8} + PrE.f * —PrECWeEE(?:f 2v0f'f)

—PrE-We(f'f?2—ff'f )+ PrEcMf? =0,
" . . 1 ,
¢ +Sc(fo —ffp)—ESC(prrgan) =0,

f=0f=160=-Bi[1-0(0)]¢=1atn=0,

f —-060—-0¢@—0aty - x

k b . .
Here We = —Oﬁ is the Weissenberg number,
Mo 1—@a

Pr :g is the Prandtl number, g:g is the ratio

_ 2 . .
parameter, G = LTIV s the  mixed

uzx? v

convection parameter, £. = — __is the Eckert

cp(Ts—Tx)

3
a4g° T

number, R = is the radiation parameter,

M =280 o i [va-at) js the Biot number and
b

pb k

Sc :% is the Schmidt number.

The skin friction coefficient Cf, the local

Nusselt number Nu, and the local Sherwood
number Sh can be expressed in the following
forms:

T Aqw VEMyy
Cr =1, N1 h= 1w
r EP“'S? * k(Ts—Tx) Dy (Cs—C)
(18).
Hence,
du 8%u 8%u du du 8%u
w = Hogy _k"{atay—'_”axay_zaa—l_v@}

y=0
(29).

Dimensionless forms of skin friction coefficient

Cr , local Nusselt number N, and local Sherwood

number Sh can be represented by the relations:

(14)
(15)
(16)
(17)

G =2Rec 7] 3WE ) - Wee, G G s ]|
-

Nu/Re}> = —(1+3R)6'(0)  Sh/Re” = —¢(0), (20)

: , P
inwhich (ge, )V _J;{s.

Convergence of the homotopy solutions

It is well known that the convergence of series
(37 - 39) depends on the auxiliary parameters 7
h, and 7. These parameters are useful to control
and adjust the convergence of series solutions. In
order to find the admissible values of 7, 7, and
h, the I — curves of f"(0), 9'(0) and ¢'(0) are
displayed. Figs. (1-3) depict that the range of
admissible values of 7, 7%, and %, are
-1.25<h,; <-0.26,-1.23<#h,<-0.27 and
~1.26<h, <-0.4. The series converge in the whole
region of 7 when 5 - 7,=-08 and 72, =-0.9.

Table 1 displays the convergence of homotopy
solutions for different orders of approximations.
Tabulated values clearly indicate that the 25"
order of approximations is enough for the
convergent solutions.
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€=We=03,G=02,0a=74,R=01,Pr=1,Ec=02,Bi=04,5=09 “"

10—

osk I\ €e=We=03,G=02,a=n4,R=01,Pr=1Ec=02,Bi=04,5=09 [
|
| |
/
|

9(0)

" .
T -l -12 -1.0 -0.8 -0.6 -0.4 -0.2

Fig.1 A—curve for the velocity field.

L
=15 =10

Fig.2 hi—curve for the :[emperature field.

|
€=We=03,6=02,a=74,R=01,Pr=1Ec=02Bi=04,5=09 ‘\'

#'(0)

-14 -12 -10 -0.8

-04

Fig.3 fi—curve for the concentration field.

Entropy generation

This section discloses the influence of MHD
Walter's B fluid with heat and mass transfer on
entropy generation. Local volumetric rate of
entropy generation is defined as:

.k [@T\* 166°T3 (aT\*] oBZu?
[ 5]
TZ |\dy 3k \dy T,

o\ 2 du 8%u du d%u dud’u
+EE) — 2k S o 2T (21)
T | \O@Y¥ dy atay dy dxdy dyady

Above equation is the combination of three
different phenomena. First is heat transfer, second
due to magnetic field and third one is due to

viscous dissipation of Walter's B  fluid.
Characteristic entropy generation rate is defined as:
o k(AT)Z

Thus, the dimensionless form of entropy generation
is obtained by taking ratio of Eq. (21) and Eq. (22).

S 4\ 1 . ,
Ng = & =Re(1 +§R)92 +o7ReBr(f? + Mf?)
i} w

— - ReBrWe[teGf 2 +nf f)+f 2~ ff'f7] (23)
where Re =—, Br = #us)® and 6,, = a
u kAT T

GRAPHICAL RESULTS AND DISCUSSION

The arrangement of this section is to disclose the
impact of different physical parameters, including
ratio parameter, the Biot number, the Weissenberg
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number, the Prandtl number, the Sherwood number,
the Eckert number, the mixed convection
parameter, the angle of inclination and the radiation
parameter. The variation of aforementioned
parameters is seen for the velocity, temperature and
concentration fields. It is observed that the effects
of @ and £ on the velocity field are quite opposite
(see Figs. 4 and 5). Velocity field and boundary
layer thickness decay for larger values of a. The
influence of Weissenberg number we on f'@p is
shown in Fig. 6. Here the velocity field is a
decreasing function of We. For large values of the
mixed convection parameter G, the velocity field
increases (see Fig. 7). Effects of radiation
parameter R and Eckert number E, are qualitatively
similar for the velocity field f'(n) (see Figs. 8 and
9). It is also noticed that the variation of R between
0 and 1 is insignificant on the temperature. Fig. 10
depicts the influence of £ on the temperature field.
Apparently, both the temperature field and the
thermal boundary layer thickness are decreased via
e. Fig. 11 gives the influence of Weissenberg
number We on the temperature field. Here the
temperature field is an increasing function of We.
Fig. 12 shows that the temperature field decays
very slowly when the mixed convection parameter
G increases. Fig. 13 presents the influence of & on
the temperature field. Both the temperature field
and the thermal boundary layer thickness decrease
when «a increases. Fig. 14 witnesses that the
temperature field is more pronounced when
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radiation effects strengthen. Fig. 15 depicts the
variation of Pr on temperature field. For larger
values of the temperature and thermal boundary
layer thickness it decreases. This is since
enhancement in Pr causes a reduction in thermal
conductivity. Effect of Eckert number Ec is
displayed in Fig. 16. When we increase the Eckert
number then the fluid kinetic energy increases and
thus the temperature field increases for larger
values of Eckert number. Fig. 17 shows the
influence of Biot number on the temperature field.
Larger Biot numbers correspond to more
convection than conduction and this leads to an
increase in temperature, as well as in thermal
boundary layer thickness. Influence of parameter &
on the concentration field is displayed in Fig. 18. It
is noticed that the concentration field decreases
when ¢ is increased. Fig. 19 shows the influence of
Weissenberg number We on the concentration field.
It is clearly seen from this figure that the
concentration field increases when the Weissenberg
number We increases. Fig. 20 gives the influence of
a on the concentration field. The angle of
inclination a increases the concentration field. The
effect of Sc on the concentration field is plotted in
Fig. 21. The concentration field decreases when Sc
increases. Here a larger Sc number corresponds to
lower molecular diffusivity.

Deviation of entropy generation with 7 is
depicted in Fig. 22 for different values of the
radiation parameter. Increase in radiation parameter
leads to an increase in entropy generation. It is also
observed that near the surface variation is almost

0EF e=We=03,G=08.R=01,Pr=1Ec=02.Bi=04,5=09

0.6

04}
a=0a=nb.a=n3, =12

L L L - i
1 2 3 4 5 §

Fig. 4. Influence of a on f/ (n).

08t

04

negligible. Fig. 23 shows the dual behavior of the
fluid parameter; small increment is observed near
the wall but far away from the wall entropy
generation decreases rapidly. The effect of the
temperature ratio parameter on entropy generation
is displayed in Fig. 24. It is clearly seen from this
figure that entropy generation is decreases when the
temperature ratio parameter enhances. Dispersion
of magnetic parameter on entropy generation is
displayed in Fig. 25. Magnetic parameters persuade
Lorentz force which boosts the entropy generation.
Fig. 26 exhibits the influence of the unsteady
parameter, which decays the entropy generation.
The effect of Brickman number is displayed in Fig.
27. Brickman number produced heat transport by
viscous heating, which makes an improvement in
entropy generation. Variation of entropy generation
with Reynolds number is shown in Fig. 28. It is
noted that entropy generation rises with larger
Reynolds numbers because larger Reynolds
numbers correspond to larger inertia and smaller
viscous force.

Tables 1-3 include the numerical values of skin
friction coefficient, local Nusselt number and
Sherwood number. The magnitude of the skin
friction coefficient decreases for larger values of R,
G, £ and Ec. However, it increases when We, a
and Pr are increased. It is noticed that the heat
transfer at the wall —@(0) increases for larger
values of g, G, Bi and it decreases for larger We, «,
R and Ec. Table 2 shows that the local Sherwood
number increases when radiation parameter R and
Schmidt number Sc are increased.

1o

We=03,G=02, a=x4,R=01,Pr=1Fe=02,Bi=04,5c=09

e=00e=04€e=006,e=08

Fig. 5. Influence of € on ).
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0.6
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Fig. 6. Influence of We on f/().
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1.0
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0.6
04+
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L
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Fig. 10. Influence of € on 7(6).
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02k
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Fig. 7. Influence of Gon f/(n).
£im
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e=We=03,G=02 a=m4,Pr=1,Ec=02 Bi=04, 5c=09
0.6
04}
ozl R=00,R=20,E=40,R=60
. =—— .
2 4 6
Fig. 9. Influence of R on f’ (n).
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0.15

010

005
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s We=05We=17 We=20 We=22

n

Fig. 11. Influence of We on n( f).
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F=03.e=04,n=0.7Bi; =03, Bip=04,

e=We=03 =4 R=01Pr=1Ec=02,Bi=04 5=0%
§$=04 R=01Pr=10

Sc=04,5=0465=0%58=12
. G=00,G=07,6=18,6=30

005
1 2 3 3 5 s —I n
Fig. 12. Influence of G on 7(6).
& &m
030f (5
0.25
. _ _ e=We=03,0=74 G=02,R=0.1,Ec=02,Bi =04, Sc=09
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0.20
015
Pr=10,Pr=12Pr=135Pr=15
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Fig. 14. Influence of R on n(6). Fig. 15. Influence of Pr on n(0).
am Bin)
23k
e=We=03, =74, G=02,R=0.1,Pr=10,Bi=04, %c=02 S\ We=03.a=14 G=02 R=0.1 Pr=10 Ec=02 Sc=09
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Fig. 16. Influence of F¢ on 7(6). Fig. 17. Influence of Bi on 7(6).
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0.8 €=03,6=02,a=m4, R=01,Pr=1Ec=02Bi=04 5=09

We=00,We=03, We=0.6,We=09

04
02
§ 1 2 3 4 5 §
Fig. 18. Influence of ¢ on 7(¢). Fig. 19. Influence of We on n(¢).
L] &m

We=£=03,G=01R=01,Pr=1Ec=02Ei=04,8=00 We=¢=03,G=02,a=n4 R=01Pr=1Fc=02Bi=04
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Fig. 20. Influence of o on 7(¢). Fig. 21. Influence of Sc on 7(¢).

N N

R= U.i R= 2_[]: R= 4_0: R=6. We= U_lz“"tz []_l“.",:: []_ﬂ,:“."ez 04

Fig. 22. Influence of R on Ng(n). Fig. 23. Influence of We on Ng(n).
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Nein) N
i

g =088 =106, =128 =16
M=01M=03 M=06M=09

Fig. 24. Influence of 6o on Ng(n). Fig. 25. Influence of M on Ng(n).

Nen) Nem)
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Fig. 26. Influence of € on Ng (7). Fig. 27. Influence of Br on Ng (7).
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Fig. 28. Influence of Re on Ng (7).
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Table 1. Values of skin friction coefficient Rg;fch for the parameters &, We, G, a, R, Pr, E¢, and Bi
R Pr E. Bi —:Re’c

g We G «a

X
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00 03 02

w/4 01 10 02 04

0.2
0.4
0.3

0.0
0.2
0.4
03 0.0
0.2
0.4
0.0
/6
/3
0.0
0.3
0.6
0.5
0.9
11
0.0
03
0.6
0.2
0.6
1.0

2.22135
2.13488
2.04054
1.08510
1.73555
2.46015
2.12112
2.08842
2.05607
2.07498
2.08112
2.09796
2.09047
2.08459
2.07940
2.07403
2.08657
2.08999
2.09390
2.08569
2.07760
2.09969
2.07946
2.06611

Table 2. Values of local Nusselt number Nu/Rel/? for the parameters ¢, We, G, a, R, Pr, Ec E, and Bi

£

0.0
0.3
0.6
0.3

We
0.3

0.0
0.2
0.5

G a« R Pr E. Bi
02 m/4 01 10 02 04

0.0
03
0.5
0.0
/6
/3
0.0
0.1
0.3
0.7
1.1
1.4
0.0
0.2
0.6
0.2
0.5
0.9

_ (1 +§R) 8'(0)
0.286182
0.295144
0.301292
0.295985
0.295379
0.294885
0.294608
0.295403
0.295907
0.295359
0.295261
0.294989
0.299395
0.295144
0.287178
0.281292
0.298509
0.306404
0.308526
0.295144
0.268771
0.166532
0.349078
0.517163
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Table 3. Values of local Sherwood number Sh for the parameters R, We, & and Sc.

R

We

a

Sc —¢'(0)

0.0
0.3
0.9
0.0
0.2
0.3
0.0

/6
/4

m/40.7
09

1.1

0.94588
0.94707
0.94930
0.96707

0.95358
0.94628
0.94783

0.94713
0.94628
0.87195

0.94628
1.14703

Main points

Boundary layer flow of MHD Walters' B liquid
by an inclined stretching sheet is discussed in the
presence of viscous dissipation and thermal
radiation. The main observations are mentioned
below:

e Velocity field f'(n)
function of parameter «.

e Effects of £ on the temperature and
concentration fields are qualitatively similar.

e  Weissenberg number We decreases both
the velocity and associated boundary layer
thickness. Visible number contains viscoelasticity
that produces tensile stress which contracts the
boundary layer and consequently velocity
decreases.

e  Weissenberg number We increases the
temperature and concentration fields. Velocity field
f ' is a decreasing function through larger a. On the
other hand, when — changes from 0 to 2, i.e. when
the sheet moves from vertical to horizontal
direction, the strength of buoyancy force decreases
and consequently the velocity and the boundary
layer thickness decrease. Effects of Ec, G and R on
velocity field are qualitatively similar. Physically
this is because of increase in radiation parameter P,
the rate of radiative heat transfer to the fluid
increases. For Eckert number the kinetic energy
increases by increasing Ey and so the temperature
profile increases.

e From physical point of view, the larger
Prandtl number coincides with the weaker thermal
diffusivity and thinner boundary layer. This is
because a higher Prandtl number fluid has a
relatively lower thermal conductivity which reduces
conduction and thereby increases the variation of
thermal characteristics. There is an enhancement of

is a decreasing

temperature for larger values of Eckert number E,.,
thermal radiation R and Biot number Bi. It is due to
the reason that stronger convective heating rises the
temperature and thermal boundary layer thickness.

e Variations of £ and Sc on the concentration
field are qualitatively similar.

e For a larger Schmidt number viscosity
increases and concentration decreases.

e  Magnitude of skin friction coefficient is a
decreasing function of a, We, Ec and R.

e Influences of & G and Bi on the
temperature gradient at the surface are qualitatively
similar.

e The temperature gradient at the surface
decreases when We, E. and R are enhanced.

e Entropy generation boosts up with
magnetic parameter, Reynolds number and
Brinkman number, while the reverse behavior is
observed for larger values of radiation parameter,
temperature ratio parameter, unsteady parameter,
and Weissenberg number.
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Influence of blend wax additives on the properties of natural rubber composites
containing 2,2 4-trimethyl-1,2-dihydroquinoline as antioxidant
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The paper presents our investigations on the influence of waxes on a very large number of properties of composites
based on natural rubber and containing 2,2,4-trimethyl-1,2 dihydroquinoline (TMQ) as an antioxidant. The hypothesis of
the present study is that by changing the composition of waxes, respectively wax blends (the ratio between the
microcrystalline and the macrocrystalline part) one can control their impact on the properties of rubber mixtures and
vulcanizates containing TMQ as antioxidant. Different properties of the composites were studied - rheological,
vulcanization, physicomechanical (stress at 100 and 300% deformation, tensile strength, elongation at break, Shore A
hardness, tear resistance, etc.), abrasion resistance, thermal and light aging resistance. The combination of TMQ with an
optimized mixture of paraffin and microcrystalline waxes can be used successfully for the production of rubber items for
various purposes.

Keywords: natural rubber-based composites; wax blends; 2,2,4-trimethyl-1,2-dihydroquinoline; gas chromatographic

characterization

INTRODUCTION

For a long time, waxes have been used as
additives in rubber processing. They have turned to
be cost-effective in terms of internal lubrication
energy efficiency; acceleration of the mixing
process, improvement of the flow of mixtures and
release from matrices. In addition, the elastomeric
macromolecules of all rubber compounds based
either on natural rubber, butadiene styrene rubber or
butadiene acrylonitrile rubber have unsaturation
spots (mainly double bonds) which are attacked by
atmospheric oxygen, ozone and UV rays [1].
Paraffin and blends being of adaptive molecular
structure, are ideal for use as protection against
atmospheric influences in rubber processing
industry. The migration properties of the former
provide continuous oxidative, ultraviolet and ozone
protection of finished rubber products [2]. That is
why wax blends are a mandatory ingredient in
compounds for the production of a number of rubber
articles inclusive tire treads.

According to their structure, waxes are divided
into macrocrystalline (paraffin) and microcrystalline
(ceresin).

Macrocrystalline waxes consist almost entirely of
saturated normal hydrocarbons and small amounts of
branched hydrocarbons. They are transparent or
white in color, hard, shiny and brittle and form large
crystals. They differ in melting temperature
(relatively low (45-65 °C)), as well as in the oil
content. The number of carbons in their chains

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

ranges from 18 to 50 carbons (commercial paraffins
are mostly in the 22 to 38 range) [2].

Microcrystalline waxes are opaque, soft, plastic,
sticky and amorphous. They have a higher melting
point (65-100°C). The crystals they form are
irregular in shape and small in size. Microwaxes
contain significant amounts of branched and cyclic
hydrocarbons which distinguish them from paraffins
and give them different properties. Microcrystalline
waxes have molecular weight higher than that of
paraffins with a number of carbons between 30 and
80. The majority have between 45 and 55 carbons
[3].

However, wax blends are most commonly used
in the rubber processing industry. These are blends
of macrocrystalline and microcrystalline waxes.
Usually the macrocrystalline wax predominates, the
microcrystalline being present at 30% or less. These
waxes are formulated so that specific results are
achieved, namely tailoring the specific influence on
the properties of the elastomeric composites that
contain them. The main reason for using wax blends
can be stated as follows: To protect the rubber, there
must be a wax film present on the surface of the
rubber regardless of the ambient temperature. On the
other hand, depending on molecular weight and
structure, each wax has an optimum temperature at
which it will migrate on the surface and form a film
[4, 5]. These two requirements (to migrate and to
form a film) are met easier, if wax blends are used
rather than individual waxes. 2,2,4-Trimethyl-1,2-
dihydroquinoline (TMQ) is a very important
category of rubber antioxidants (Fig. 1). It has a good

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

355


http://www.rubber-accelerator.com/

P. A. Malinova, N. T. Dishovsky: Influence of blend wax additives on the properties of natural rubber composites ...

CH, |,
N
H,C

CH

Fig. 1. Structural formula of TMQ

protective effect against heat and oxygen and a
stronger inhibitory effect against metal catalytic
oxidation, used widely in the manufacture of tyres,
different technical rubber goods, adhesive tape,
cables, etc. TMQ has limited to medium-strength
activity as an antiozonant, medium effectiveness as
an anti-fatigue agent, and low effectiveness against
crack growth [6].

In this regard, the thesis of the present study is
that changing the composition of waxes, respectively
wax blends (the ratio between the microcrystalline
and macrocrystalline part) we can control the impact
of those blends onto the properties of rubber
mixtures and vulcanizates containing TMQ as
antioxidant, and thus enhance their effectiveness as
antiaging agents.

The aim of the present work is to study how the
composition of various wax blends, evaluated by the
amount of normal and branched iso-hydrocarbons in
them, affects a significant number of properties of
natural rubber-based composites containing TMQ as
an antioxidant. The evaluation can also be made by
the number of carbon atoms in the normal and iso-
hydrocarbons present in the largest quantities in the
wax blends, according to data from their gas
chromatographic characterization.

Other authors [4, 7] have also investigated the
influence of waxes on a very large number of
properties of natural rubber-based composites
(rheological, vulcanization, physicomechanical
(stress at 100 and 300% deformation, tensile
strength, elongation, Shore hardness, tear resistance,
fatigue during cyclic deformations, etc.). In [4] the
authors came to the conclusion that the optimal

properties are achieved by combining paraffin and
microcrystalline waxes. In [7], only the individual
influence of paraffinic hydrocarbons on the
properties listed above was studied. It was compared
with the influence of an antioxidant from the group
of p-phenylenediamines. In [8] the individual
influence of an antioxidant from the group of p-
phenylenediamines on a very large number of
composite properties was compared to that of TMQ.
The effect was demonstrated to be dependent on the
concentration of the antioxidants and on the time of
their mixing with the elastomeric matrix.

We did not find anything like our study in the
literature.

EXPERIMENTAL
Materials

Natural rubber TSR-10, made in Thailand, was
used as an elastomeric matrix. Its strictly
standardized content of non-rubber substances is
given in Table 1.

Table 1. Characteristics of natural rubber TSR-10 used.

Parameters Value
Mechanical impurities, not more than 0.10
% by mass

not more than 0.75
not more than 0.6
not more than 0.8

Ash content, % by mass
Nitrogen, % by mass
Volatile substances,

% by mass
Plasticity retention index (PR) | not less than 50
Wallace plasticity not less than 30

Furnace carbon black N 220, produced in Russia,
was used as a filler of the rubber composites. The
other ingredients were stearic acid, zinc oxide, N-
tert-butyl-2-benzothiazolylsulfenamide (TBBS)
with a density of 1.29 g/cm® and a melting point of
105°C; diphenylguanidine - DPG (medium active
vulcanization accelerator with a density of 1.19
g/em® and a melting point of 145 °C); sulfur,
processing oil, 1,2-dihydro-2,2,4-trimethylquinoline
(TMQ). Blends of different individual brands of
paraffin and microcrystalline waxes, manufactured
by Evricom Ltd., Bulgaria, with the compositions
and characteristics shown in Tables 2 and 3, were
used as additives.

Table 2. Characteristics of the individual wax brands used.

Product Type of the wax Melting Oil Penetration,
point, °C content, % 0.1 mm
E4 paraffin 53-55 0.5-0.8 18-20
E57 paraffin 55-57 1.0-1.5 30-36
E58 paraffin 58-60 0.3-0.5 17-19
E62 paraffin 60-64 0.5-0.7 14-16
EC35 microcrystalline 76-78 2.0-3.0 30-35
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Table 3. Compositions of the wax blends used.

Sample E4 E57 E58 E62 EC35
% % % % %
1 - 20 30 30 20
2 - - - 70 30
3 - - 80 - 20
4 - 80 - - 20
5 80 - - - 20
Table 4. Compositions of natural rubber-based compounds - TSR-10 (all ingredients are in parts by weight per 100
parts by weight of rubber).
Compounds NR-0 NR-1 NR-2 NR-3 NR-4 NR-5
Ingredients
NR (TSR-10) 100 100 100 100 100 100
Carbon black N 220 50 50 50 50 50 50
Wax blend 1 - 1 - - - -
Wax blend 2 - - 1 - - -
Wax blend 3 - - - 1 - -
Wax blend 4 - - - - 1 -
Wax blend 5 - - - - - 1
Processing oil 3 3 3 3 3 3
T™Q 1 1 1 1 1 1
Stearic acid 2 2 2 2 2 2
ZnO 5 5 5 5 5 5
Sulfur 1.2 1.2 1.2 1.2 1.2 1.2
TBBS 0.95 0.95 0.95 0.95 0.95 0.95
DPG 0.35 0.35 0.35 0.35 0.35 0.35

NR-0 denotes the rubber of the compound and the vulcanizate, which do not contain a wax mixture, but only TMQ

antioxidant.
Production of rubber compounds

The rubber compounds were made on an open
laboratory rubber mixer (two-roll mill) with
dimensions: L/D 320x160 mm and friction 1.27
(non-dimensional). The speed of the slower rotating
roll was 25 min!. The finished compound was
removed from the rollers in the form of a sheet and
left to stay for 24 hours before being vulcanized.

Basic compositions

Table 4 shows the compositions of the tested
natural rubber based compounds.

Vulcanization procedure

The test specimens were vulcanized on a
hydraulic press with electric heating at a temperature
of 150 °C. Vulcanization was performed in the
vulcanization optimums for each compound
determined using an MDR 2000 oscillating disk
vulcameter (Alpha Technology) by applying a
pressure of 10.0 MPa. The obtained sheets of
vulcanizates had dimensions of 150%150x2 mm.

Test methods

Determination of the quantitative composition of
hydrocarbons in the used wax mixtures according to

ASTM D 5442. The quantitative method was used to
determine the content of hydrocarbons with a chain
length from C17 to C44 included in the composition
of the macro- and microcrystalline waxes and their
mixtures. The method is based on gas
chromatographic determination using an internal
standard and a flame ionization detector. A gas
chromatograph with Agilent 6850 flame ionization
detector and specialized Clarity software for
electronic data processing was implemented.

Determination of vulcanization characteristics.
The vulcanization characteristics of the investigated
rubber compounds were determined on an
oscillating disk vulcameter MDR 2000 (Alpha
Technologies Inc.), according to the standard of ISO
3417:2010.

Determination of the physicomechanical
parameters of the studied vulcanizates

Determination of Shore A hardness. The Shore A
hardness of the test bodies was determined 24 hours
after vulcanization using a portable Mitotoyo
hardness tester of the company according to ISO
7619-1: 2012. The forced penetration into the
material of a special nozzle under certain conditions
was measured.
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Determination of strength-elastic properties in
the course of tensile deformation. 24 hours after
vulcanization, double-sided blades (dumbbells)
were cut from the test specimens on a punch press
with a standard-shaped knife. A micrometer with an
accuracy of 0.01 mm was used to set the dimensions
of the blades. The stresses at 100 and 300%
elongation, tensile strength and elongation at break
was determined on a dynamometer at a movable jaw
speed of 500 mm/min, according to ISO 37: 2008.

Determination of the residual elongation at
tensile deformation. The measurement of the
residual elongation in the working area of the
samples was performed 1 min after rupture. The two
parts of the torn dumbbells were joined and the
length of the working section was measured. The
residual elongation is calculated from the
experimental results by the equation:

Eres. = {(82 - KO) / 20}100, % (1)

where: &. - residual elongation, %; {o - length of the
working section before deformation, cm; €, - length
of the working section one min after the rupture, cm.

Determination of tear resistance according to ISO
34-1:2012

Determination of resistance to accelerated
thermal aging. The resistance to thermal aging was
determined in a thermal cabinet with forced air
circulation according to ISO 188: 2009. The samples
were heated at 70 °C for 72 hours. The "minus" sign
in front of the aging coefficient (%) indicated the
decrease of the respective mechanical parameters in
percent.

The aging coefficients are calculated by the
formula:

K = [(B-A) / A] .100, % )

where: B - value of the studied indicator after aging;
A - value of the studied indicator before aging.

Determination of resistance to light aging

Artificial aging was performed in an ILKA
Feutron 3001 climate chamber (Germany) with
illumination of ultraviolet light for 320 h at 30 °C.

Determination of the abrasion of the studied
vulcanizates

Determination of abrasion was performed by
means of a device with a rotating cylindrical drum.
The method consists in determining the reduction of
the volume of a test vulcanizate body under the
influence of friction with a certain type of sandpaper
(abrasive).
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A cylindrical vulcanizate test body with a
diameter of 16 mm and a height of 8 mm was
exposed to abrasive fabric (sandpaper) with a certain
degree of abrasiveness (sandpaper coefficient) at a
certain contact pressure on a certain area. The mass
loss of the test piece was determined and the
reduction in volume was calculated by the density of
the material using the equation:

AV =207 1000, mm? 3)
p.b

where: AV - reduction of the volume (erasability) of
the working body, mm?; m - mass of the working
body after erasing, g; my - mass of the working body
before erasing, g; b - coefficient of sandpaper; p-
density of the test specimen.

The density of the test specimens was determined
by the formula:

p Do» gem’ @)

G-(G,-G,)
where: G - mass of the test body, g; G; - mass of the
test piece attached to a needle in water, g; G> - the
mass of the needle immersed in water; pg - density of

the liquid in which the test body is immersed (in this
case water), g/cm’.

RESULTS AND DISCUSSION

Gas chromatographic determination of the
composition of hydrocarbons in the studied wax
blends

The composition of hydrocarbons in the tested
wax blends is presented in Table 5.

Table 5. Quantitative composition of hydrocarbons in
the used wax blends according to data from gas
chromatographic analysis.

Sample N' | 1SO?* | Max N? Max 1SO*
% %
1 76 24 27-28 37-38
2 66 34 31-32 34-35
3 63 37 32-33 36-37
4 83 17 26-27 30-31
5 78 22 29-30 31-32

Notes: ! Quantity of normal hydrocarbons, %; 2
Quantity of iso-hydrocarbons, %; * Number of atoms in
normal hydrocarbons contained in the largest quantities; *
Number of atoms in iso-hydrocarbons contained in the
largest quantities.

Vulcanization characteristics of elastomeric
composites containing wax blends

As seen from Fig. 2, as the amount of normal
hydrocarbons in the wax blend increases, the
minimum torque gradually decreases. The minimum
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torque is related to the effective viscosity of the
mixtures. It is obvious that the greater the amount of
normal hydrocarbons, the fewer are the branched
iso-structures that can cause an increase in viscosity
because they hinder the flow of mixtures. As the
number of atoms in the normal and iso-hydrocarbons
present at maximum amounts in the wax blends
increases, the viscosity gradually increases, what can
be explained by the increase in the molecular weight
of the wax blends, also causing a slower flow. In the
case of iso-hydrocarbons, the effects are somewhat
more pronounced because the number of atoms in
the chains, their molecular weights, respectively, are
higher than normal hydrocarbon chains (30-38 vs.
26-33). Rubber viscosity is influenced by various
factors such as mixing time [9], mixing temperature
[10], filler type, filler loading [11, 12] and chemical
curatives [13]. This study showed that the addition
of small amounts (1 phr) of wax blends into the
natural rubber composites has also a noticeable
effect on the viscosity depending on their
composition, in particular on the ratio between

N, %

a)

0 30-31 31-32 34-35 36-37 37-38

normal and iso-hydrocarbons, and the number of
carbon atoms present in them in the largest
quantities.

As Fig. 3 shows, the higher amounts of normal
hydrocarbons lead to a shorter optimal vulcanization
time, 1. e. vulcanization is accelerated and proceeds
at a higher rate. As the number of atoms in the
hydrocarbon chains of both normal and iso-carbons
present at maximum amounts increases, the optimal
vulcanization time is prolonged. The observed
effects may be related to the effect that wax blends
have on the access of vulcanizing agents and
accelerators to the elastomeric macromolecules.
Increasing the number of branched structures and the
number of carbon atoms, obviously makes this
access difficult, and hampers the migration, which in
turn slows down vulcanization. The effect of waxes
on the optimal time of vulcanization has been
confirmed also by other authors [7].

0 2627 27-28 29-30 3132 32-33
Max N

b)

Max Iso

c)

Fig. 2. Dependence of the minimum torque of the tested rubber compounds on: a) the amount of normal hydrocarbons
in the composition of the wax blends (N); b) the number of atoms in the normal hydrocarbons contained at maximum
amounts in the wax blends; ¢) the number of atoms in the iso-hydrocarbons contained at maximum amounts in the wax

blends.
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Fig. 3. Dependence of the optimal time of vulcanization of the studied rubber mixtures on: a) the amount of normal
hydrocarbons in the composition of the wax blends (N); b) the number of atoms in the normal hydrocarbons contained at
maximum amounts in the wax blends; c) the number of atoms in the iso-hydrocarbons contained in maximum amounts

in the wax blends.

Physicomechanical parameters of the studied
composites

The results presented in Fig. 4 demonstrate that,
as expected, the wax blends at the amounts of 1 phr
used do not have a noticeable effect on the studied
physicomechanical parameters. The values are
comparable, the differences being less than 10%.

Tear resistance of the studied composites
containing various wax blends

The influence of the wax blends on the tear
resistance of the studied composites is shown in Fig.
5. As seen from the figure, with increasing the
amount of normal hydrocarbons, the tear resistance
decreases, and with increasing the number of atoms
in the carbon chains, both normal and iso-, there is a
tendency to increase. A crossing through a slightly
pronounced optimum is observed in the latter cases.

360

In our opinion, this is due to the different ability of
different wax blends to migrate. In general, the
presence of wax blends in the elastomeric matrix
probably has a certain plasticizing effect, which
provides some possibility for mobility of the
elastomeric macromolecules relative to each other
under the conditions of applied external tear force.
The faster migration of normal hydrocarbons to the
surface complicates the manifestation of this effect
and therefore, with increasing their amount the tear
resistance decreases, as the composite depletes the
plasticizing agent. As the number of atoms in the
hydrocarbon chains present at the maximum amount
in the wax blends increases, the migration is
hampered due to the increase in their molecular
weight, which creates greater opportunities for
manifestation of their plasticizing effect. That leads
to an increase in the resistance of tearing.
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Fig. 4. Dependence of physicomechanical parameters (M100-module at 100% deformation, MPa; M300-module at
300% deformation, MPa; c-tensile strength, MPa) of the studied vulcanizates on: a) the amount of normal hydrocarbons
in the composition of the wax blends (N); b) the number of atoms in the normal hydrocarbons contained at maximum

amounts in the wax blends; c) the number of atoms in the iso-hydrocarbons contained at maximum amounts in the wax
blends.

Ts, N/mm
Ts, N/mm

0 2627 27-28 29-30 31-32 32-33
Max N
b)

0 3031 31-32 34-35 36-37 37-38
Max Iso

c)

Fig. 5. Dependence of the tear resistance of the studied vulcanizates on: a) the amount of normal hydrocarbons in the
composition of the wax blends (N); b) the number of atoms in the normal hydrocarbons contained in maximum amounts
in the wax blends; c¢) the number of atoms in the iso-hydrocarbons contained in maximum amounts in the wax blends.
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Abrasion resistance of the studied composites
containing different wax blends

The influence of the wax blends on the abrasion
resistance of the studied composites is shown in Fig.
6. Here again, the observed effects can be explained
by the migration of the wax blends, though in the
opposite way to the tear resistance described. The
rapid release of waxes to the surface has a lubricating
effect, which reduces abrasion and it becomes much
lower for normal hydrocarbons, especially with
increasing their amounts. The slower migration
process and the release of the wax mixtures on the
surface with the increase of the molecular weight,
and the amount of branched hydrocarbons reduces
the lubrication effect during abrasion, hence the
abrasion is greater. This statement is proved by the
fact that the highest abrasion in all cases undergo
composites in which there are no wax blends.

It is well known that the heterocyclic nitrogen-
containing stabilizer TMQ is a classical antioxidant
of high efficiency. In all the vulcanizates studied, it
is present at the same amount, being combined with
different wax mixtures, except for the control
sample. Therefore, we believe that the different
results for the parameters studied are mainly due to
the synergetic effect of TMQ and the combination of
waxes of different composition and structure, and
not to the antioxidant itself.

Aging resistance of the studied composites
containing different wax blends

Tables 6 and 7 summarize the results of thermal
aging of the

and light studied elastomeric

composites.

105+

mm

AV,

0 2627 27-28 2930 31-32 3233
Max N

b)

0 3031 31-32 34-35 3637 37-38
Max Iso

c)

Fig. 6. Dependence of the abrasion resistance of the studied composites on: a) the amount of normal hydrocarbons in
the composition of the wax blends (N); b) the number of atoms in the normal hydrocarbons contained at maximum
amounts in the wax blends; ¢) the number of atoms in the iso-hydrocarbons contained at maximum amounts in the wax

blends.

Table 6. Change in thermal aging coefficients (K., %) with respect to elongation (70 °C, 72 h) depending on the
amount of normal hydrocarbons in the composition of the wax blends N (a); depending on the number of atoms in the
normal hydrocarbons present at maximum amounts in the wax blends (b); and depending on the number of atoms in the
iso-hydrocarbons present at maximum amounts in the wax blends (c).

a) N Ke, % b) Max N Ke, % c) MaxIso | Ke,%
0 -15.6 0 -15.6 0 -15.6
63 -4.8 26-27 9.1 30-31 9.1
66 -5.4 27-28 -6.5 31-32 -6.5
76 -6.3 29-30 -6.3 34-35 -4.8
78 -6.5 31-32 -5.4 36-37 -5.4
83 9.1 32-33 -4.8 37-38 -6.3
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Table 7. Change in light aging coefficients with respect to elongation (320 hours) depending on the amount of normal
hydrocarbons in the composition of the wax blends N (a); depending on the number of atoms in the normal hydrocarbons
present at maximum amounts in the wax blends (b); and depending on the number of atoms in the iso-hydrocarbons

present at maximum amounts in the wax blends (c).

a) N Ke, % b) Max N Ke, % ¢) Max Iso Ke, %
0 -3.5 0 -3.5 0 -3.5
63 3.7 26-27 -2.2 30-31 2.2
66 6.0 27-28 -2.9 31-32 3.2
76 3.2 29-30 3.2 34-35 6.0
78 -2.2 31-32 3.7 36-37 3.7
83 -2.9 32-33 6.0 37-38 -2.9

Table 6a shows that with increasing the amount
of normal hydrocarbons in the wax mixtures, aging
accelerates. That may be due to an increase in the
migration of waxes to the surface, which is also
accelerated, but the resulting protective film is
increasingly ineffective due to the declining amount
of iso-hydrocarbons in it. With increasing the
molecular weight of normal hydrocarbons as a result
of the increasing the number of atoms, their
migration to the surface is lessened, the presence of
waxes in the volume of the composite hinders
oxygen access to the elastomeric macromolecules
and aging processes take longer (Table 6b). It is also
obvious that there is an optimum in the molecular
weight and the number of atoms in the carbon chains
of the iso-hydrocarbons, as well as an optimal ratio
between normal and iso-hydrocarbons, respectively,
between their molecular masses and the number of
atoms in them. That ensures maximum protective
effectiveness of the film formed as a result of their
migration to the surface of the vulcanizate (Table
6¢).

The explanation of the observed effects is
analogous to that of the effects of thermal aging with
the peculiarity that here the effects of aging are much
less pronounced, mainly due to the presence of
furnace carbon black in the composites. The filler is
known to be an effective absorber of ultraviolet light
and to increase the resistance to light aging. Another
feature that makes a strong impression is that the
highest protective efficiency in light aging was
observed at the same ratio between normal and iso-
hydrocarbons, respectively, the number of atoms in
their chains, which is also observed in thermal aging.

The interpretation of the obtained results can be
summarized as follows:

- The greater the number of atoms in the
hydrocarbon chain, the higher the molecular weight,
the higher is the melting point and the higher is the
ambient temperature required for the migration and
so called blooming of the wax blends on the surface
of the rubber product. It should be kept in mind that
while paraffin waxes can be said to have a relatively

clearly defined melting point, microcrystalline
waxes do not have such a clearly defined melting
point due to their wider molecular weight
distribution. That is why the so-called drop point
temperature is often used for their characterization
[3].

- The movement (migration) of the waxes to the
surface of the rubber product depends on the
following factors:

* Molecular weight or the number of carbon
atoms in the wax, respectively. The higher they are,
the higher is the ambient temperature needed to
ensure sufficient mobility for migration [3].

* Branched waxes migrate and bloom slower [3].

*The concentration of wax in the rubber product.
After crossing the solubility threshold, the more wax
present in the composite, the greater is the
concentration gradient to the surface, which will
stimulate migration to a higher degree [7].

*Higher ambient temperatures increase the
solubility of waxes and increase migration,
especially of higher molecular weight waxes.

The waxes that migrate and bloom the most are
paraffin waxes. Microcrystalline waxes are too
bulky to bloom and to create an effective protective
film. However, studies have shown [3, 7] that
microcrystalline waxes play another extremely
important role in wax mixtures: when paraffin waxes
reach the surface, they create a highly crystalline and
inelastic film with poor adhesion. In this large-
crystal structure, "holes" are formed, which allow air
to penetrate freely through them and reach the rubber
products. Adding a small but optimal amount of
branched (microcrystalline) waxes to the paraffins
creates a more amorphous, much finer crystalline
protective film on the surface, which is already
impermeable to air. The reduction of the film
crystallinity due to the presence of microcrystalline
waxes in it also makes it more elastic. This more
elastic film is no longer so fragile and does not break
down so easily, i.e. it is more durable. In addition,
the microcrystalline wax has a higher adhesion to the
elastomeric surface than the paraffin wax, which
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also contributes to the creation of a longer lasting
wax film on it. Therefore, the most commonly used
wax blends should contain several paraffin waxes of
different molecular weight in combination with a
small amount of microcrystalline wax. In order to
achieve maximum efficiency and optimal properties,
the ratio between paraffin and microcrystalline
waxes, as well as the number of carbon atoms in the
normal and iso-hydrocarbons present in maximum
amounts in them must be optimized.

CONCLUSION

The composition of wax blends containing
paraffin and microcrystalline waxes, as well as the
number of carbon atoms in the hydrocarbons present
in maximum quantities in the blends, affect a number
of properties of elastomeric composites, as follows:

1. As the amount of normal hydrocarbons in wax
mixtures increases, vulcanization is accelerated, and
as the number of atoms in the hydrocarbon chains of
both normal and iso-carbons present at maximum
amounts increases, vulcanization is retarded.

2. The wax blends at the used amounts of 1 phr
do not have a noticeable effect on the studied
physicomechanical parameters and the values are
comparable, the differences being less than 10%.

3. With increasing the amount of normal
hydrocarbons in the wax blends, the tear resistance
decreases, and with increasing the number of atoms
in the hydrocarbon chains, both normal and iso-,
there is a tendency of increasing the values of this
parameter.

4. All tested vulcanizates containing waxes and
TMQ exhibit better resistance to thermal aging
compared to the control sample which contains only
TMQ as an antioxidant. As the amount of normal
hydrocarbons in wax blends increases, aging
accelerates. With the inclusion in molecular weight
of normal and iso-hydrocarbons the aging process is
prolonged.

5. The observed effects of light aging are similar
to the effects of thermal aging, but here they are
much less pronounced.

By varying the composition of the wax blends
with respect to the amount of paraffin waxes with
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normal hydrocarbons and microcrystalline waxes
with iso-hydrocarbons and the number of atoms in
the two types of chains present in maximum
amounts, a number of properties of the composites
containing them can be controlled in the desired
direction, including rheological, vulcanizing,
mechanical (such as abrasion and tear resistance),
resistance to heat and light aging, etc.

The combination of TMQ and an optimized
mixture of paraffin and microcrystalline waxes has a
synergetic impact and can be successfully used in the
production of rubber products for various purposes,
as it guarantees good performance and better
protection compared to the use of TMQ solely.
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The antimicrobial effect of colloidal nanosilver (AgNPs) at a concentration of 24 ppm against reference strains of
Esherichia coli, Salmonella enterica, Staphylococcus aureus, Clostridium perfringens, Candida albicans and two
clinical isolates (Pseudominas aeruginosa and Streptococcus pyogenes) was examined. The agar diffusion method,
determination of the minimum inhibitory concentrations (MIC) and the time of antimicrobial action of AgNPs were
used. In the studies performed by the disc-diffusion method, a very good inhibitory effect of AgNPs 24 ppm was
reported in all tested microorganisms. The examined Gram-negative bacteria showed higher sensitivity to colloidal
nanosilver in comparison with the Gram-positive microorganisms. In the Gram-positive bacteria, the MIC values of the
studied AgNPs were higher than in Gram-negative ones. C. perfringens with MICso 0.5 pg/ml showed the highest
sensitivity to AgNPs 24 ppm, and S. aureus (MICsy 2 ng/ml) - the lowest. AgNPs 30 ppm inactivated all tested Gram-
negative bacterial strains within 1 min. In a suspension with a density of 10° cells/ml C. perfringens died within 24 min.
However, individual cells of S. aureus remained viable for more than 60 min, and of S. pyogenes and C. albicans - for
more than 120 min. In a suspension with a density of 10* cells/ml Gram-positive microorganisms survived for twice as
short time - C. perfringens up to 15 min, S. aureus over 30 min, and S. pyogenes and C. albicans - for at least 60 min.
These results provide hope for the successful use of AgNPs as disinfectant and antiseptic, as well as for topical therapy
of infections involving these microbial species.
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INTRODUCTION Colloidal silver nanoparticles were synthesized
using silver nitrate solubilized in the water core of a
microemulsion as a source of silver ions, hydrazine
hydrate solubilized in the water core of another
microemulsion as the reducing agent, dodecane as
the oil phase and sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) as the surfactant [4]. This
nanosilver colloid has low toxicity and high
stability, so the colloidal nanoparticles need not be
separated from the solution and the silver sol can be
directly used as antibacterial agent. Four 1-butyl-3-
methylimidazolium halide ionic liquids were
synthesized via metathesis and anion exchange
reactions [5].

By the method of Mosin and Ignatov, colloidal
silver can be obtained via electrolysis [6]. The
synthesis method wuses tetra-n-butylammonium
bromide in acetonitrile as a liquid medium for
electrolysis. The method of Mosin-Ignatov yields
colloidal silver with sizes of 2—7 nm in a solution of
tetra-n-butylammonium bromide in acetonitrile.
The anode is silver, and the cathode is graphite.

The antimicrobial activity of colloidal
nanosilver is tested against Gram-positive and
Gram-negative microorganisms [5, 7]. According to
Liu and Hurt [8], ion release is a cooperative
oxidation process requiring both dissolved

Silver is known as a broad-spectrum
antimicrobial agent. Silver ions have long been
known to possess a strong and broad spectrum of
activities against different bacterial and fungal
species. Today, at a time of growing multi-
resistance of microorganisms to antimicrobial
drugs, interest in silver as an agent with such
properties is growing and studies are being
conducted in this direction. In this respect,
nanotechnologies today are a rapidly growing
promising field for development of compounds and
materials with antimicrobial properties including
such with nanosilver. Colloidal silver consists of
nanosized clusters of silver atoms in an aqueous
solution. They are of neutral polarity, but their
suspension in the water causes a highly negative
(interfacial) electrostatic charge (Zeta potential)
that causes a mutual repelling action resulting in an
almost permanent suspension [1]. Advanced
technology also provides electro-colloidal solutions
that produce even better results [2]. In the study
nanosized Ag colloids were obtained with the
addition of urea which produced intermediates
AgOCN and Ag>COs before the formation of silver
and obtained silver colloids of average size of 22
nm [3].
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dioxygen and protons. It produces peroxide
intermediates. The antibacterial potency, eukaryotic
toxicity and environmental release of nanosilver are
influenced by the ionic activity associated with the
particle suspension. There are studies that support
ionic colloidal silver as a broad-spectrum
antimicrobial agent against aerobic and anaerobic
bacteria, while having a limited and specific
spectrum of activity against fungi [9]. Synthesis of
stable silver colloids has been successfully
achieved by a number of research teams [10-12].
The study has shown a high bactericidal activity of
colloidal solutions of nanosilver against strains of
Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa, as well as fungicidal
activity against Candida albicans [13].

The purpose of the present work was devoted to
testing and evaluation of the antimicrobial action of
colloidal nanosilver against Gram-negative and
Gram-positive microorganisms from different
groups, one of the most common causes of
difficult-to-treat infections in humans and animals.

MATERIALS AND METHODS

Device for colloidal nanosilver. Patent
Application: PCT/EP2021/054691 [14] 25.02.2021.
Title: Control device and method for driving
electrodes of at least one electrolysis device for
electrochemical production of mnanoparticles.
Description: The invention relates to the technical
field of water treatment. The object of the invention
is a control device and a method for driving
electrodes of at least one electrolysis device for the
electrochemical production of nanoparticles in
water according to the generic terms of claims 1
and 10.

Antimicrobial agent. The antimicrobial effect of
colloidal silver nanoparticles (AgNPs) at
concentrations of 24 ppm was tested.

Control. As a positive control, the broad-
spectrum antibiotic thiamphenicol (Nikovet - Sofia)
was used, to which the tested microorganisms did
not show resistance.

Microorganisms. Pure cultures of 7 pathogenic
strains were tested. Five of them were reference:
Esherichia coli ATCC - 8739, Salmonella enterica
subsp. enterica ATCC 1304, Staphylococcus
aureus subsp. aureus ATCC - 6538, Clostridium
perfringens ATCC 13124 and Candida albicans
ATCC 10231. The other two (Pseudominas
aeruginosa and Streptococcus pyogenes) Wwere
isolated from cutaneous inflammatory secretions
from dogs in the Laboratory of microbiology at the
University Clinic at the University of Forestry,
Faculty of Veterinary Medicine in Sofia.
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Nutrient media. Mueller-Hinton agar and broth
(BUL BIO NCIPD - Sofia), Columbia blood agar
(Biolab Zrt. H-1141, Budapest Ov. Utra 43) were
used, as well as selective media: Endo agar (Antisel
- Scharlau Chemie SA, Spain) for E. coli and S.
enterica, Cetrimide agar (Biolab Zrt. H-1141,
Budapest Ov. Utr.) for P. aeruginosa, Perfringens
TSC agar (MkB Test as, Slovak Republic), as well
as Zeissler agar (BUL BIO NCIPD - Sofia) for C.
perfringens and Sabouraud dextrose agar with
chloramphenicol (Antisel - Sharlau Chemie SA,
Spain) for C. albicans.

The cultivation of the microorganisms was
carried out at 35-37° C for 18-24 and 72 hours in an
anaerobic environment for C. perfringens and under
aerobic conditions for the other microbial species.
The system Anaerob Pack with palladium catalyst -
H, + CO, (BUL BIO NCIPD - Sofia) in Jar was
used to create anaerobic conditions. Indic Strip
indicator (BUL BIO NCIPD - Sofia) was used to
prove the achievement of anaerobiosis.

Preliminary studies of the substance were
performed by the classical agar diffusion method of
Bauer et al. [15] and according to Weinstein [16].
Suspensions of 24 h cultures of the test
microorganisms were inoculated at a dose of 2x10°
cells/ml in a volume of 0.1 ml in 9 cm-diameter
Petri dishes on Zeissler agar for C. perfringens and
Mueller-Hinton agar for the other microorganisms,
with pH 7.2 - 7.4 and layer thickness of 4 mm.
AgNPs 24 ppm and the control antibiotic were
administered by instillation of 0.1 ml in 9-mm wells
in the agar at concentrations of active substances
per well of 30 pg for AgNPs 24 ppm and 30 pg for
thiamphenicol. After incubation for 3-4 hours at
room temperature for diffusion, the cultures were
incubated at 35-37° C for 18-24 and 72 hours. The
results were read by measuring the diameters of the
inhibitory zones in millimeters, including the
diameter of the well to the nearest 1 mm, with a
transparent ruler on the outside of the bottom of the
plates. According to the three-stage Bauer-Kirby
system, an inhibitory effect of AgNPs 30 ppm was
observed in areas > 12 mm, and of thiamphenicol —
at > 17 mm. The susceptibility of the tested
microorganisms to AgNPs 24 ppm was determined
as for non-antibiotic preparations such as
sulfonamides, namely: resistant (R) - in areas with
diameters < 12 mm, moderately sensitive -
intermediate (I) - in areas in a range of 13 - 16 mm
and sensitive (S) at > 17 mm. For thiamphenicol the
corresponding limits are as follows: R < 12 mm, I -
13-17mmand S -> 18 mm [17, 18].

Minimum inhibitory concentrations (MICs) were
determined by the method of two-fold serial
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dilutions in Zeissler agar for C. perfringens and
Mueller-Hinton agar for the other microorganisms,
described by Ericsson and Sherris [19] and NCCLS
[17, 18]. Bacterial suspensions were applied at a
dose of 10° cells/ml. The test preparations of
colloidal silver and the control antibiotic were
administered in  double increasing  final
concentrations from 1 to 64 pg/ml agar. After
incubation at 35-37° C for 18-24 hours, the number
of developed colonies was determined. MICsy and
MICq were calculated mathematically based on the
number of inhibited colonies on the agar with the
respective dilution of the tested compound
compared to the colonies on the media with
controls without colloidal silver or antibiotic. The
range of growth inhibition (D) was defined as the
concentration without visible growth.

Determination of the time of antimicrobial action of
AgNPs 24 ppm

A suspension of each of the tested microbial
strains at a concentration of 10° cells/ml in an
amount of 1 ml was added to 9 ml of AgNPs 24
ppm, reaching a final concentration of 10* cells/ml.

» A suspension of each of the tested microbial
strains at a concentration of 107 cells/ml in an
amount of 1 ml was added to 9 ml of AgNPs 24
ppm, reaching a final concentration of 10° cells/ml.

» The following controls were applied - sterile
distilled water (without AgNPs) with the same
content of each of the tested microbial strains, as

well as 100%
microorganisms.

After homogenization for 1 min on a vortex
apparatus (Heidolph - Labimex, Bulgaria) and
different time intervals for exposure to AgNPs 24
ppm (1 min, 5 min, 15 min, 30 min, 60 min, 120
min and 24 h) cultures were made from each of the
samples on Zeissler agar for C. perfringens and
Mueller-Hinton agar for the other microorganisms,
which were cultured at 37° C for 24 - 48 hours
under aerobic and anaerobic conditions. After
cultivation, the growth of the tested bacteria was
reported. The number of colonies developed and
the colony forming units (CFU) in 1 ml of the
initial suspensions were determined.

All experiments were performed in triplicate.

The statistical processing of the results was
performed according to the classical method of
Student and Fisher.

AgNPs 24 ppm without

RESULTS

In the studies performed by the disc-diffusion
method, a very good inhibitory effect of AgNPs 24
ppm (diameters of the inhibitory zones between
20.0 + 4.7 and 28.7 + 2.6 mm) was reported in all
studied microorganisms. The results are
summarized in Table 1. These values were close to
those of the control antibiotic, although lower than
them. Slightly higher sensitivity to the colloidal
nanosilver was shown by the studied Gram-
negative bacteria compared to Gram-positive
microorganisms (P>0.05).

Table 1. Antimicrobial effect of AgNPs 24 ppm against Gram-positive and Gram-negative microorganisms in the
agar-gel diffusion method

Microorganisms Inhibitory zones in mm
AgNPs Thiamphenicol

E. coli 26.7+3.9 36.0+£0.8
S. enterica 28.7+2.6 353+0.8
P. aeruginosa 250+24 348+0.8
S. aureus 21.7+43 257+33
S. pyogenes 20.0 +4.7 26.0 +4.5
C. perfringens 22.0+4.0 21.3+0.5
C. albicans 22.7+4.6 28.7+3.7
Total Gram-negative bacteria 259+2.0 354+0.5
Total Gram-positive bacteria 20.8+2.0 243 +2.1
Total bacteria 233+33 299+5.7
Total (all microorganisms) 23.1+3.1 29.7+53
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The highest sensitivity by this method was
reported in S. enterica, and the lowest - in S.
pyvogenes and S. aureus. All tested microorganisms
showed high sensitivity to thiamphenicol used as a
positive control. The differences in the diameters of
the inhibitory zones of the antibiotic and the tested
preparation with colloidal silver were statistically
significant (P<0.05) in the studied Gram-negative
bacteria, but not in the Gram-positive ones (P>
0.05). The results obtained in determining the
minimum inhibitory concentrations are shown in
Table 2. They correspond to those obtained in the
agar-gel diffusion method. The highest sensitivity
to AgNPs showed C. perfringens with MICso of 0.5
pug/ml, and the lowest - S. aureus with MICsy 2
pug/ml. For the other microorganisms tested, the
MICso of AgNPs 24 ppm was 1 pg/ml. In Gram-
positive bacteria, the values of MIC were higher
than those in Gram-negative, but the differences
were not significant (P>0.05, t-criterion of Student).
The values of the control antibiotic were
significantly higher - MICso 4 - 32 pug/ml. As can be
seen from the summary data, the bacterial strains
tested in this method showed significantly higher
sensitivity to AgNPs 24 ppm compared to the
control antibiotic (P<0.01, t-test of Student).

The results of the experiments performed to
determine the sensitivity of the examined Gram-

positive and Gram-negative microorganisms to
AgNPs 24 ppm, tested at a final concentration of
10° cells/ml by the suspension method, are
presented in Table 3.

The data showed that AgNPs 24 ppm inactivated
all Gram-negative bacterial strains tested within 1
min. Of the Gram-positive microorganisms, the
highest sensitivity to colloidal nanosilver is shown
by the strict anaerobe C. perfringens, which dies
within 30 min. However, individual cells of S.
aureus remain viable for more than 60 min. S.
pyvogenes and C. albicans survived longer in the
presence of AgNPs 30 ppm. Single cells of these
microorganisms remained viable for a minimum of
120 min.

Data from studies performed by the same
method, but with a hundred times lower
concentration of microbial suspensions (10*
cells/ml), can be seen in Table 4. All tested Gram-
negative bacterial strains died in 1 min. Gram-
positive microorganisms at this suspension
concentration survived for twice as short a time. C.
perfringens died within 15 min. However,
individual cells of S. aureus remained viable for
more than 30 min, and S. pyogenes and C. albicans
- for a minimum of 60 min.

Table 2. Minimum inhibitory concentrations of AgNPs 24 ppm against Gram-positive and Gram-negative

microorganisms
AgNPs Thiamphenicol
Microorganisms

MICs MICyg D MICs MICso D
Esherichia coli 1 2 4 8 16 64
Salmonella enterica 1 2 4 16 32 64
Pseudominas aeruginosa 1 2 4 8 32 64
Staphylococcus aureus 2 4 8 16 32 64
Streptococcus pyogenes 1 2 4 32 64 128
Clostridium perfringens 0.5 1 4 8 16
Candida albicans 1 2 4 32 64 128
Total Gram-negative 1.00 £0.00 | 2.00 £0.00 | 4.00 +0.00| 10.67 +3.77 | 26.67 £7.54| 64.00 +0.00
Total Gram- positive 1.1240.54 | 2.2541.09 | 4.50 +2.18] 21.00 +11.79| 42.00 +2.36 | 42.00 +2.36
Total (all microorganisms) 1.07 £0.42 | 2.14 +0.83 | 4.28 +1.66| 16.57 +10.57| 35.43 £19.99 84.00 +47.16

MICso -50% growth inhibition; MICog -90% growth inhibition; D — range of full growth inhibition.
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Table 3. Antimicrobial effect of AgNPs 24 ppm against Gram-positive and Gram-negative microorganisms in
suspensions with a density of 10° cells/ml

Microorganisms Growth of the strains (percent of colony number in comparison with the untreated
controls) after different intervals of exposure

1 min 5 min 15 min 30 min 60 min 120 min 24 h
E. coli 0 0 0 0 0 0 0
S. enterica 0 0 0 0 0 0 0
P. aeruginosa 0 0 0 0 0 0 0
S. aureus 50 30 20 10 10 0 0
S. pyogenes 65 50 40 25 25 10 0
C. perfringens 35 10 7 0 0 0 0
C. albicans 40 35 22 15 10 6 0
Untreated controls 100 100 100 100 100 100 100

Table 4. Antimicrobial effect of AgNPs 24 ppm against Gram-positive and Gram-negative microorganisms in

suspensions with a density of 104 cells/ml

Microorganisms |Growth of the strains (percent of colony number in comparison with the untreated controls)
after different intervals of exposure

1 min 5 min 15 min 30 min 60 min 120 min 24 h
E. coli 0 0 0 0 0 0 0
S. enterica 0 0 0 0 0 0 0
P. aeruginosa 0 0 0 0 0 0 0
S. aureus 25 15 10 5 0 0 0
S. pyogenes 30 25 20 10 5 0 0
C. perfringens 20 5 0 0 0 0 0
C. albicans 35 20 15 10 5 0 0
Untreated contro 100 100 100 100 100 100 100

DISCUSSION

The results of the present studies correspond to
those of other authors. Petica ef al. [10] determined
a high antibacterial and antifungal activity of some
stable colloidal solutions containing up to 35 ppm
of Ag. By determination of minimal inhibitorial
concentration they found a significant inhibitory
effect against Gram-positive and Gram-negative
microorganisms such as S. aureus, E. coli, P.
aeruginosa, Acinetobacter spp. and a fungi mix of
Aspergillus, Penicillium and Trichoderma species.
Lkhagvajav et al. [11] found antimicrobial activity
of colloidal silver nanoparticles prepared by the sol-
gel method. High inhibitory effect is observed
against FE. coli, P. aeruginosa, Salmonella
typhimurium, Klebsiella pneumoniae, Bacillus
subtilis, S. aureus, and the fungus C. albicans at a
very low concentration of 2-4 pg/ml of nanosilver.
The authors explained this very high activity with
the advantages induced through the sol-gel method
since very small nanoparticles can be obtained,
which makes them very active against
microorganisms. Pokhrel ef al. [20] also reported
antibacterial effect of citrate - functionalized

nanosilver on E. coli. The results obtained by
Petrus et al. [2] suggested that colloidal nanosilver
exhibits a good bacteriostatic effect but poor
bactericidal effect towards food-borne pathogens
such as E. coli, Listeria monocytogenes, Salmonella
Typhi, Vibrio cholerae, Vibrio parahaemolyticus,
Bacillus cereus and S. aureus. However, the
research of Batista et al. [12] proved the
bactericidal effect of colloidal nanosilver and found
that the required time to promote the biocide effect
is linked to the time-dependent release of Ag'.
Also, this effect is greatly dependent on the
presence of Ag'" rather than the nanoparticles
themselves.

The results of Petrus et al. [2] support the notion
that the antibacterial activity of AgNPs might be
due to their adsorption on the bacterial surface, as
well as the inhibition of intracellular enzyme
activity. Therefore, the remaining Ag ions in the
AgNPs solution or dissolved Ag ions are capable of
causing a bacteriostatic or even a bactericidal
impact. Also, silver antimicrobial property is very
high due to their extremely large surface area,
which provides better contact with microorganisms.
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Mukha et al. [13] studied the mechanism of action
of nanosilver on microbial cells by a laser scanning
confocal microscope using fluorescent label. They
found that the first step of the antimicrobial effect
on microorganisms is membrane damage and
penetration of silver nanoparticles into the cell.

The results of the present study provide hope for
the successful use of AgNPs 24 ppm for topical
therapy of infections involving the examined
bacterial species, as well as for disinfection.

CONCLUSIONS

In the studies performed by the disc-diffusion
method, a very good inhibitory effect of AgNPs 24
ppm was reported in all studied microorganisms.
The values of the diameters of the inhibitor zones
were close to those reported for the control
antibiotic, although lower than them. The studied
Gram-negative bacteria showed higher sensitivity
to colloidal nanosilver in comparison with the
Gram-positive microorganisms.

In the Gram-positive bacteria, the MIC values of
the studied AgNPs were higher than in Gram-
negative ones. C. perfringens with MICso 0.5 ug/ml
showed the highest sensitivity to AgNPs 24 ppm,
and S. aureus (MICso 2 pg/ml) - the lowest.

The high sensitivity of the obligate anaerobe C.
perfringens to AgNPs 24 ppm, established by all
methods used, is impressive. Higher susceptibility
of the studied Gram-negative bacteria, including P.
aeruginosa - a species that rapidly builds resistance
to chemical factors, was found. These results
provide hope for the successful use of AgNPs for
disinfection, as well as for topical therapy of
infections involving these bacterial species. The
lowest sensitivity was shown by C. albicans, and of
the bacteria - by S. pyogenes.

The experimental data show that the examined
AgNPs 24 ppm possesses well expressed
antimicrobial activity and could be successfully
used as an antiseptic and for treatment of infections
in animals and humans, caused by Gram-positive
and Gram-negative bacteria including obligate
anaerobes, as well as fungal diseases caused by
Candida albicans.

REFERENCES

1. H. Laroo, Journal of Physical Chemistry &
Biophysics, 3(5), 130 (2013).

2. E. M. Petrus, S. Tinakumari, L. C. Chai, A. Ubong,
R. Tunung, N. Elexson, L. F. Chai, R. Son,

370

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

International Food Research Journal, 18, 55
(2011).

Yu-C. Lu, K.-S. Chou, Journal of the Chinese
Institute of Chemical Engineers. 39(6), 673 (2008).
W. Zhang, X. Qiao, J. Chen, Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 299
(1-3), 22 (2007).

V. S. Patil, M. Mahajan, K. Kulkarni, C. Patil, A.
Rode, A. Coronas, Gi-Ra Yi, Chemosphere, 243,
125302 (2020).

O. V. Mosin, 1. Ignatov, Nanotechnology Research
and Practice, 8(4), 23 (2015).

T. Popova, 1. Ignatov, Bulgarian Journal of
Veterinary Medicine, (2021), in press.

J. Liu, R. H. Hurt. Environ. Sci. Technol., 44 (6),
2169 (2010).

K. Morrill, D. May, N. Leek, L. D. Langland, J.
Jeane, C. Ventura, S. Skubisz, E. Scherer, E. Lopez,
Crocker, R. Peters, J. Oertle, K. Nguyen, S. Just, M.
Orian, M. Humphrey, D. Payne, B. Jacobs, R.
Waters, J. Langland, J. Alter. Complement. Med.,
19(3), 224 (2013).

A. Petica, S. Gavriliu, M. V. Lungu, N. Buruntea, C.
Panzaru, Mater. Sci. Eng. B, 152, 22 (2008).

N. Lkhagvajav, I. Yasa, E. Celik, M. Kaygusuz, O.
Sari, Digest Journal of Nanomaterials and
Biostructures, 6(1), 149 (2011).

C. C. S. Batista, L. J. C. Albuquerque, 1. de Araujo,
B. L. Albuquerque, F. D. da Silva, F. C. Giacomelli,
RSC Advances, 8, 10873 (2018).

I. P. Mukha, A. M. Eremenko, N. P. Smirnova, A. I.
Mikhienkova, G. 1. Korchak, V. F. Gorchev et al.,
Appl. Biochem. Microbiol., 49, 199 (2013).

Patent PCT/EP2021/054691. 25.02.2021. Control
device and method for driving electrodes of at least
one electrolysis device for electrochemical
production of nanoparticles. Fabio and Markus
Colloidal Engineering GMBH, Switzerland, 2021.
A. W. Bauer, W. M. Kirby, J. C. Cherris, M. Truck,
The Am. J. Clin. Pathol., 45 (4) 493 (1996).

M. P. Weinstein, Performance Standards for

Antimicrobial Susceptibility Testing, 30" edn.,
2020, p. 332.
National Committee for Clinical Laboratory

Standards: Performance Standards for Antimicrobial
Disc Susceptibility Tests, 6™ edn.,, Approved
Standard. NCCLS Document M2 — A6, 17(1), 1997.
National Committee for Clinical Laboratory
Standards: Performance Standards for Antimicrobial
Susceptibility ~ Testing:  Ninth  Informational
Supplement. NCCLS Document M100 — S9, 18(1),
1999.

H. M. Ericsson, J. S. Sherris, Acta Path. Microb.
Scand. Suppl., 217, 3 (1971).

L Pokhrel, R. B. Dubey, P. R. Scheuerman.
Environmental  Science: Nano, 1, 45 (2014).


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jingyu++Liu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Robert+H.++Hurt
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://www.liebertpub.com/doi/abs/10.1089/acm.2011.0681
https://pubs.rsc.org/en/results?searchtext=Author%3ALok%20R.%20Pokhrel
https://pubs.rsc.org/en/results?searchtext=Author%3ABrajesh%20Dubey
https://pubs.rsc.org/en/results?searchtext=Author%3APhillip%20R.%20Scheuerman

Bulgarian Chemical Communications, Volume 53, Issue 3 (pp. 371 - 379) 2021 DOI: 10.34049/bcc.53.3.5412

Multivariate statistical assessment of Bulgarian bottled mineral and spring waters
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Water is essential to human life. Our bodies need a certain amount of water intake on a daily basis to function
appropriately. Several health benefits have been attributed to the mineral and trace element content of mineral and
spring waters. Although the quality of drinking water depends to a large extent on its microelement composition, only
limited data are available about trace element content in Bulgarian bottled spring waters. In this study, using ICP-MS a
simultaneous determination of 69 chemical elements in bottled spring waters has been performed and the results were
compared to the previous analysis obtained for bottled mineral waters sold on the Bulgarian market. The data for both
types of water (mineral and spring) prove that all determined elements are below Bulgarian Regulation No 9 of
maximum admissible levels. Only Fe in one brand of spring water is slightly higher than Bulgarian health-based value
but lower than EPA. Multivariate statistics (cluster, discriminant and factor analysis) were used to reveal groups of
similarity among the investigated mineral and spring waters. For everyday use, along with the alternation of different

brands of mineral water also change of the water type might be recommended.

Keywords: Spring waters, Mineral waters, Element composition, ICP-MS, Multivariate statistics.

INTRODUCTION

Water makes up 60-75% of human body weight
and is the most consumed natural product. It is the
only zero-calorie, zero-sugar and additive-free
beverage that will ensure a healthy form of
hydration. Most people in the EU have good access
to high quality drinking water. According to the
European Federation of Bottled Waters, the
consumption of bottled water in 2019 in Bulgaria
was 100 liters per capita for drinking purposes [1].
It is also worth mentioning that within the EU, the
consumption of bottled mineral water surpasses
more than five times that of spring waters [2].

The market of bottled waters is expanding
worldwide thanks to health concerns and/or
successful marketing [3]. According to the
European Federation of Bottled Waters (EFBW)
the three types of bottled water: natural mineral,
spring and table water differ in respect to origin and
applied legislation rules [4]. Both mineral and
spring  waters  originate  from  recognized
underground  water  sources. They  are
microbiologically safe. The main difference is that
stable mineral balance is typical for natural mineral
waters but is not required for spring waters and
mineral composition is not demanded on the label
of spring water bottles.

Investigations of the element concentrations in
bottled waters are mainly directed to natural
mineral waters and the number of publications is
growing, covering all continents and countries
[5—7]. The reason obviously is that mineral waters

*To whom all correspondence should be sent:
E-mail: ahvm@chem.uni-sofia.bg

are mainly recommended for health reasons and the
concentrations of major and some trace elements
are object of national standards. Although also of
natural origin spring waters are rarely investigated
or not mentioned explicitly in the study. Many
papers report results for bottled waters without
description of the type of waters or separate
discussion, using other types of classification of
bottled waters [7]. In some cases, spring, mineral
and table waters are analyzed and discussed
together disregarding their different origin and
pretreatment [8, 9].

Bulgaria is one of the richest countries in
mineral water resources and the bottled mineral
waters are certified and controlled [10]. Not so the
spring waters although usually they are
recommended for daily use because the mineral
content is considered to be lower. On the bottle
labels concentrations of major elements are given
but information for trace elements concentrations is
nowhere to be found [11, 12].

Detcheva et al. [13] compared the
concentrations of 13 elements in a random selection
of 7 mineral, 2 spring and 1 table waters. The
results indicted stability in the composition with the
time of bottling and certain similarity in the
composition of some of the samples.

The aim of the present paper is to perform a
comparison of the chemical composition of eight
spring waters with previously published data for
mineral waters [14] available on the Bulgarian
market for a maximum number of elements and

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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provide basis for the correct choice of suitable
drinking water, both for daily needs and after
medical recommendation.

EXPERIMENTAL

Bottled mineral and spring water samples

Fig. 1 presents a map of Bulgaria with the
mineral and spring water deposits where production
of bottled water is allowed. Seventeen brands of
mineral waters were subjected to analysis and the
results are discussed in details in Lyubomirova et
al. [14]. Additionally, eight brands of spring water
network were

available in the commercial
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purchased: three brands (Devin, Baldaran and Billa)
are originating from the same spring (spring
Baldaran, village Fotinovo, Rhodope mountains),
Bachkovo (spring “Badjova cheshma”, village
Bachkovo, Rhodope mountain), Rilana (drilling
Rilana No 962, Stob village, Rila mountain), H.O
pure (source Puknatinni vodi — Peshtera-Dospat,
Bratsigovo  village, = Rhodope  mountains),
Mihalkovo (Natural source Peshtera — Chiflika,
Rhodope mountains) and Zeolite water (spring
Balkan mountains, filtered through natural
zeolites).

Y

‘/-

Fig. 1. Simplified map of Bulgaria with the locations of the registered mineral (in blue) and spring (in pink) water
deposits.

ICP-MS analysis

The spring waters were analyzed using ICP-MS
(Perkin-Elmer SCIEX Elan DRC-¢) with cross-flow
nebulizer. The concentration of 69 elements (Ag,
Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs,
Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir,
K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, P,
Pb, Pd, Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc, Se, Si, Sm,
Sn, Sr, Ta, Tb, Te, Th, Ti, T1, Tm, U, V, W, Y, YD,
Zn, Zr) were determined as described in
Lyubomirova et al. [14]. The macroelement (Na,
Mg, Si, K and Ca) concentrations were determined
by the application of a Dynamic Bandpass Tuning
parameter — RPa as described in Lyubomirova ef al.
[15]. The concentrations of arsenic and selenium
were determined in a DRC mode [16] for the
elimination of Ar-based polyatomic interferences.

Analytical characteristics of the method

The accuracy of the method was checked by
analysis of two water SRMs: SPS-SW2 (Reference
Material for Measurement of Elements in Surface
Waters, Spectrapure Standards, Norway) and
NWTM-23.5 (Environmental matrix reference
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material, a trace element-fortified sample,
Environment and Climate Change, Canada). The
experimental results were in very good agreement
with the certified values. The average recovery for
each element concentration was calculated based on
the obtained results and the certified values. The
results showed that the current method had good
recovery (from 989 % to 101.6 % for
macroelements, from 99.6 % to 1004 % for
microelements and from 99.5 % to 101.3 % for
trace elements).

All samples were analyzed in triplicate to assess
the precision of the analysis, which is in the interval
1-9 %.

Statistical analysis

The statistical analyses were performed by
STATISTICA 7.0 software package. The analytical
data were subjected to cluster, discriminant and
factor analysis. Although 69 elements were
determined, not all of them were used in the
statistical analysis. The concentrations of Ag, Au,
Be, Cd, Dy, Er, Eu, Gd, Ho, In, Ir, La, Lu, Nb, Nd,
Os, Pb, Pd, Pr, Pt, Re, Rh, Ru, Se, Sm, Sn, Ta, Tb,
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Tm and Yb which exhibited values usually lower
than the limit of detection (LOD) of the method
were excluded. A data matrix with 17 mineral water
and 8 spring water samples and 39 variables was
formed. The data were treated by hierarchical
cluster analysis, based on the Ward’s method
algorithm and the squared Euclidean distance. To
verify the correct classification of the mineral and
spring samples obtained by cluster analysis, a
discriminant analysis with the same 39 variables
was performed. The posterior probability for the
samples to belong to each group was automatically
calculated by the STATISTICA 7.0 statistical
software programme.

Factor analysis was also used in the current
investigation as a multivariate exploratory
technique, which can be used to uncover the latent
structure of a set of variables. The Kaiser criterion
[17] was applied to determine the total number of
factors for each dataset in this analysis. Under this
criterion, only factors with eigenvalues greater than
or equal to 1 are accepted as possible sources of
variance in the data, with the highest priority
ascribed to the factor that has the highest
eigenvector sum. The rationale for choosing 1 is

that a factor must have a variance at least as large
as that of a single standardized original variable to
be acceptable.

RESULTS AND DISCUSSION
Element concentrations

The concentrations of 55 elements in the spring
waters are presented in Table 1 and the mineral
water content is presented in [14].

The data for both types of water (mineral and
spring) prove that all determined elements are
below Bulgarian Regulation No 9, 2001 [18],
WHO, 2017 [19] and EPA, 2018 [20] maximum
admissible levels. Only Fe in Bachkovo (see Table
1) spring water is slightly higher than Bulgarian
health based value but lower than EPA. The
concentrations of Dy, Er, Gd, Ir, Lu, Pb, Pd, Pt, Re,
Ru, Sm, Ta, Tm, Os, were below the LODs in all
the samples of the spring waters and are not
presented in the table. The experimentally
determined LODs for Dy, Er, Gd, Ir were 0.001
pg/L, for Lu, Os, Pb, Pt, Re and Ru were 0.002
pg/L and for Sm, Ta, Tm were 0.003 pg/L.

Table 1. Element concentrations (pg/L) in Bulgarian spring waters.

Element Billa ?(2(\:]}:)_ Rilana | Devin | Baldaran gliroe l\ﬁngg- Zeolitna %%g WHO EPA

Ag 0.042 0.026 0.011 0.005 <0.003 0.005 0.005 <0.003 100™
50-
Al 5.18 1.08 0.34 20.2 25.8 2.69 5.89 <0011 | 200% | 900%* | 200
As 0.27 1.83 0.20 0.27 0.29 0.89 0.27 0.14 10 10 10
Au 0.02 0.05 0.02 0.02 0.03 0.01 <0.001 <0.001
B 1.08 413 1.31 1.94 2.62 16.1 2.62 0.68 1000 2400
Ba 0.53 19.2 233 1.29 1.08 16.5 5.53 2.71 1300 2000
Be <0.008 0.066 <0.008 | <0.008 | <0.008 | <0.008 <0.008 <0.008 4
Bi 1.66 1.76 0.19 0.37 0.29 0.36 0.078 0.047
Ca 5.83 74.5 18.4 6.02 5.97 51.5 20.7 0.70 150"
mg/L

Cd 0.003 0.010 <0.001 | <0.001 0.024 <0.001 <0.001 <0.001 5 3 5
Ce 0.004 <0.001 | <0.001 0.043 0.032 <0.001 <0.001 <0.001
Co 0.014 0.15 0.055 0.007 0.010 0.058 0.027 <0.001
Cr 1.24 2.49 1.47 0.39 0.46 1.73 1.42 1.41 50 50 100
Cs <0.001 10.6 0.002 <0.001 0.005 0.019 <0.001 0.048
Cu <0.011 <0.011 0.36 <0.011 <0.011 0.40 0.038 0.049 2000 2000 1300
Eu <0.001 0.005 0.007 | <0.001 | <0.001 0.002 <0.001 <0.001
Fe 23.1 258 72.0 279 37.3 119 65.9 <0.014 | 200" 300"
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Ga 0.060 0.078 | 0.018 | 0.014 | <0.003 | 0.051 0.028 0.058
Ge <0.001 0.67 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001

Hf 0.14 0.35 0.035 | 0.079 | 0.053 0.52 0.011 0.93

Hg 0.02 0.05 0.02 0.02 0.03 0.01 0.03 0.05 1 6 2
Ho 0.002 0.003 | <0.001 | 0.003 | <0.001 | 0.002 0.002 | <0.001

In 0.002 0.005 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 0.026
Kmgl | 084 3.73 2.99 0.93 0.95 3.63 1.67 13.8

La <0.001 | 0.002 | 0.008 | 0.007 | 0.004 | 0.004 0.008 | <0.001

Li 3.37 61.6 0.83 2.73 2.82 4.71 0.53 0.024

ml\g;gL 0.32 8.50 2.69 0.29 0.34 6.56 0.64 0.099 80"

Mn <0.007 | <0.007 | <0.007 | 0.039 | <0.007 | <0.007 0.86 0.025 | 50" | 400 | 50"
Mo 0.23 0.42 0.10 | 0.045 | 0.055 | 0.096 0.036 0.26 70"
mI;?L 5.26 25.4 3.96 5.78 5.75 28.9 3.59 0.87 | 200" 50

Nb 0.01 0.03 0.01 0.02 | <0.001 0.03 <0.001 | <0.001

Nd 0.012 | <0.003 | 0.024 | 0.009 | 0.004 | <0.003 | <0.003 | <0.003

Ni <0.008 5.79 021 | <0.008 | 0.10 1.34 0.62 <0.008 | 20 70

P 73.8 1.50 80.2 733 96.5 34.4 68.1 20.6

Pr 0.003 0.003 | <0.002 | 0.004 | 0.003 | <0.002 | <0.002 | <0.002

Rb 0.60 11.4 0.27 0.65 0.71 3.56 1.33 2.42

Rh <0.001 0.01 | <0.001 | <0.001 | <0.001 | 0.02 0.01 <0.001

Sb 1.29 1.68 0.93 0.94 0.52 0.82 0.50 1.37 5 20 6
Sc 13.34 5.11 4.83 12.93 13.26 18.8 9.93 0.24

Se 1.57 1.56 0.44 0.68 | <0.012 | 0.45 <0.012 0.87 10 40 50
SimgL | 134 5.52 4.94 133 14.1 234 118 0.15

Sn 0.11 0.15 | <0.007 | 0.07 | <0.007 | 0.11 <0.007 0.16

Sr 27.6 243 89.9 30.5 293 229 475 5.84

Tb 0.002 0.002 | <0.001 | <0.001 | <0.001 | <0.001 | 0.003 <0.001

Te 0.23 0.64 0.19 | 0.045 0.14 0.23 0.23 0.70

Th 0.14 0.098 | 0.012 | 0.050 | 0.043 | 0.038 0.012 0.73

Ti 1.20 352 87.4 2.78 9.85 184 73.6 1.07

Tl 0.009 0.030 | <0.006 | <0.006 | 0.009 | <0.006 | 0.013 0.050 2
u 0.19 5.29 0.025 | 0.0 0.24 1.56 0.17 0.006 30 30 30
\Y% 0.57 0.57 0.47 0.53 0.64 0.39 0.60 0.11

w 9.44 21.1 1.79 3.03 1.98 2.85 1.39 22.1

Y <0.001 | <0.001 | 0.007 | 0.003 | 0.003 | <0.001 [ 0.006 | <0.001

Yb <0.003 | <0.003 | <0.003 | 0.006 | <0.003 | 0.004 | <0.003 0.004

Zn 0.17 1.90 0.66 | <0.002 | <0.002 1.20 <0.002 | <0.002 | 4090 5900
Zr 0.18 0.65 0012 | 0.10 0.042 0.22 0.018 1.12

*- Indicator value, **- Health-based value, ™" - Secondary Drinking Water Regulation
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Fig. 2. Two-dimensional plot of projection of the elements on the factor plane

Statistical assessment of the data

Factor analysis was applied to investigate
interelement and geochemical correlations among
the determined elements in all investigated water
samples. The performed factor analysis of the data
set revealed three latent factors, explaining 92.37%
variance. Figure 2 presents two-dimensional plot
projections on the factor plane.

Highest factor loadings in Factor 1 have alkali
(without K) and alkaline earth elements, Ti, Fe, Cr,
Co, Ni, Zn, As, U and B. Factor 2 includes K, Si, P,
V, Zr, Hf, W, T1, Th, Sc, Sn. Members of Factor 3
are Ag, Cu, Bi, Se. Factor 1 reflects the presence of
elements in Fe-Ti oxide minerals and sedimentary
carbonate rocks which are widespread in Northern
Bulgaria [21]. The Moesian Platform of Northern
Bulgaria originates from Hercynian deformation
and is mantled by shelf-type Mesozoic and Tertiary
carbonate rocks. The elements in Factor 2 are
usually present in different combinations in
potassium silicates distinctive for the Rhodope
massif of southern Bulgaria, which is a
mountainous terrain of Precambrian and Paleozoic
crystalline rocks [21, 22]. The combination in
Factor 3 indicates polymetallic veins [23, 24].

To establish groups of similarity in the chemical
composition of the analyzed samples -cluster
analysis was performed and the respective
dendrogram is presented on Fig. 3. A data matrix
with 17 mineral water and 8 spring water samples
and 39 variables was formed, as described in the
experimental part. The samples were combined in

two groups and one outlier. The statistical validity
of the classification was confirmed by discriminant
analysis and the result is presented on Fig. 4.

Cluster 1 includes all mineral waters with the
exception of Voditsa and Dragoynovo which join
cluster 2 where all spring waters are grouped. The
Zeolite water is an outlier. The two-dimensional
plot after discriminant analysis (Fig. 4) confirmed
the results from the cluster analysis.

The elements responsible for this grouping of
the samples are the macroelements - Na, Ca, K, Si
and Mg. This result indicates that the major
difference between mineral and spring water is the
concentration of major elements. Fig. 5 presents the
ratio of the average concentrations in the obtained
clusters. Na and Si are substantially higher in
cluster 1 where the majority of mineral waters are
grouped while K, Ca and Mg are higher in cluster 2
including all spring waters and two mineral waters.
It is worth noting the differences between Na and
Ca, whose average concentrations differ
significantly not only in the obtained clusters, but
also in the average concentrations of the mineral
[14] and spring waters. The average concentrations
of K and Mg are also higher in the spring waters
compared to the majority of the mineral waters. The
only exception is the mineral water Mihalkovo with
acidic pH and higher mineral content. The higher
average K, Ca and Mg concentration in the group
of the spring waters contradicts to a certain extent
the accepted opinion that spring waters are much
more suitable for everyday use compared to mineral
waters due to lower mineral content.
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Higher mineral content however does not mean
that the water has more harmful effects because the
concentrations are lower than the maximum
permissible level [14], moreover, the effect on an
organism depends on their form. For instance, Na
in bicarbonate form is considered to have a
beneficial effect on blood pressure and metabolic
activity [24, 25] while NaCl might show some
negative effect. Bulgarian mineral waters are
mainly of the NaHCO; type and may be considered
having positive influence on the organisms [14].

The finding about the difference in the
concentrations of spring to mineral waters is
justified specifically for Bulgarian waters. The lack
of information for European bottled spring waters
hinders the possibility to conclude whether such
tendencies in the element concentrations exist in
other regions as well.

However, it is mnot the total mineral
concentration that is important but there is a
specific tendency in the element distribution. The
microelements’ contents are an important part of
healthy human diet. Their concentrations in mineral
waters are controlled in respect to toxicity while in
spring waters the content of microelements is not
officially under control.

To compare the concentration of microelements
in the analyzed waters and look for similarity
groups cluster analysis of the samples was
performed. The resulting dendrogram is shown on
Fig. 6.

The result from the cluster analysis of
microelements showed the formation of four
clusters. Cluster 1 includes the mineral waters
Kniajevo, Gorna Bania COOP, Gorna Bania - all
three samples are from Sofia region where host
rocks contain up to 1.1 % Ti, 11.6% Al, 10.5 % Fe,
0.52% P, 0.5 % Sr, 160 pg/g Zn, 70 pg/g Li, which
were the elements corresponding to the clustering
results [26]. Cluster 2 includes Banichan, Pirin
Spring, Kom, Devin, Hissar Choban cheshma,
Hissar Millennium 4, Hissar Spring Ne 7, White
water, Velingrad, Mihalkovo. The mineral water
deposits are located in the Rhodope, Rila and Pirin
mountain regions in Southern Bulgaria region
where the host metabasic rocks contain up to 10.3
% Al, 6.7 % Fe, 0.46 % Ti and 0.052 % P [27].
Cluster 3 includes 3 spring waters (Baldaran, Devin
Spring and Billa) all of them originating from the
same source but bottled by different suppliers and

the outlier Zeolite water. Cluster 4 combines 4
mineral ~ (Matinee, Bankia, Voditsa  and
Dragoynovo) and 4 spring waters (Mihalkovo,
Rilana, H,O pure and Bachkovo) in one group
indicating significant similarity in the chemical
composition irrespective of the difference in their
type and origin.

The spring waters in cluster 4 originate from the
Rhodope - Rila mountain region and have similar
geochemical background [27]. Obviously, they
have different microelement concentrations from
the mineral waters from the same region members
of the second cluster. The mineral waters in cluster
4 originate from different regions which are not
geologically similar. The elements responsible for
the grouping are Al, P, Li, Sr, Ti, W and Fe.

There is direct connection between Al, Fe and P
during the process of their release from soils and
sediments to water depending on acidification and
redox processes. It is considered that P may be
liberated by reductive dissolution of Fe(OH); but
remains absorbed on Al(OH); [28, 29]. Thus the
established similarity in the microelement
concentrations of the mineral and spring waters in
cluster 4 might be attributed to local redox
processes influencing the release of microelements.

CONCLUSION

The results from the present investigation
indicate quantitative and qualitative difference in
the macroelement concentrations of spring and the
majority of mineral waters in spite of the similarity
established between certain mineral brands and
spring waters. The comparison of microelements
also  established mixed similarity groups
mineral/spring waters. Thus for daily use except the
change between types of water (mineral/spring), a
change of the water brands may be recommended.
Additionally, attention should be paid to the water
source since a single source is used by several
producers for bottling different brands of water.

The results however confirm that the element
concentrations in Bulgarian bottled waters meet all
national and international safety standards.
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Monitoring of mycotoxins produced by Fusarium and Aspergillus spp. in feed
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Toxins produced by Fusarium and Aspergillus spp. have been recognized as major contaminants of feed materials.
Their detection is very important for feed safety and animal nutrition into the conccept of global health. A complex study
in Bulgaria for the presence of these toxins was performed on 221 representative samples. They were collected in the
2017-2019 period, including wheat (85 samples), barley (68 samples), maize (32 samples), and sunflower (36 samples).
As diagnostic tool the biochemistry assay — Enzyme Linked Immunisorbent Assay method, was used. The contamination
with fumonisins was determined in all of the analyzed samples. The highest fumonisin concentration of 4.82 mg/kg was
detected in maize, followed by wheat of 4.67 mg/kg, barley -2.89 mg/kg and the lowest of 2.07 mg/kg was detected in
sunflower samples. Our survey revealed that mycotoxins produced by Fusarium spp. are frequent contaminants of feed
grains in Bulgaria. The highest detected concentration of aflatoxins was 14.49 ng/kg in sunflower samples, 11.55 pg/kg
in barley, 10.40 pg/kg in wheat and 9.90 pg/kg in maize. The reported pollution levels of both toxins are lower than those
referenced in the European regulations. Despite the low levels, the results show the need for more comprehensive research
on these two mycotoxins in the feed chain, which is important for animal and human health. We examined for the first
time the presence of the two toxins in a wide range of feed grains, in view of feed safety in Bulgaria for a period of three
years.

Keywords: barley, ELISA, maize, mycotoxins, sunflower, wheat

INTRODUCTION susceptible to fungus contamination and mycotoxin
formation.

The most important mycotoxigenic fungus
associated with maize and other crops, which
produces fumonisins is Fusarium verticillioides |8,
9]. In 1988, its chemical structure and biological
activity were elucidated in South Africa [10].
Fumonisins are found to be relatively heat-stable
[11] and they are also water-soluble.

Toxicological investigations on the fumonisins
have focused mainly on fumonisin BI1(FB1), the
major fumonisin produced in nature. The occurrence
of fumonisins in grains and grain products has been
a world-wide problem. In wheat plants Fusarium
infections can lead to diseases such as rot. In view of
the difficulty in removing the mycotoxins,
monitoring of grains during planting to harvest is
important for the control of exposure to these toxins.

Fusarium spp. have an impact on the economy by
causing lower grain yields and economic losses [12,
13].

Bulgaria is a country with a temperate-
continental climate, which favors the formation of
mycotoxins of Fusarium spp. and after harvesting
under the storage conditions aflatoxins are very
likely to be produced. The small number of
monitoring programs was the reason to monitor the
level of contamination of a wide range representative
samples from all regions. It is very important to

Molds produce secondary metabolites such as
mycotoxins, pigments, plant regulators, which do
not always have an obvious biological function [1].
Although over 300 different mycotoxins have been
identified so far, those of most concern based on
their toxicity and occurrence are the aflatoxins,
ochratoxin A, zearalenone, deoxynivalenol,
fumonisins and T-2 toxin, which cause significant
health implications, mainly through food and feed
contamination [2]. The presence of aflatoxins and
fumonisins in feed materials depends on many
factors some of which are weather and storage
conditions. Aflatoxins are produced by Aspergillus
flavus and Aspergillus parasiticus. They occur
mainly after harvest during the grains storage.

Rabbits, turkeys, chickens, pigs, cows and goats
are susceptible to aflatoxins contamination [3], and
horses, pigs and rats are the most sensitive animals
to fumonisins [4, 5]. Animals fed with food
contaminated with aflatoxins can transmit the
products of transformation of aflatoxins into eggs,
milk, dairy products and meat [6]. Igbal et al. [7] in
their study demonstrated that contaminated poultry
feed with aflatoxins has a high rate of contamination
in chicken and eggs in Pakistan. Most of the cereal
grains, oilseeds, tree nuts, and dehydrated fruits are
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recommend the bussiness operators to carry out
constant monitoring in protection of animal and
human health.

EXPERIMENTAL
Materials and methods

Feed samples:  Freshly harvested 221
representative corn samples collected from different
regions of Bulgaria were analyzed: wheat (85
samples), barley (68 samples), maize (32 samples)
and sunflower (36 samples).

Samples analyses: 5 g of ground samples were
mixed and processed using 70% methanol (Valerus
Ltd, Bulgaria) as solvent for extraction. The filtered
(Whatman No 1, Merck) samples were screened for
fumonisins and aflatoxins by the Enzyme-Linked
Immunosorbent Assay (ELISA) method. A
commerccial kit (R-Biopharm, Germany) was used
and the samples were prepared according to the
instructions of the manufacturer. The measurement

was made at 450 nm. The absorbance was inversely
proportional to the fumonisins and aflatoxins
concentrations in the sample. The values calculated
for the standards were entered into the Ridawin
program, Computer Systems (ELx800 Universal
Microplate Reader, BIOTEK® Instruments, Inc.,
USA).

RESULTS AND DISCUSSION

The mycotoxins contamination became a more
and more important segment of food chain safety.
The research conducted for the period of tree years
(2017-2019) allowed wus to establish the
mycotoxicological status of the evaluated feed
materials against aflatoxins and fumonisins. Figure
1 sumarises the results for all samples and their
contamination with fumonisins during the study
period. The difference in mycotoxins contamination
of collected crop samples per year is presented
(Table 1).

100 -+
82
80 A 68 71
M total number of
i o)
60 >0 % samples
34% 36%
40 - M presence of fumonisins
20 -
O T T 1
2017 2018 2019

Fig. 1. Number of samples with detected presence of fumonisins in the period 2017-2019

Table 1. Estimated fumonisins contamination of feed materials in the period 2017-2019

% of positive Range (min-max) Mean
Sample Year  No samples g(mg/kg) (mg/kg)
2017 26 38.5 0.283-3.49 1.94+1.19
Wheat 2018 34 38.2 0.233 - 4.67 2.1+1.34
2019 25 28 0.285-0.971 0.5+£0.21
2017 22 - - -
Barley 2018 24 46 0.300 - 2.89 0.98+0.71
2019 22 45 0.351-0.738 0.49+0.12
2017 10 60 1.06 - 4.82 2.60£1.2
Maize 2018 12 33 1.70 - 2.06 1.76+0.25
2019 10 40 0.380 - 0.520 0.44+0.05
2017 10 50 1.06 - 2.07 1.41+0.36
Sunflower 2018 12 17 0.782-1.86 1.32+0.55
2019 14 29 0.245 - 0.642 0.38+0.21

Fumonisins were found in all studied materials
except of barley samples for 2017 crop and their
quantity did not vary widely. This may be caused by

the fact that contamination occurred after harvesting,
so the Fusarium fungi did not have enough time or
appropriate conditions to produce detectable
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amounts of toxins. Higher concentrations of
fumonisins in maize were proved to be 4.82 mg/kg
for 2017 crop, (Table 1). The maize sample with the
found highest concentration of 4.82 mg/kg originates
from the Northwestern region of Bulgaria. This is the
highest quantity value of this mycotoxin for all
investigated feed materials in the studied period. In
another study performed by Rubert et al. [14] the
highest value of fumonisins obtained in Spanish
maize samples was 1.20 mg/kg, which is quite lower
than this found by us. It could be because the
climatic conditions and latitude are important factors
for producing fumonisins in cereal grains.

The lowest mean fumonisin level in maize
samples found by us was 0.44 mg/kg (Table 1). This
value is close to the levels of 0.55 mg/kg reported by
Solovey et al. [15] and higher than the 0.01 mg/kg
found by Scudamore and Patel [16]. On the other
side, the main values for maize samples (2017-2018)
determined by us are similar to those reported by
Vrabcheva et al. [17]. They performed the
experiment with Bulgarian maize analysed by the
ELISA method and found the presence of
fumonisins with a mean value of 1.5 mg/kg, 1.8
mg/kg and 2.1 mgkg while in the collected
sunflower samples values close and in the range of
1.06-2.07 mg/kg for 2017 crop were shown (Table
1). Our results show that for the 2018 crop the
highest fumonisins concentration is detected in
wheat samples (4.67 mg/kg) while in other studied
samples the values are lower. It should be mentioned
that this trend was also observed in 2019 harvest.

It can be mentioned that for all studied feed
materials the content of fumonisins is lower in the
2019 crop. The lowest concentration was found in
maize samples (0.380-0.520 mg/kg), followed by
sunflower (0.245-0.642 mg/kg), in barley samples
(0.351-0.738 mg/kg) and in wheat samples (0.285-
0.971 mg/kg) (Table 1).

Similar percent values for positive samples show
maize 60% and sunflower 50%, 2017 harvest. The
lowest numbers of 17% and 28% positive samples
for the study period (2018-2019) were found in
sunflower and wheat samples, respectively (Table
1). Mycotoxins produced by Fusarium spp. are a
serious problem for feed grains and maize.

In another study conducted by Manova and
Mladenova [18] on fumonisins contamination in
maize in Bulgaria, a wide prevalence (94.7%) was
found in the tested samples and only in one of the
samples the contamination was found to exceed the
maximum limits for untreated corn. In our survey we
found that only one maize sample has fumonisins
content of 4.82 mg/kg (Table 1). This value is very
low compared to the maximum permitted level (60
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mg/kg) as referred in EC Recommendation
576/2006 [19]. The presence of fumonisins in almost
all of the tested samples could be attributed to the
warmer and raining period during the harvest in the
studied period. Fusarium toxins have been
associated with the temperature at which the
cultivation, harvest, and storage of cereals occur. As
it is known, molds produced by Fusarium spp. are
so-called “field” mycotoxins and they are formed
during growth and harvest. These findings confirm
the special importance of Fusarium spp. as major
contaminants of cereals in areas with temperate
continental climates, where our country falls. Our
results confirm the opinion that Fusarium
contamination is high, especially in the northern part
of the country (Fig. 3).

Aflatoxins and fumonisins produced by the
genera Fusarium verticillioides spp. and Aspergillus
flavus spp. have the ability to infect fodder crops
including maize, wheat and barley [20]. This was the
reason why feed materials were tested for
fumonisins and aflatoxins. Compared to fumonisins
the presence of aflatoxins was not registered in all of
the studied feed materials. It is evident from the
results in Table 2. The highest concentrations are
14.49 pg/kg and 12.45 pg/kg and the highest mean
levels are 10 pg/kg and 10.54 pg/kg, respectively.
These values were detected in sunflower samples
from 2017 and 2018 crops. And the lowest values
were found mainly in 2017 crop for maize and wheat
samples (1.10-2.73 pg/kg and 2.76-5.65 png/kg,
respectively) with mean levels of 2 pg/kg and 3.9
ug/kg (Table 2).

We found the presence of aflatoxins in all of the
studied samples for 2019 crop. It has to be noted that
it varies by regions and dominates in the South
central part, (Fig. 3). Concerning aflatoxins
contamination it should be mentioned that maize,
sunflower and feed grains are favorable substrates
for the development of aflatoxins. The maximum
level of aflatoxins — 14.49 pg/kg found in sunflower
samples is below 20 pg/kg as referred to in
Ordinance Ne 10 of 3.04.2009 [21] for the maximum
eligible concentrations of unused substances and
products feed.

This sample originates from the northwest of the
country, while the minimum level of 5.60 ng/kg is
for a sample originating from the northeast. It should
be mentioned that the mean values of fumonisins for
the studied period are considerably lower than these
of aflatoxins, which is not in correlation with the
established high percent of molds contamination. In
Figure 2 are shown the total number of
representative samples and their contamination with
aflatoxins in percent during the study period. Taking
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into account the warmer climate in Europe the role
of molds of genus Aspergillus should not be
underestimated which are potential producers of
mycotoxins with acute toxic effects.

Figure 3 shows the distribution of both

mycotoxins by regions.

Table 2. Estimated aflatoxins contamination of feed materials in the period 2017-2019

% of positive Range (min-max) Mean
Sample Year No
P samples (ug/kg) (ug/kg)
2017 26 19 2.76-5.65 3.9+1.1
Wheat 2018 34 - - -
2019 25 20 8.29-10.40 9.3+0.83
2017 22 - - -
Barley 2018 24 - - -
2019 22 18 2.18-11.55 7.23+3.38
2017 10 30 1.10-2.73 2+0.68
Maize 2018 12
2019 10 20 7.94-9.90 8.92+1.11
2017 10 20 5.60-14.49 10+4.4
Sunflower 2018 12 16.7 8.63-12.45 10.54+1.65
2019 14 14.3 7.23-9.23 8.23+1.01
100 -
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8o |{ 68 1
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60 - M total number of
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Fig. 2. Number of samples with detected presence of aflatoxins in the period 2017-2019
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Fig. 3. Fumonisins and aflatoxins occurrence in feed materials and its distribution by regions during 2017-2019

383



M. Ignatova, N. Sertova: Monitoring of mycotoxins produced by Fusarium and Aspergillus spp. in feed materials...

As can be seen, fumonisins predominate. This
observation can be explained by latitude and the
climatic conditions. If the latitude of the location
decreased, the fumonisin content could be increased.
Keep in mind that fumonisins are field mycotoxins,
climatic conditions could have an important
influence in determining the prevalence of the
Fusarium species.

CONCLUSION

Fumonisins and aflatoxins were found as natural
contaminants for wheat, barley, maize and sunflower
for the period 2017-2019 while in barley samples
their presence was not found in 2017 crop. Maize
produced in Northern Bulgaria is more contaminated
with fumonisins than that in Southern Bulgaria.
Aflatoxin contamination is twice less than that of
fumonisins. The presence of fumonisins in feed
materials is more widespread than that of aflatoxins
in the country. No aflatoxins were detected in the
studied representative samples in the south-western
region.

Taking into account our results and the values
referred in the EC regulation it could be mentioned
that the analyzed range of feed grains can be used for
animal nutrition because of low levels of
contamination.

The contents of mycotoxins measured during the
present study did not exceed the permissible levels
recommended by the European Commission for
animal feed. Analyzing the results according to
European regulations, it can be concluded that
contamination with aflatoxins and fumonisins does
not pose a potential risk to the health and
productivity of farm animals. Nonetheless, it is
recommended that seeds be monitored continuously
to protect against the risk of mycotoxin
contamination for safer food and feed.
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