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GENERAL DESCRIPTION OF WORK

Relevance of the topic and degree of development. Due to the high
cost of production of new polymers, the preparation of polymer
materials with improved performance based on existing and waste
polymers has nowadays been one of the most important directions of
macromolecular chemistry.

Modification of polymers is a purposeful process aimed at changing
certain properties of polymers during their synthesis or as a result of
additional processing of raw polymers. In this process, new properties
are given to the polymer, undesirable properties are eliminated and
efforts are made to maintain the existing positive properties.
Depending on the nature of the processes taking place, the physical,
physico-chemical, chemical and composite methods, as well as their
combinations are used to modify polymers.

In recent years, there has been an increasing interest in the composite
method of polymer modification based on the addition of fillers of
various natures. After Andre Geim and Konstantin Novoselov's
research on the synthesis of a single graphene layer was awarded the
Nobel Prize in 2010, the application of graphite and its derivatives
(multi-layer graphene, graphene oxide, graphene nanosheets, and
functionalized graphite) as promising fillers in polymer modification
has become more relevant.

Synthesis of hybrid composite (HbC) using a combination of
chemical and composite methods for modification of polymers
determines the relevance of the presented dissertation.

Research works based on the modification of polymers through
various chemical reactions have been published in many local and
foreign publications. However, currently, in the scientific literature,
the studies on the modification of polymers through combination of
chemical and composite methods are a minority.

Object and subject of the research. The objects of the study are
butadiene rubber (BR), graphite, and a HbC synthesized via
combination of chemical and composite modifications of BR. The
subject of the research is the study of the synthesis of the HbC in the
modified BR and functionalized graphite (FG) system. In addition, to
confirm the homogenous structure of the synthesized HbC, its thermal,



electrical and dielectric properties were studied, and the issues of its
use in the sorption of dyes and as a flame retardant were also
discussed.

Goals and objectives of the research. The dissertation aims to
develop a synthesis method and study the properties of BR and
graphite-based HbC by oxidative chlorophosphorylation (OxCh)
reaction. It is known that in the OxCh reaction of BR, which proceeds
according to the free radical mechanism, both chemical modification
and cross-linking of macromolecules take place. In the research
conducted in the current dissertation, the OxCh reaction was used to
functionalize the graphite to ensure the participation of the filler in the
reaction and the chemical affinity between the polymer and the filler.
Afterwards, the chemical modification of BR through OxCh reaction
was carried out in the presence of the OxCh functionalized graphite,
and a new approach was proposed for the synthesis of a HbC that
meets the modern requirements of science and technology.

To achieve the goals of the dissertation, it is planned to conduct the
following:

— directed functionalization of graphite by the OxCh reaction to
ensure the chemical affinity of the polymer and the filler;

— study of FG by modern physical and physico-chemical methods
of analysis;

— development of a HbC synthesis method based on a joint
modification of BR and FG with OxCh reaction;

— study of the electrical, dielectric and thermal properties of a
homogeneous HbC to confirm its synthesis;

— study of the composition and structure of the synthesized HbC
employing infrared (IR) and ultraviolet-visible (UV-vis) spectroscopy,
elemental analysis, scanning electron microscope (SEM), and X-ray
diffraction phase analysis (XRD);

— study of the process of sorption of Acridine yellow dye (AYD)
with the synthesized HbC, including the study of optimal sorption
conditions, isothermal, kinetic, and thermodynamic parameters;

— testing of the synthesized HbC as a flame retardant in laboratory
conditions.



Research methods. HbC and FG were synthesized through the
OxCh reaction and a subsequent hydrolysis of the obtained
modifications. The synthesized samples were analyzed using IR and
UV-vis spectroscopies, XRD, SEM, thermogravimetry (TG) and
differential scanning calorimetry (DSC). Electrical and dielectric
properties were analyzed in an immittance measuring device at room
temperature and in a wide frequency range (/~0.01-10°+10-10° Hz).
During the analysis of sorption properties of the samples, the initial
and equilibrium concentrations of the dye solution were identified
using the spectrophotometric method at a wavelength of 444 nm and
on a water background.

Conceptual issues presented for defense.

— a new method for functionalization of graphite by OxCh
reaction;

— synthesis of a new graphite-based HbC with chemical
modification of BR;

— study of the synthesized HbC by methods of physical and
physico-chemical analysis, study of thermal, electrical, and sorption
properties.

Scientific novelty of the research. For the first time:

— OxCh reaction is used for the functionalization of graphite, i.e. to
ensure chemical affinity between the filler and the polymer;

— HbC based on BR and FG was synthesized through OxCh
reaction;

— To confirm the homogeneous structure of the HbC synthesized by
the OxCh reaction based on BR and graphite, its thermal, electrical,
and dielectric properties were studied;

— Sorption of AYD from model wastewater using the BR- and
graphite-based HbC was studied;

— the HbC based on BR and FG was investigated as a flame
retardant.

Theoretical and practical significance of the research.

— this approach may be important in the future in the preparation of
new hybrid composites using different chemical reactions based on
other polymer and layered structure fillers (carbon nitride, boron
carbon nitride, natural layered silicates);



— the results and interpretations of the applied physical and physico-
chemical research methods can be used in the study of other
composites;

— the methods developed for the synthesis and research of the HbC
may be important in the future in the preparation of polymer materials
based on waste BR (a product that does not meet technical
requirements and standards or an expired product) and waste graphite
(used electrodes);

— the synthesized HbC can be used in the production of electrically
conductive materials, in the sorption of dyes, and in the treatment of
water under extreme conditions.

Personal contribution of the author. The author analyzed the
literature data, conducted experiments related to the functionalization
of graphite, synthesis and study of the properties of the HbC
composite. The main role in the discussion of the research results and
the preparation of scientific publications belongs to the author.

Publications. 9 scientific articles and 14 abstracts of reports were
published on the topic of the dissertation work. Five of the articles
were published in journals indexed in the Web of Science (Science
Citation Index Expanded) international database.

The results of the dissertation were presented at the following
international and national scientific conferences: New Carbon
Nanomaterials: Ultrathin Diamond Films (Russia, 2021); XXIX
Russian Youth Scientific Conference with International Participation
Dedicated to the 150th Anniversary of the Periodic Table of Chemical
Elements (Russia, 2019); III International Scientific Conference of
Young Researchers (Azerbaijan, 2019); 14th St. Petersburg
International Conference of Young Scientists (Russia, 2018); XIV
Ukrainian Conference on Macromolecules (Ukraine, 2018); Current
Problems of Chemistry, XII International Scientific Conference
(Azerbaijan, 2018); “Naghiyev readings” Scientific Conference
Dedicated to Academician Murtuza Naghiyev's 110th Anniversary
(Azerbaijan, 2018); V International Bergman Conference “Physical
and Chemical Analysis in Education, Science and Technology”
(Russia, 2017); 6th International Conference on Ecological and
Environmental Chemistry-2017 (Moldova, 2017); International



Scientific-Practical Conference on “Water Resources, Hydro-
Technical Facilities and Environment” (Azerbaijan, 2017); Actual
Problems of Chemistry, XI International Scientific Conference
(Azerbaijan, 2017); Scientific Conference Dedicated to the 80th
Anniversary of the Institute of Catalysis and Inorganic Chemistry
named after M. Nagiyev (Azerbaijan, 2016); Actual Problems of
Chemistry, X Republican Scientific Conference (Azerbaijan, 2016);
IX International Mammadaliyev Conference on Petrochemistry
(Azerbaijan, 2016).

Within the scope of the dissertation, a research work was carried out
at the Department of Chemistry of High Molecular Weight
Compounds at the Baku State University, Azerbaijan.

Scope and structure of the work. The dissertation consists of an
introduction, 5 chapters, a summary of the results, and a bibliography
of 284 sources. The work in total comprises 202 pages, including 33
tables, 81 images and 11 schemes.

MAIN CONTENTS OF THE WORK

Relevance of the dissertation topic, goals and objectives of the study,
methods, scientific novelty, theoretical and practical significance, and
testing of the results are given in the introduction.

The first chapter of the dissertation interprets recent scientific
literature data on polymer modification, graphite surface
functionalization, hybrid composites, and hybrid composites used as
sorbents in wastewater treatment.

The second chapter gives information on the methods and reagents
used for the functionalization of graphite by the oxidative OxCh
reaction, the synthesis and study properties of a HbC based on BR and
functionalized graphite (FG), the study of the sorption processes of
AYD from aqueous solutions with the HbC, and the testing of the HbC
as a flame retardant.

Examination of the samples and study of their various properties
were carried out in IR (Varian 3600) and UV-vis (SPECORD 210
Plus) spectrophotometers, XRD diffractometer (Bruker “D2 Phaser”
and “D8 Advance”), scanning electron microscope (SEM) equipped



with energy-dispersive X-ray spectrometer (EDS), immittance meter
(RLC meter E7-20), and derivatograph (Netzsch STA 449 F3 Jupiter).

Filler functionalization is important to ensure the chemical affinity
of polymers and inorganic components in the synthesis of hybrid
composites!’*. The third chapter describes the functionalization of
graphite by the OxCh reaction under various conditions, the study of
the synthesized samples using XRD, IR and UV-vis spectroscopy and
SEM-EDS, and the study of thermal, electrical and dielectric
properties, as well as the probable mechanism of functionalization.

Functionalization of graphite through the OxCh reaction was
performed under three different conditions: 1) by heating the mixture
consisting of graphite and PCl; at a temperature of 65°C in the
presence of oxygen; 2) without heating the mixture of graphite and
PCl; in the presence of oxygen in CCls medium; 3) by heating the
mixture of graphite and PCl3 at a temperature of 65°C in CCls medium
in the presence of oxygen. The functionalized graphite (FG) samples,
synthesized by hydrolysis of chlorophosphorylated graphite
specimens obtained in the abovemention conditions, were named FG1,
FG2, and FG3, respectively>!®".

Figure 1 shows the XRD patterns of samples of pristine graphite and
FG. According to XRD data of graphite, the used graphite has a
hexagonal phase with crystal parameters P63mc, a=2.456, c=6.696 A?.

In Figure 2, the (002) diffraction peaks are given separately. As can
be seen, the (002) diffraction peaks for graphite are symmetrical, while
the corresponding peaks for FG1, FG2, and FG3 are very broad and
asymmetric. This is due to the chemical destruction of the elementary
layers of graphite during functionalization and the formation of
phosphorus-containing acidic groups in the newly formed active
centers. In addition, the (002) diffraction peaks of FG1, FG2, and FG3
shifted towards lower 26 values, which indicates an increase in the
graphite interlayer distance as a result of functionalization.

The high intensity of the (002) diffraction peak of graphite
(IGraphite=307411) indicates a high degree of graphite crystallization. A

* number in the list of the published scientific manuscripts
*Wyckoff R.W.G. Crystal structures-Volume 1 / R.W.G.Wyckoff. -New
York:Interscience Publishers, -1963. -260 p.
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sharp decrease in the intensity of the (002) diffraction peak of FG1,
FG2, and FG3 (Ir61=64360; IrG2=37470; Irg3=50335, respectively) is
associated with a decrease in the degree of graphite crystallization as
a result of functionalization.
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Figure 1. XRD patterns of pristine graphite and FG samples
(002)
300000 4 Graphite (20=26.57555; f=0.22052)
1 d(m3=0.335 nm; L(002)=40.31 nm; N=120

= 260000 —— FG1 (20=26.41056; $=0.58001)
E ] dtG52):0.337 nm; L{002]:15_32 nm; N=45
3 FG2(20=26.26968; =0.62845)
8 #00%07g =0.389 nm; L, =14.13 nm; N=42
> ] FG3(20=26.26718; p=0.70749)
E 150000 d502,=0-339 nm; L, =12.56 nm; N=37
Q 1 -
- %
£ 100000 /

50000 4 ¥
(002)

0 T + 1 ~ 1 r 1 1 - 1T °t 1
250 252 254 256 258 26.0 262 264 266 268 27.0

20
Figure 2. (002) diffraction peak of graphite, FG1, FG2, and FG3

As can be seen, the (002) diffraction peaks for graphite are
symmetric, while the corresponding peaks for FG1, FG2, and FG3 are
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very broad and asymmetric. This is due to the chemical disintegration
of graphite elementary layers during functionalization and the
formation of phosphorus-containing acid groups in the newly formed
active centers. In addition, the (002) diffraction peaks of FGI1, FG2,
and FG3 shifted to smaller values of 20, indicating that the interlayer
distance of graphite increased as a result of the functionalization. The
high intensity of the diffraction peak of graphite (002)
(IGraphite=307411) indicates that the degree of initial graphite
crystallization is high. The sharp decrease in the intensity of the (002)
diffraction peak of FG1, FG2, and FG3 (IrG1=64360; IrG2=37470;
IrG3=50335, respectively) is related to the decrease in the degree of
graphite crystallization as a result of functionalization.

According to the parameters 0 and B of the (002) diffraction peaks
for graphite and FG samples, the interlayer distance between graphene
layers (d0o2), nm) was calculated using Bragg’s formula (1), the
thickness was calculated using the Debye-Scherrer formula (Loo2),
nm) (2), while formula (3) was used to calculate the average number

of graphene layers:

, 0.98 Looo
7\.:2(1(002)81119 (1) L(OOZ): m (2) N= ()
(002)

3)
d(oo2)

where A is the X-ray wavelength (A=0.15406 nm for Cu Ko X-rays),
B is the full width at half maximum (FWHM) of the (002) diffraction
peak and 6 is the diffraction angle.

According to the results (Figure 2), the functionalization caused both
an increase in the distance between the graphene layers and the
breaking of Van der Waals bonds. Consequently, FG samples
synthesized under different conditions are composed of fewer
graphene layers (compared to pristine graphite)'¢22*

The results of spectroscopy of the UV-vis spectrum of pristine
graphite and FG samples are shown in Figure 3. As can be seen, the
absorption peaks of t-n* transitions in the UV range (200-400 nm) are
observed in the spectra of all samples.

The absorption coefficients of FG1, FG2 and FG3 are smaller than
that of pristine graphite, because their crystal sizes are smaller than

* number in the list of the published scientific manuscripts
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those of pristine graphite (Figure 3). Because a relatively larger size
of the crystal reduces the ability to reflect the incident photon from the

surface of the crystal and, accordingly, increases the absorption®!®”,
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Figure 3. UV-vis spectra of graphite, FG1, FG2, and FG3
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Figure 4. Tauc plots of pristine graphite, FG1, FG2 and FG3

b Khalaf, M.K. Influence of nanocrystalline size on optical band gap in CdSe thin
films prepared by dc sputtering / M.K.Khalaf, B.A.M.Alhilli, A.I.Khudiar [et al.] //
Ph09to6n6ics and Nanostructures-Fundamentals and Applications, -2016. Vol.18, -
p-59-66.

* number in the list of the published scientific manuscripts
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Based on the results of UV-vis spectroscopy, the optical band gap
was calculated using the Tauc formula (Figure 4). An increase in the
optical band gap in the graphite—>FG1—-FG2—FG3 direction is
associated with a decrease in the crystal size of the samples in the same
direction'®”,

The probable mechanism of graphite functionalization. To explain
the functionalization of graphite by various reactions, it is usually
considered as a diene, dienophile, or polyaromatic hydrocarbon'”". In
this study, when graphite was functionalized by the OxCh reaction, it
was considered as 1,3-alkadiene. The OxCh reaction of 1,3-alkadienes
begins with the action of chlorine radicals (chlorine radicals are
formed as a result of the reaction of oxygen with PCl3) on the double
bond. This reaction leads to the migration of the double bond and the
formation of a compound containing chlorine atoms (-Cl) in the Ist
position and functional groups of phosphonyl dichloride (-P(O)CL) in
the 4th position®. Similar to the OxCh reaction of 1,3-butadiene, as a
result of the OxCh reaction of graphite, the phosphochlorinated
graphite with the -Cl and -P(O)Cl> functional groups are formed.
Afterwards, FG with -P(O)(OH), and -CI groups are synthesized
through hydrolysis of the phosphochlorinated graphite. To confirm the
presence of -P(O)(OH): functional groups, in contrast to graphite, the
main focus in the IR spectrum of FG samples is aimed at observing
new absorption bands at frequencies of -2900-2800 cm™! (stretching
vibrations of -PO-H groups)? and 1250-1150 cm™' (valence vibrations
of the P=0 groups in the hydrogen bond)'¢".

According to the results of XRD, IR and UV-vis spectroscopy, it was
established that FG consisting of <100 graphene layers and containing
—P(O)OH2 groups on their edge surfaces are synthesized from the
OxCh reaction of graphite in all three conditions. The FG2 synthesis
process was chosen as the optimal condition for the functionalization
of graphite by the OxCh reaction, and further studies were carried out
based on FG2.

* number in the list of the published scientific manuscripts

¢ Dogadina, A.V., lonin, B.L., Petrov, A.A. 1,3-Alkadiene-phosphonates // Soviet
Scientific Reviews/ Section B, -1990. Vol.15, - p.1-55.

4 Ghafuri, H., Talebi, M. Water-soluble ({)hosphated graphene: preparation,
characterization, catalytic reactivity, and adsorption property // Ind. Eng. Chem.
Res., -2016. Vol. 55, Nel1, - p.2970-2982
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The fourth chapter is devoted to the study of a HbC (modified
butadiene rubber (MBR)/FG2-HbC) synthesized based on the joint
modification of BR with FG2 by the OxCh reaction by instrumental
methods of analysis, as well as the study of thermal, electrical and
dielectric properties.

Figure 5 shows the results of XRD studies of MBR/FG2-HbC. In the
diffraction spectrum of MBR/FG2-HbC, diffraction peaks,
corresponding to the amorphous phase, are observed in the direction
of angles smaller than 26=25.32° relative to the polymer, which is the
organic component of the composite. As shown in Figure 5(b), (002)
diffraction reflection of MBR/FG2-HbC has less intensity than that of
FG2. This may be due to a further decrease in the number of graphene
layers and homogeneous dispersion of FG2 in the polymer matrix as a
result of the fact that FG2 can again undergo the OxCh reaction. The
shift of the (002) peak towards larger values of 26 can be associated
with the penetration of polymer macromolecules into the intergallery
of FG2 and the formation of a regular and close-packed structure by
wandering around the FG2'¢",
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Figure 5. XRD diffractograms of MBR/FG2-HbC (a) and
comparison of enlarged patterns of (002) diffraction reflections of
FG2 and MBR/FG2-HbC at 20 = 25.5-27.0° (b)
UV-vis absorption measurements of the MBR/FG2-HbC and MBR
were carried out to investigate the optical bandgap of the samples. As

Intensity {(counts)
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can be seen from Figure 6, the optical band gap of MBR/FG2-HbC (d)
is smaller than that of MBR (c). This shows that the additional levels
formed inside the band gap upon the addition of FG2 facilitate the
transportation of electrons from the valence band to the conduction
band!®”,
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Figure 6. UV-vis spectra: MBR/FG2-HbC (a) and MBR (b) and
Tauc plots: MBR (¢) and MBR/FG2-HbC (d)

In the IR spectrum of the MBR/FG2-HbC (Figure 7), the main focus
was on absorption bands observed at ~3441 cm™! (stretching vibrations
of -OH groups), ~2927 and ~2857 cm’! (stretching vibrations of -P-
OH groups), ~1641 cm™ (stretching vibrations of C=C bonds in FG2
graphene layers), ~1239 cm™! (stretching vibrations of P=O bonds in
hydrogen bonds) and ~1021 cm™.
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Figure 7. IR spectrum of MBR/FG2-HbC
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The absorption band at ~1021 c¢cm™' corresponding to the C-O-P
bonds indicates that the -P(O)(OH), groups of MBR/FG2-HbC are
attached to the main chain via oxygen (Figure 7).

According to the SEM micrograph of MBR/FG2-HbC, the hybrid
composite consists of two heterogeneous media evenly distributed
among themselves, as brighter (region 1) and darker (region 2) regions
were observed in the SEM micrographs (Figure 8 (a)). In the brighter
region, the dispersion medium is MBR, the dispersed phase is FG2. In
the darker region, the dispersion medium is FG2, the dispersed phase
is MBR. In the SEM micrograph of MBR/FG2-HbC, the gap between
brighter and darker regions is not observed, which shows a good
adhesion between the components. The elements of carbon, oxygen,
phosphorus and chlorine were identified in the darker and brighter
regions according to EDS analyses. The results show that the amount
of elements in light d darker regions are different.

2TRY

....................

Figure 8. SEM micrograph of MBR/FG2-HbC (a); EDS spectra of
brighter (b) and darker (c) regions

To study the synthesis mechanism of MBR/FG2-HbC, the probable
reactions between substances in the reaction medium (BR, FG2, PCl;,
and O2) were considered:

Scheme 1(a) — OxCh reaction of BR takes place by a free radical
mechanism. It begins as a result of the influence of atomic chlorine
radicals, formed due to the reaction of PCl; and O», on butadiene
rubber macromolecules, resulting in the formation of chlorine-
containing (I) and free (II) macroradicals’;

f Alosmanov, R.M. Divinil kaugukunun oksidlosms xlorfosforlasma reaksiyasinin
va alinan modifikatlarla sorbsiya proseslorinin qanunauygunluqlari: / kimya elmlori
doktoru dis. / -Baki, 2013. - 304 s.
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Scheme 1(b) — it is probable that in the joint OxCh reaction of BR
and FG2, the active centers on the edge surfaces of the graphene layers

of FG2 may be affected again by chlorine radicals'®

a) effect of chlorine radicals on BR macromolecules
M . (n

cl .
—CH-HC=CH-CH;— ——» —CH;-HCCH-CH;— 4 —CH—HC—CH-CH,—

a
b) Effect of chlorine radicals on unreacted edge surfaces of FG2

c) Macromolecule of MBR/FG2-HbC
0] (n

—CH;- l Ii—{ H—-CH,— —v: H-HC=CH—CH;—

© ©

Scheme 1. Schematic representation of a probable mechanism for the
synthesis of MBR/FG2-HbC

1) 2) POOM), Y oo
—CHz—(ltH—(I:H—CHQ— —CH2—HC—<[3H—CH2— 2
) al —CH—HC—=CH—CHy—
O=PO{OH),
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—CH3-HC—CH—CH;— CH;-CH CH CH,— —CH—HC CH—CH3;—

e e

Figure 9. Constituent units of MBR/FG2-HbC
Scheme 1(c) — during the synthesis of MBR/FG2-HbC, chlorine-
containing macroradicals (I), shown in Scheme 1(a), or free
macroradicals (II) can react with the radicals shown in Scheme 1(b).

* number in the list of the published scientific manuscripts
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As a result, macromolecules with constitutional units shown in
Scheme 1(c) can be formed'®". MBR/FG2-HbC synthesized after the
hydrolysis reaction of the obtained product can be composed of the
constituent units shown in Figure 9.

The results obtained from the study of the thermal properties of
MBR/FG2-HbC are given in Figure 10.

100 4

0.5

0.0
§ d
90 Los

80+ --1.0

704 F-1.5

Weight (%)
(.uw %) o1a

504 L-2.0

+-2.5
50 b

--3.0

40

100 200 300 400 500 600
Temperature (°C)
Figure 10. TG thermograms of MBR/FG2-HbC (a) and MBR (b);
DTG thermograms of MBR/FG2-HbC (c) and MBR (d)

The comparison of the TG thermograms of MBR/FG2-HbC (a) and
MBR (b) shows that the thermal stability of the polymer increased
with the addition of FG2 to the polymer (Figure 10). Thus, MBR loses
52.3% of its mass, and MBR/FG2-HbC loses 39.5% of its mass when
heated from 33°C to 680°C in an argon atmosphere. The low mass loss
of MBR/FG2-HbC may be related to the formation of a homogeneous
structure between FG2 and the polymer matrix'®”,

Based on the differential thermogravimetry (DTG) thermograms
shown in Figure 10, it can be said that the thermal decomposition of
MBR/FG2-HbC (c) and MBR (d) occurs in three steps. The first step
of mass loss of MBR/FG2-HbC is the desorption of physisorbed water
(33-139°C); the second step is the thermal condensation and
decomposition of phosphonic and phosphate functional groups (139-
325°C); and the third step occurs due to elimination of side groups
from the polymer chain and random depolymerization (325-680°C)!¢".

* number in the list of the published scientific manuscripts
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The glass transition (Tg), melting (Tm) and crystallization
temperature (T.) parameters of MBR and MBR/FG2-HbC were
identifed by the DSC method (Table 1). The Tg value of MBR/FG2-
HbC is less than that of MBR, and this may be because FG2 can play
the role of a plasticizer in the polymer matrix. MBR/FG2-HbC can
also be more hygroscopic than MBR due to a large number of
functional groups, because the mass loss of MBR/FG2-HbC (2.27%)
was greater than that of MBR (1.81%) in the first step of thermal
decomposition, related to the desorption of physically adsorbed
water!®”. Based on the values of T and T, parameters, the addition of
FG2 to the polymer matrix almost does not affect the Tm and T¢
temperatures.

Table 1. Parameters obtained from the DSC thermogram
Sample T, (°C) | T (°C) | Tw (°C)
MBR 212.3 231.7 400.6
MBR/FG2-HbC | 186.6 | 229.0 400.3

To study the electrical properties of the synthesized samples, thin
films of MBR, MBR/FG2-HbC and a mechanical mixture of MBR and
FG2 were prepared using polyvinyl alcohol (PVA). Accordingly, the
films are named PVA+MBR, PVA+MBR/FG2-HbC and PVA+MBR
and FG2 (mechanically mixed). The electrical resistance (R, Ohm) of
the films was determined at values of the frequency of
/=0.01-10°+10-10° Hz at room temperature, their resistivity was
calculated by the formula (4), and then their electrical conductivity
was determined by the formula (5):

_ RxA 4 1 s
P @ o= (5)

where A is the electrode area (m?), d is the sample thickness (m), and
o is electrical conductivity (Ohm-m)™.

It was determined that the electrical conductivity of
PVA+MBR/FG2-HbC is higher than that of PVA+MBR at all values
of the frequency. Thus, for PVA+MBR/FG2-HbC, the electrical
conductivity at the lowest value of the frequency (0.01-10° Hz) is
1.19-10°° (Ohm'm)™! and at the highest value (10-10° Hz) it is equal to
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2.27-10° (Ohm'm)!. These results for PVA+MBR/FG2-HbC are
higher than the electrical conductivity identified for PVA+MBR. The
electrical conductivity identified for PVA+MBR is equal to 5.4-107
(Ohm'm)™! at 0.01-10° Hz and to 1.04-10° (Ohm'm)! at 10-10° Hz.
The improvement of electrical properties indicates that FG2, which is
an electrically conductive component, forms a conduction pathway in
the hybrid composite (Figure 8(a)).

In hybrid composites, the observation of improved properties, as
opposed to a simple mixture of components, usually indicates a
positive synergistic effect. The electrical conductivity of PVA+MBR
and FG2 (mechanical mixing) film is less than the electrical
conductivity of PVA+MBR/FG2-HbC and PVA+MBR in the interval
of frequency of 0.01-10°+10:10° Hz. For PVA+MBR and FG2
(mechanical mixing) film, the electrical conductivity at the lowest
value of the frequency (0.01-10° Hz) is equal to 4.5-107 (Om'm)™! and
at the highest value (10-10° Hs) is equal to 7.1-:10* (Om'm)!. These
results indicate that the mechanically mixed FG2 and MBR
components have almost no effect on the electrical conductivity of the
PVA film.

In the fifth chapter, the sorption of AYD from aqueous solutions
with MBR/FG2-HbC was studied, and also MBR/FG2-HbC was
tested as a flame retardant.

The concentration of AYD in the solution was determined using a
calibration curve based on the values of absorbance at a wavelength of
444 nm. The sorption capacity at equilibrium (Q., mg/g) and removal
percentage (R, %) of the samples were calculated using the following
formulas:

ez(co-cn“;e)xv ©  rep Gl

where Co and C. are the initial and equilibrium concentrations of
AYD (mg/l), V is the volume of dye solution (1), and m is the amount
of sorbent (g).

The sorption of AYD with an initial concentration of 0.5+28.5 mg/I
with graphite, FG2, MBR and MBR/FG2-HbC was carried out under
static conditions for 24 hours, and based on the obtained results, the
effect of the dye’s initial concentration on sorption was studied. With

x100%  (7)
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an increase in the initial concentration of AYD from 0.5 mg/] to 28.5
mg/l, the removal percentage decreases from 40% to 16.9% for
graphite, from 52% to 22.8% for FG2, from 64% to 40.4% for MBR
and from 80% to 69.5% for MBR/FG2-HbC (Figure 11). This
indicates that the initial concentration plays an important role in the
sorption of AYD by all samples.

To study the effect of the amount of HbC on sorption, the sorption
of the dye was carried out under static conditions for 24 hours from an
AYD solution (pH=6.8) with an initial concentration of 28.7 mg/I
(0.015 1) using MBR/FG2-HbC samples in range 0.015+0.050 g.
According to the results, when the amount of MBR/FG2-HbC is
increased from 0.015 g to 0.05 g, the value of the Q. parameter
decreases from 21.05 mg/g to 5.68 mg/g (Figure 12). This indicates a
decrease in the total sorption surface available as a result of
overlapping or merging of the sorption centers on the surface of the
composite with the increase in the amount of MBR/FG2-HbC. On the
other hand, with an increase in the amount of MBR/FG2-HbC from
0.015 g to 0.03 g, the removal percentage increases from 73.82% to
79.53%. A further increase in the amount of the composite from 0.03
g to 0.05 g does not significantly affect the change in the removal
percentage®!”.
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The effect of temperature and sorption time on sorption was studied
at temperatures of 298 K, 308 K and 323 K under the following
conditions: Co=28.7 mg/l; V=0.05 1; m=0.05 g; pH=6.8; stirring
speed=100 rpm and t=180 min. Based on the obtained results, the Q.
parameter value for MBR/FG2-HbC was 23.851 mg/g at T=298 K,
24.313 mg/g at T=308K and 24.514 mg/g at T=323K in 180 minutes.
The sorption percentage of MBR/FG2-HbC also increased with the
increasing temperature and reached values of R=84.2% at T=298 K,
R=85.9% at T=308 K and R=86.6% at T=323 K. Equilibrium was
observed at 298 K temperature for 55 min, at 308 K temperature for
45 min and 323 K temperature for 35 min. Thus, with an increase in
the temperature, equilibrium is established in the system faster?'".

The influence of pH on sorption was studied (pH=3+11; C¢=28.7
mg/l; V=0.015 I, m=0.015 g) and the obtained results were explained
considering the chemical structure of the composite and the AYD. As
can be seen, the Q. parameter increased with the increase of pH from
3 to 6 (Figure 13). At pH 7, it was at the maximum: 23.7 mg/g. With
the increase of pH from 8 to 11, the value of the Q. parameter
decreased.
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Figure 13. The influence of pH on sorption
This result can be explained as follows:
— In the pH range of 2 to 8§, the AYD exists in solution as a cation
(the protonated nitrogen atom is in the heterocycle)é;
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— MBR/FG2-HbC has phosphonic (-PO(OH),) and phosphate
(-OPO(OH).) acid groups. In moderately acidic media, the negative
charges of the oxygen-containing functional groups are neutralized by
protonation. As a result, the sorption of positively charged MBR/FG2-
HbC dye molecules under these conditions can be hindered. The
sorption occurring at pH values of 3 to 6 can be explained by the
formation of hydrogen bonds between the composite and the AYD;

— A decrease in the value of the Q. parameter with an increase in pH
from 8 to 11 indicates that sorption occurs not only due to electrostatic
forces but also as a result of other physical interactions. Also, at pH
above 8, a decrease in protonation of the HbC surface in basic
environments, as well as non-occurence of protonation both in amino
groups and in the nitrogen atom of the AYD heterocycle — which in
turn cause a lack of electrostatic interaction and hydrogen bonding
between the composite and AYD —result in a low sorption. In addition,
at pH=8-11, an excess of NH4" ions in the media (formed during the
dissociation of NH4OH and CH3COONHj4 buffer solutions in water)
can interfere with sorption by interacting with the negatively charged
surface of the composite;

—Under neutral conditions (pH=7), both electrostatic interaction and
hydrogen bonding may occur between the composite’s partially
negatively charged/neutral surface and positively charged dye
molecules.

Experimental isotherms of sorption of AYD with FG2, MBR, and
MBR/FG2-HbC are given in Figure 14.
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As can be seen (Figure 14), the observed isotherms belong to the L-
type isotherms according to the Giles classification. Sorption
isotherms show that all samples have a limited number of active
centers, and at a certain concentration, the active centers are relatively
saturated. From the obtained results, it was also known that FG2 has
improved sorption properties compared to graphite, and MBR/FG2-
HbC has improved sorption properties compared to its predecessors,
that is MBR and FG22!",

The sorption isotherm was processed according to the two-parameter
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models and
the three-parameter Sips model. The calculated values of the
parameters of these models are given in Table 2.

The Langmuir isotherm model describes better the sorption of AYD
by FG2 than by MBR and MBR/FG2-HbC. This indicates that the
surface of FG2 is more homogeneous than the surface of MBR and
MBR/FG2-HbC. Also, the value of the calculated Ry parameter for all
samples is greater than 0 and less than 1, indicating that FG2, MBR,
and MBR/FG2-HbC are favorable for the sorption of AYD. The small
correlation coefficient (R?=0.95) of the Langmuir isotherm model for
MBR and MBR/FG2-HbC shows that this model is not sufficient to
fully explain the sorption of AYD by MBR and MBR/FG2-HbC.

The Freundlich isotherm model better describes the sorption of AYD
by MBR and MBR/FG2-HbC rather than by FG2 (Table 2). The fact
that the value of the 1/n parameter is less than 1 for all samples
indicates that FG2, MBR, and MBR/FG2-HbC are suitable sorbents
for AYD. The Kr parameter value is higher for MBR/FG2-HbC (3.491
mg/g) than for MBR (1.455 mg/g). This result shows that the addition
of FG2 to the polymer increases the roughness of the material surface
and increases the surface area, and thus MBR/FG2-HbC has more
active centers for the sorption of AYD.

For FG2, MBR and MBR/FG2-HbC, the value of the E parameter
calculated from the D-R isotherm model is less than 8 kJ/mol (1.581
kJ/mol, 1.581 kJ/mol, and 2.236 kJ/mol, respectively), and this
indicates that physical processes prevail in the sorption of AYD by the
mentioned samples. However, the small values of the correlation

* number in the list of the published scientific manuscripts

23



coefficient indicate that this model is not suitable for the
comprehensive explanation of sorption processes (Table 2)%".
Table 2. Isotherm constants of sorption of AYD

Parameter | FG2 | MBR | MBR/FG2-HbC
“Langmuir”
Qmax 8.7 21.3 47.8
Qmax (experimental) 6.51 11.5 19.8
KL 0.17 0.08 0.09
RL 0.92+0.17 | 0.96+0.30 0.96+0.28
R’ 0.98 0.95 0.95
“Freundlich”
1/n 0.699 0.812 0.887
n 1.431 1.232 1.127
KF, mq/q 1.032 1.455 3.491
R? 0.94 0.99 0.99
D-R
Qb-r 5.077 7.309 11.591
Kp-r 2-10-7 2-10-7 1-10-7
E, kJ/mol 1.581 1.581 2.236
R? 0.86 0.78 0.81
“Sips”
Qs 7.3 14.5 27.8
as 0.15 0.07 0.14
1/ns 1.42 1.47 1.33
ng 0.70 0.68 0.75
R? 0.99 0.98 0.99

The sorption of AYD by all samples was well described by the Sips
isotherm model (Table 2). The calculated Qs values for FG2, MBR
and MBR/FG2-HbC are close to the experimental results and smaller
than the Qmax value calculated from the Langmuir isotherm model. The
fact that the correlation coefficients of the Sips isotherm model are
greater than the correlation coefficients of the Langmuir isotherm
model indicates that the sorption capacity values obtained from the
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Sips equation are more realistic than that of the Langmuir equation.
As the value of a5 parameters calculated from the Sips isotherm model
of sorption of AYD with FG2, MBR and MBR/FG2-HbC come closer
to 0, this model becomes the Freundlich equation.

The kinetics of sorption of AYD by MBR/FG2-HbC was studied
using the pseudo-first and pseudo-second-order kinetic models. As can
be seen from the parameters calculated by applying these kinetic
models (Table 3), the correlation coefficients (R?) calculated for the
pseudo-second-order kinetic model are high, and the values of the Q.
parameter calculated from the pseudo-second-order kinetic model are
relatively close to the Q. (experimental) results.

Table 3. Kinetic parameters of AYD sorption
T, K | Qe (exp.) | pseudo-first order pseudo-second order
ki Qe R? ko Qe R?
298 | 23.803 0.054 |224 [0.88 |0.002 |28.902 | 0.98
308 | 24.246 0.0431 | 6.8 |0.84 | 0.009 | 25.510 | 0.99
323 | 24.505 0.0428 | 2.8 [0.93 |0.038 | 24.691 |1
The better description of the sorption of AYD by MBR/FG2-HbC
with the pseudo-second-order kinetic model indicates that chemical
processes take place between the sorbate and the composite during the
sorption®!”.

The thermodynamic parameters AH® and AS® of the sorption of AYD
by MBR/FG2-HbC were calculated from the dependence of InKp and
1/T using formula (8), and the AG® parameter was calculated using
formula (9):

AS’ AH’ 0 00
andzT-ﬁ (8) AG =AH"-TAS (9)
where Kgq is the distribution coefficient (1/q) and is calculated by the

formula K4=Q./Ce, R is the universal gas constant (8.314 J/mol-K) and
T is the temperature (K).

Based on the obtained results, AG® had negative values in the
temperature range 298K-323K, which indicates to the possibility and
spontaneity of sorption (Table 4).

The change of the AG® parameter from -4.196 kJ/mol to -5.041
kJ/mol with temperature increase indicates that the sorption process is
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more spontaneous at relatively high temperatures. A positive value of
the AS® parameter (+33.78 J/mol'K) indicates to an increase in
randomness at the solid/solution boundary due to sorption and
subsequent desorption®!”.

Table 4. Parameters AH®, AS®, and AG® of sorption

T (K) Ka AS°® AH° R? AG®
(J/mol'K) | (kJ/mol) (kJ/mol)

298 5.34 +33.78 +5.87 0.91 | -4.196

308 6.08 -4.534

323 6.45 -5.041

The UV-vis spectra of MBR/FG2-HbC before and after AYD
sorption are shown in Figure 15. The absorption peaks corresponding
to AYD shifted to a longer wavelength and were observed at 477 nm
instead of 444 nm on the surface of MBR/FG2-HbC. This
phenomenon is related to the formation of electrostatic interactions
between cationic dye molecules and phosphorous acid groups of the
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Figure 15. UV-vis spectra before and after sorption: AYD solution
(a); MBR/FG2-HbC (b)

Figure 16 shows the IR spectra of MBR/FG2-HbC before and after
sorption. As can be seen, the same absorption bands at the same
frequencies were observed in the IR-spectrum of MBR/FG2-HbC
before and after the sorption, but after the sorption, the intensity of
absorption bands at ~2927 cm, ~2857 cm! and ~1740 cm’!
frequencies decreased. This may be due to the formation of a large
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AYD molecule coating on the surface of MBR/FG2-HbC as a result
of the sorption and thus the dye molecules covering the functional
groups of MBR/FG2-HbC.
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Figure 16. IR spectra of MBR/FG2-HbC before (a) and after (b)
sorption

Absorption bands at frequencies of ~1239 cm! and ~1021 cm™
observed in the IR spectrum of MBR/FG2-HbC before the sorption
were shifted to lower frequencies (~1186 cm™ and ~995 cm,
respectively). This may be due to the formation of an electrostatic
interaction force between the protonated nitrogen atom of AYD
located in the heterocycle and the phosphorus-containing functional
groups of MBR/FG2-HbC?!".

When explaining the mechanism of sorption of AYD using
MBR/FG2-HbC, the following interactions should be taken into
account (Figure 17): a) electrostatic interaction between negatively
charged phosphorous functional groups of MBR/FG2-HbC and
positively charged AYD molecules; b) hydrogen bonds; c¢) m-n
interactions between aromatic rings of AYD and aromatic rings in
graphene layers of the inorganic component (FG2) of MBR/FG2-HbC.
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Figure 17. Schematic representation of the sorption mechanism of
AYD using MBR/FG2-HbC

Based on the abovementioned, it can be said that AYD can be
connected with graphite only by n-m interactions due to polyaromatic
rings in graphene layers, and with FG2 by hydrogen bonds and
electrostatic interactions — in addition to n-m interactions — due to
phosphonic acid groups. Since MBR and MBR/FG2-HbC have the
same functional groups (phosphonic and phosphate), the sorption of
AYD with these samples occurs due to both hydrogen bonding and
electrostatic interactions. As the sorption of AYD by MBR/FG2-HbC
additionally involved m-m interactions, this sample had a higher
sorption capacity (Table 2).

Figure 18 shows the experimental work carried out for testing
MBR/FG2-HbC as a flame retardant. Time-dependent combustion of
PVA  without additive and MBR/FG2-HbC-added PVA
(PVA+MBR/FG2-HbC) films in the open air were compared. Figure
18 (1a) shows the PVA film and (2a) shows the first flame contact of
the PVA film, Figure 18 (1b) shows the PVA+MBR/FG2-HbC film,
and (2b) shows the first flame contact of the PVA+MBR/FG2-HbC
film.

After the PVA film ignited, the flame source was removed and the
burning of the film was observed at a certain time interval.

As can be seen from Figure 18 (2b)-(13b), the flame source was not
removed during the combustion of the PVA+MBR/FG2-HbC film.
Because, unlike pure PVA film, the burning of PVA+MBR/FG2-HbC
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film stops when the flame source is removed. After 45 seconds, the
flame source was removed and the burning of the PVA+MBR/FG2-
HbC film continued for 10 seconds. PVA+MBR/FG2-HbC film
remains as a residue after burning, unlike PV A which retains the shape
of the previous layer after combustion.

Ao |5 sec | 10 sec |15 sec | 20 sec| 25 sec | 30 sec
\“ .
l . »

35 sec| 40sec| 45sec| 50 sec | 55 sec Residue
14b

Figure 18. Comparison of fammability of PVA+MBR/FG2-HbC
and PVA film
In MBR/FG2-HbC the functionalization of graphite, which is a heat-
conducting filler, and ensuring the chemical affinity of the polymer
matrix led to an improvement in the thermal conductivity and fire-
retardant properties of the material. Also, the water molecules released
during the dehydration of the MBR/FG2-HbC functional groups and
the chlorine atoms contained in it slow down the combustion of the
material®®”,
RESULTS
1. For the first time, graphite was functionalized by the OxCh
reaction under different conditions, the obtained products were
characterized using instrumental analysis methods, and a probable
mechanism of the functionalization reaction was developed. The
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results of the conducted research allowed us to determine that the
functionalization changes the crystal lattice parameters and
morphology of graphite and the presence of phosphonic acid groups
in FG.

2. Differences in the crystal lattice parameters and morphologies of
pristine graphite and FG, as well as the phosphonic functional groups
contained in FG result in different thermal, electrical, dielectric and
sorption properties of pristine graphite and FG.

3. Chemical modification of BR with FG2 was carried out through
the OxCh reaction and a method for synthesis of HbC (MBR/FG2-
HbC) was developed. MBR/FG2-HbC was systematically
characterized using instrumental analysis methods, and the
homogeneous structure of MBR/FG2-HbC was identified based on the
results obtained from the study of its thermal, electrical, dielectric and
sorption properties. Thus, MBR/FG2-HbC showed better electrical,
dielectric, thermal and sorption properties compared to the
components (FG2 and MBR) of which it is composed.

4. The sorption capacity of MBR/FG2-HbC against AYD was
studied and the effect of factors, such as the initial concentration of the
dye solution, temperature and sorption time, the dosage of the
composite and pH of the medium on the sorption process were
analyzed. According to the results, when the initial concentration of
the dye solution increased from 0.5 mg/l to 28.5 mg/l, the removal
percentage decreased from 80% to 69.5%, and the maximum sorption
capacity was observed in the amount of 0.015 g of the composite and
at pH 7. The sorption capacity increased with the increase of
temperature and the equilibrium state was reached in 55 minutes at
298 K temperature, in 45 minutes at 308 K temperature, and in 35
minutes at 323 K temperature.

5. The sorption isotherm was studied using various two- and three-
parameter mathematical isotherm models. It was determined that the
sorption of AYD by MBR/FG2-HbC does not correspond to ideal
monomolecular sorption, and the role of active centers of different
natures is greater in sorption.

6. The sorption kinetics was investigated and it was found that the
process is better described using the pseudo-second-order kinetic

30



model and that the dye molecules diffuse both on the surface and
inside of MBR/FG2-HbC. The effect of temperature on the rate of
sorption was studied and it was found that the process is chemical in
nature.

7. As a result of thermodynamic studies, it was identified that the
sorption of AYD by MBR/FG2-HbC is endothermic, occurs
spontaneously, and randomness increases at the solid/solution
boundary.

8. Based on the results of IR- and UV-vis spectroscopy studies, as
well as taking into account the structure of AYD and the HbC, and the
experimental results of sorption, it was deduced that the sorption of
AYD by MBR/FG2-HbC occurs simultaneously with the participation
of electrostatic interactions, n-n interactions and hydrogen bonding.

9. For testing of MBR/FG2-HbC as a flame retardant, the burning
time of its film (PVA+MBR/FG2-HbC), prepared using PVA, was
compared with the corresponding parameters of a pure PVA film. It
was found that the PVA film ignited completely and burned out within
20 seconds after the flame source was removed. The PVA+MBR/FG2-
HbC film was exposed to a constant flame source for 45 seconds and
the burning faded 10 seconds after the flame source was removed.
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