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Glycoluril and Its Chemical Properties

In the chemistry of heterocyclic compounds, bicyclic bisureas — glycolurils, have a special place. Glycolurils
are used as a basis for the industrial production of substances that have found application in many areas of
human life. The variety of glycoluril derivatives and their properties is primarily due to various substituents in
the bicyclic structure. In this review, 2,4,6,8-tetraazabicyclo[3.3.0.]Joctane-3,7-dione (glycoluril), as the main
representative of bicyclic bisureas, its physico-chemical properties, and methods for the synthesis of deriva-
tives based on it are considered. In particular, the main physico-chemical characteristics of glycoluril and the
data obtained from its spectral analysis by IR, NMR spectroscopy and X-ray diffraction analysis are present-
ed and discussed. The paper briefly outlines the known methods for the synthesis of glycolurils and related
compounds, also highlights the chemical properties of glycoluril and its derivatives, as well as the ways to
modify them. Coordination compounds based on N-alkylglycolurils as ligands are briefly considered. The re-
action products of N-halogenation and N-acylation of glycolurils are presented and discussed. Reactions for
obtaining phosphorus-, nitro- and nitroso derivatives of glycolurils; alkylation methods, Mannich reactions,
thionization, alkaline hydrolysis and reduction reactions at the carbonyl group of glycolurils are also shown.
There is a discussion of the macromolecules formation in the condensation reaction of glycoluril with formal-
dehyde as precursors for the synthesis of cucurbit[n]urils.

Keywords: glycoluril, tetraacetylglycoluril, tetramethylglycoluril, tetrachloroglycoluril, dinitrosoglycoluril,
phosphorus derivatives of glycoluril, thioglycoluril.
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Glycoluril and Its Chemical Properties

Review Plan

Inclusion and Exclusion Criteria: This review is devoted to bicyclic bisureas, in particular glycoluril
and its derivatives. The physico-chemical properties of glycoluril and methods for its modifications are de-
scribed.

The review data mostly cover the publications from 1994 to 2021. However, there are older references
from the period 1963-1986, as well as references to primary research sources dated on 1878, 1907, 1889 are
also cited.

To write this review, we used directly our own research, as well as additional sources from databases
such as Scopus, Web of Science and other online scientific search engines. The keywords used for the search
were “Halogenation of Glycoluril”, “Acylation of Glycoluril”, “Phosphorylation of Glycoluril”, “Nitration
and Nitrosation of Glycoluril”, “Alkylation of Glycoluril”, “Thionization of Glycoluril”, “Hydrolysis of
Glycolurils”, “Reduction of Carbamide Groups”, “Trioxohexaazapropellanes”. The resultant data are de-
scribed in this article. No statistical methods were used in this review.

Introduction

Bicyclic bisureas, in particular 2,4,6,8-tetraazabicyclo[3.3.0.]Joctane-3,7-dione (glycoluril 1a) (Fig. 1)
and its derivatives occupy a special place in the chemistry of heterocyclic compounds. Substances based on
glycolurils are produced on a large scale. Glycoluriles are used as components of disinfectants, pharmaceuti-
cals [1, 2], stabilizers in polymer synthesis [3, 4], explosives and their components [5-11], etc. Recently, a
new direction in the chemistry of glycolurils has been developed, namely, the creation of macrocyclic com-
pounds with unique controllable properties. Cucurbit[n]urils, bambus[n]urils, tiara[n]urils, “molecular
clamps” and supramolecular systems have been synthesized on the basis of glycoluril and its deriva-
tives [12-19].

Glycoluril-based supramolecular systems have been proposed as materials with the properties of “mo-
lecular recognition”, excipients — prolongators for drugs [20-22], components of semiconductor composi-
tions [23] and molecular sensors for the analysis of amphiphilic components [24-27]. In addition, it is
known [27-29], that glycolurils are low-toxic and do not exhibit carcinogenic properties.

1 Glycoluril as the main representative of the bicyclic bisureas

Glycoluril 1a, as the first representative of bicyclic bisureas, was synthesized in the second half of the
19th century, and at the same time, its bicyclic structure, similar to urea, was determined [30, 31]. However,
it has recently been found [32] that the glycoluril molecule 1a is not planar and has an angle between two
imidazolidinone fragments equal to 124.1° and nitrogen atoms are located equidistantly from each other. Hy-
drogen atoms at methine carbons are cis-oriented. Imidazolidinone rings are almost flat, but have a slight
deviation of the C=0 groups from the mean plane [32] (Fig. 1).

0]

H\/“\/H

N N

/N\[(N\H
(0]
1a 1a’

H

Figure 1. Structural formula of glycoluril 1a and its spatial configuration in the crystal 1a'
Adapted and redrawn from Ref. [32] with permission from Springer Nature

Glycoluril 1a is a polyfunctional compound, molecule 1a of which contains two carbamide frag-
ments (Fig. 2). These fragments (4 donor NH-groups and 2 acceptor C=0-groups) determine the chemical
properties of substance 1a.
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Figure 2. Resonance structures of the carbamide fragment in the glycoluril molecule 1a

Substance la is white crystals with strong intermolecular hydrogen bonds (Fig. 3). Strong internal in-
teractions are responsible for the high melting point (360 °C with decomposition) and the low solubility of
glycoluril 1a.

Figure 3. Hydrogen bonds in glycoluril crystals la:
a — type of formation of hydrogen bonds; b — packing diagram of glycoluril 1a in a crystal.
Adapted and redrawn from Ref. [32] with permission from Springer Nature

Glycoluril 1a exists in two polymorphic forms [32] which can crystallize in water simultaneously. The
effect of polymorphism of glycoluril 1a significantly affects the physico-chemical properties. In solutions,
this effect is leveled due to the equivalent effect of the solvent on the crystal structure of 1a and does not af-
fect the reactivity. Physico-chemical characteristics of glycoluril 1a [33, 34] are presented in Table.

Table

Physical and chemical characteristics of glycoluril 1a [33, 34]

Parameter Value
Melting point 360°C (decomp.)
Insoluble in: haloalkanes, alcohols, ketones, ethers
Weakly soluble in DMSO, DMF, Ac,0, H,0, acids
IR spectrum, v, cm 3209 (NH), 1675 (C=0).
"H NMR (DMSO-dg, 5, ppm): 5.24 (s. 2H, CH), 7.16 (s. 4H, NH)
BC NMR (DMSO-dg, 3, ppm):  [160.3 (C=0), 64.6 (CH)

Given the specific limited solubility of glycoluril 1a (Table), such solvents as DMSO-dg and D,O are
most commonly used for the identification of glycolurils by NMR methods [35].

When analyzing glycoluril 1a in D,0, the chemical shift of NH groups in the *H NMR spectrum is most
often hidden due to deuterium exchange. When using the DMSO-dg solvent, the molecule 1a in the *H NMR
spectrum is shown by two chemical shifts at 5.24 ppm and 7.16 ppm, which correspond to the signals of the
CH-CH and NH groups. In the *C NMR spectrum (DMSO-ds) the structure of glycoluril 1a is shown by
peaks at 6 64.6 ppm and & 160.3 ppm which correspond to CH-CH-carbons and carbonyl (C=0) carbons,
respectively [35].

6 Eurasian Journal of Chemistry. 2023. No. 2(110)



Glycoluril and Its Chemical Properties

The equivalence of carbon and hydrogen atoms in the bicyclic structure indicates the spatial symmetry
of the glycoluril molecule 1a.

With the development of the chemistry of glycolurils many methods for their synthesis were creat-
ed [36, 37]. The most convenient method for preparing glycolurils 1a is the reaction of ureas 3 and their de-
rivatives with a-dicarbonyl compounds 2 (Scheme 1).

R3 R® R RS
o/ \ /
o R' HN N OH HN \ /
I+ =0 o< iy o w
HN N OH HN N
R To N / \ TR
R* R' R R®
2 3 4 3

1,2,3,4:R" R? R3 R* R5 R®=H, Alk, Ar

Scheme 1. Method for the synthesis of glycolurils 1 [36]

According to the mechanism of a-ureidoalkylation, the products of the first stage of condensation of
ureas 3 and glyoxal 2 are 4,5-dihydroxyimidazolidin-2-ones 4 (DHI) — these are reaction intermediates in the
further formation of glycolurils 1. The well-known DHI 4 series and their analogues are actively used in re-
actions with various urea derivatives. Thus, this approach is the second method for the synthesis of various
types of glycolurils 1 and their analogs (Scheme 1) [36, 37].

In accordance with the described method (Scheme 1), glycolurils unsubstituted at nitrogen atoms,
glycolurils with substitution at C,-Cs atoms, 2-N-substituted glycolurils, 2,4,6-N-trisubstituted glycolurils,
2,6-N-di-, 2,8-N-di-, 2,4,6,8-N-tetrasubstituted glycolurils were obtained [36, 37].

1,5-Diaminoglycoluril 1b can be obtained from uric acid 5 by oxidation at minus 5 °C in the presence of
ammonia (Scheme 2). Based on 1,5-diaminoglycoluril 1b, a group of Korean scientists developed a method
for obtaining a tricyclic derivative of glycoluril with six NH-groups — 3,7,10-trioxo0-2,4,6,8,9,11-
hexaaza[3.3.3]propellane 6 (Scheme 2) [38, 39].

%) o)

i PN sl ol

HN NH BochKNBoc HN NH

H
HN N Y LA
/j\ >:o %HZN%—%NHZ—MO%O BOCN7 <NBOC OH- HN7 {\,NH
0 H ” HN NH BocN NBoc HN NH
5 T 1b T T
O o) 6

o)
Scheme 2. The synthesis of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane 6 [39]

Glycoluril 1a is an active n-nucleophile and a significantly inactivated p-nucleophile. The presence of
(NH-C=0) bonds with an electron-withdrawing carbonyl group makes it a less reactive base. This explains
the difficulty of protonation of NH-groups, as well as the tendency for the decomposition of products formed
as a result of electrophilic attack on the nitrogen atom.

In addition, the weak electrophilic properties of the carbonyl group are explained by the conjugation of
two lone pairs of electrons from nitrogen atoms, which compensate for the electron-withdrawing effect of the
carbonyl group. However, substance la easily enters into reactions of N-alkylation, N-acylation, N-
halogenation, N-nitration, N-nitrosation, N-hydroxyalkylation, etc [40].

Glycolurils form complex compounds [32]. In their structures, oxygen and nitrogen atoms are the most
probable coordination centers for complexation. However, coordination through nitrogen atoms, as a rule, is
sterically difficult due to its predominantly pyramidal structure, especially since this center has a reduced
electron density compared to oxygen [32]. N-alkylglycolurils are polydentate ligands and can perform both
monodentate and bidentate bridging functions with metals, with bonding through C=0 groups. The bonding
type depends on the coordination number of the metal atom (Fig. 4).
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/N N\ / Ve
Me Me Me

Figure 4. Coordination Options for N-alkylglycolurils

Thus, the structure of coordination compounds based on N-alkylglycolurils and salts of d- and f-metals
such as Mn, Pr, Sm, Eu, and Gd were studied by X-ray diffraction analysis [32]. In all these cases, coordina-
tion compounds based on N-alkylglycoluril represent a centrosymmetric binuclear complex of a metal cation,
where two molecules of N-alkylglycolurils are ligands (Fig. 5).

Figure 5. Centrosymmetric binuclear complex based on N-alkylglycoluril [41]

Derivatives of glycoluril with different numbers of substituents at N-, C-atoms can be synthesized both
by a single-stage reaction and with step-by-step modification of the original glycoluril 1a. The synthesis and
study of the chemical properties of bicyclic bisureas allows us to reach new classes of nitrogen-containing
heterocyclic compounds with various practically useful properties. Examples are such polycyclic condensed
systems as cucurbit[n]urils, bambusurils, thiaraurils, “molecular clamps” [12-19], building blocks of which
are glycolurils 1 (Scheme 1).

2 Halogenated glycolurils

Halogenated derivatives of glycoluril are used as oxidizers, halogenating agents, disinfectants, bleaches
and detergents. The bactericidal activity of these compounds depends on the type of halogen. Thus, 2,4,6,8-
tetrachloro-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione  (tetrachloroglycoluril) 7a and 2,6-dichloro-
2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione (dichloroglycoluril) 7b are used as active chlorine atom carri-
ers for algae control in industrial water and wastewater treatment [42].

In organic chemistry, tetrachloroglycoluril 7a is used as a mild chlorinating agent in organic synthesis
and is convenient because it has greater thermal stability than other known chloramides. The synthesis of
tetrachloroglycoluril 7a proceeds by the interaction of glycoluril 1a and gaseous chlorine in a slightly acidic
medium (Scheme 3). Substance 7a is insoluble in water and reacts explosively with DMSO [42].

8 Eurasian Journal of Chemistry. 2023. No. 2(110)
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1a

H20, [OH] !

o o}

o)

)k C'\ )k cl )k Cl
HN NH ~n N
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—_—

-2HCl : :

HN NH -2HCI N \
T \H/ |/ \[( \C|

L)

o o)

H,0

cl N N
T,
H N

7b’

Scheme 3. The synthesis of tetrachloroglycoluril 7a and dichloroglycoluril 7b [42]

The highest yields of tetrachloroglycoluril 7a were obtained in the pH range 3—7. It was shown that in
the presence of an alkaline catalyst tetrachloroderivative 7a enters into equilibrium hydrolysis with glycoluril
1a on N-chlorine bond with a quantitative yield of dichloroglycoluril 7b [43]. Dichloroglycoluril 7b can also
be selectively obtained by adjusting the amount of chlorinating reagent [43].

It is supposed [41] that dichloroglycoluril 7b exists as two tautomeric structures 7b and 7b" (Scheme 3).
The authors [41] attribute this assumption to the presence of three chemical shifts & 72.8, 64.6 and 62.8 ppm
of carbon atoms of the CH-CH groups and the absence of C=0 carbonyl or isourea carbon signals in the **C
NMR (D,0) spectra. It was also found that in the study of crystalline dichloroglycoluril 7b by IR spectros-
copy, the IR spectrum contained absorption bands of carbonyl groups (1740 cm™) and bands corresponding
to vibrations of ether bonds (1250 and 1100 cm™), which were absent in the IR spectrum of
tetrachloroglycoluril 7a.

A modified method for the preparation of chlorine derivatives of glycolurils 7b, d—j at room tempera-
ture using a safe and easily processed reagent — trichloroisocyanuric acid (Scheme 4) without the use of any
surfactant was proposed [44].

conditions
HNT ON-R CI\N)J\N/R ‘j\)t“g
. < 1 alb 1 o 0, NaxCO3 H,0, r.t.
R R" 2% Rt R 96-99% a) 2CO3, Hy
— NH -
R W/ R/N\[(N cl b) HCI/KBrO3
(0]
O 7a-o
1a, c-g, 8a-d, 7b, ¢ 7 7
a:R=Cl,R"= H(b) it R=H, R' = 3-CICgH, (a)
1a:R=H,R'=H 8a:R=Bu,R'=H b:R=H,R"=H, (a/b) j: R =H, R"=4-CICgHy (a)
1c:R=H,R"=Me 8b: R = PhCHy, R'= H c:R=C|,R"= Ph(b) k: R=t-Bu, R"=H (b)
1d:R=H,R"= Et 8c: R=PhCHy R'= Ph d:R=H,R' = Me (a) I: R=PhCH,, R"= H (b)
1e:R=H,R'=Ph 8d: R = But, R' = Ph e:R=H,R"= Et, (a) m: R = t-Bu, R'=Ph (b)
1f: R=H, R' =4-BrCgH, /3-BrC¢H; 7b:R=CI,R'= H f:R=H,R'=Pn, (a) n: R=PhCHy, R"'= Ph(b)
1g: R=H, R' = 4-CIC4H, / 3-CICgH, 7c:R=Cl,R'= Ph g:R=H,R'=3-BrCgHs(a) ©0:R=CI,R"= Ph(b)

h: R=H, R" = 4-BrCgH, (a)
Scheme 4. A modified method for the preparation of chlorine derivatives of glycolurils

The resistance of dichloroglycoluril 7a to the action of oxidizing agents (KBiOs) made it possible to de-
velop a preparative method for the preparation of N-chloroderivatives of glycolurils 7a—¢, k—o with practical-
ly quantitative yields [41]. Thus, bicyclic bisureas 1a—f, 8a—d, 7b, ¢ were subjected to oxidative chlorination
with the HCI/KBiO; system to obtain 7a—c, k—o (Scheme 4).

Glycoluril 1a also reacts with molecular bromine in an alkaline medium to form tetrabrominated prod-
uct 7a (Scheme 5). Tetrabromoglycoluril 7a has oxidizing properties and is used as additives to bactericidal,
bleaching and detergents and is used as brominating agents or initiators of radical processes [43]. So, the ox-
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idizing ability of halogens and hypohalides is highly dependent on the acidity of the medium, the au-
thors [45, 46] studied interconversions in a series of N-halogen derivatives of glycolurils.

o o o) 0

R\N)J\N/R Br\N N/Br CI\N)J\N/CI l\N)J\N/l
>_< > < ; < f) 41, H,S0,
ol —_— 1a
C) & 415 + HSO,

N N d) HCI + KBrO.
e 3 _N N N N
R \[( R o ~¢i -~ ~
o 9a 7a 10a
75% c) 85%
o o d)78 % O ¢ 8%
1a: R = H (a) Bry, NaOH / H,0, pH = 9...10 | ¢) 24, 25°C

7a: R = Cl (b) KBr, H,0, [OH7]

Scheme 5. Interconversions in a series of N-halogen derivatives of glycolurils

Based on spectral data and quantum chemical calculations, the authors of [47] determined the probabil-
ity that the dissolution of tetraiodoglycoluril 8a in sulfuric acid can lead to the formation of the triodione cat-
ion I** together with iodine-containing sulfate (I0SOsH). The authors tried to prepare an 1** solution by the
reaction of tetraiodoglycoluril 8a with iodine in sulfuric acid.

N-fluorine derivatives of glycolurils have not yet been obtained.

3 Acylderivatives of glycoluril

The first reports on the acetylation reactions of glycoluril 1a with acetic anhydride to form 2,4,6,8-
tetraacetyl-2,4,6,8-tetraazabicyclo[3,3,0]octane-3,7-dione (tetraacetylglycoluril) 11a date back to the end 19"
early 20" century [34].

In the development of research, it was found that the best yields of compound 11a were achieved using
catalysts (Scheme 6), [34] especially the highest yield (up to 85 %) of tetraacetylglycoluril 11a was achieved

with chloric acid.
o Ac,0, AcONa
A 5§ ¢
HN™  "NH AcCl )\ /'L /(
. N~ N
m H3C CH,
1a 11a
=
Y J I [

o Ac,0, HCIO,
Scheme 6. Acetylation of glycoluril 1a in the presence of various catalysts [34]

More recently, Cow Ch.N. et al. in a series of their studies [48-50] studied the reactions of N-acylation
of the tetramethylderivative of glycoluril 12a with further transformations (Scheme 7).

HaG CH3/ Ha HQ CHg?H HsQ CH3/ HsQ CH3/

1. n-BuLi, THF 1 n-BuLi LiOAm
0 < F % F :< >: Loan o:< >:o
TRefux BT THF, °C
H Sl H 2. RCOCI 2, RCOCI
CH3 H3C 13c, 93%
13a 89% o

13b CHj

H3C\ CH3/ 3 CHa/ Hs 3C CH3/C 3 H3C\ CH3/

NaBH, N (©F,00%0 LSelectide N e o
—_— >: =0 — —
VeoH 0:< >: EGN O:< N 2. PhCoc

N
H cHy H CHSH 0¢< Hs >‘>o
12a 136 CH, PH
1. BuLi 13b

CH3 ‘ 2.R'cocl CH3 T

Scheme 7. The reactions of N-acylation of the tetramethylderivative of glycoluril 12a [34]
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Intramolecular N-C-transacetylation of syn-diacetylglycoluril 13b by the action of lithium amylate al-
lowed the author [51] to obtain selectively difficult-to-access N-acylglycolurils 13b—e (Scheme 7). Structural
features of the obtained 13b—e compounds were determined by X-ray diffraction analysis.

Through the intermediate acylhalogenation of glycoluril 13a with haloacylhalides 14a, b followed by
dehalogenation of a-haloacylglycolurils 13f-h under the action of metals, there was carried out the synthesis
of enolates [51] which underwent further condensation with another acetyl group (Scheme 8).

1 n-BuLi

THF, 0°C H C CH
M 3 \ CHj3 / 3
: Jos N | +
1 M
B O:< /go — > 13b +13¢c
14a: X =ClI N N M = Mg, Zn
14b: X = Br
O% CHs o Nal —— 13f:: X=Cl
CHj aceione 13g: X =Br
X —> 13h: X =

Scheme 8. Interacylation of glycolurils [34]

In the preparation of chloroacetyl derivative 13f (42 % vyield), no side reactions, such as Sy2 substitu-
tion, were observed. Bromoacetylglycoluril 13g was similarly obtained in 44 % yield using bromoacetyl
bromide 14b. And the iodoacetyl compound 13h was synthesized directly from glycoluril 13f by reaction
with Nal in acetone according to the general method of iodoacetylation, the resulting sodium chloride salt
precipitated during the reaction [34].

Under the action of a metal atom, glycolurils 13f-h eliminated the halogen atom and the main product
of this reaction (Scheme 8) was diacetylglycoluril 13b. When the non-activated Mg or Zn powder was com-
bined with chloroacetyl glycoluril 13f or with bromoacetyl adduct 13g the highest yields of acetoacetate ad-
duct 13c were observed. It is possible that the inefficiency of the reaction is due to the poor selectivity of the
metal with respect to the carbonyl groups of the substituent rather than the carbonyl groups of glycoluril 13a.
lodoacetyl glycoluril 13h proved to be very unstable for further reactions with it [34].

In order to expand the preparative possibilities of the N-acylation reactions of glycoluril 1a, interactions
1a with haloacylhalides 14a—c, in particular with 1-bromoacetyl bromide 14b, 1-chloroacetyl chloride 14a
and 3-chloropropanoic acid chloride 14c were investigated (Scheme 9) [52].

o 0}

n=1 0
TEA /Py M
NJLtC/y
2/n

HN N

H X O
M (HZC n pE— ———
H X A

N

NH
HN X/(,Cfn N
14a: n =1, X=Cl—— 15a: n= 1, X=Cl
1a 14b:n=1,x=Br = o 15b: n= 1, X=Br
:n=2, X=Cl

o) 14cin=2 x=Cl TEA O

Scheme 9. N-haloacylation reactions of glycoluril 1a [52]

It was shown that the reaction of glycoluril 1a with 1-bromoacetyl bromide 14b resulted in the for-
mation of bis-acetylbromoglycoluril 15b (yield 78 %) (Scheme 9). Under the action of 1-chloroacetyl chlo-
ride 14a on glycoluril la bis-acetylchloroglycoluril 15a (yield 68 %) was formed, while using 3-
chloropropanoic acid chloride 14c¢, bis-chloropropionylglycoluril 15¢ was obtained in 50 % yield.

It was shown that, despite an 8-fold excess of reagents, the authors [52] failed to obtain any
tetracylhalides of glycoluril 1a under the studied reaction conditions.

It is known that tetraacetylglycoluril 11a undergoes hydrolysis processes, which have been studied in
detail at room temperature, at pH =10 in an aqueous-alcoholic medium. Under these conditions,
tetraacetylglycoluril 11a is deacetylated stepwise to form a series of N-acetylglycolurils 11b—f and final
glycoluril 1a [53] (Scheme 10). In the work [53], the directions of formation of diacetylglycolurils 11c, e
under the action of urea 3a were proposed.
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Scheme 10. The hydrolysis processes of tetraacetylglycoluril 11a [53]

The authors of [54] successfully used the propensity to hydrolyze tetraacetylglycoluril 11a to obtain
sterically difficult-to-reach N-benzylglycoluril 16a and dimer 17a (Scheme 11). This aspect was realized
through the formation of syn-diacetylglycoluril 11e, where acetyl groups were used as protecting groups,
which are further hydrolyzed for subsequent reactions.

o) o)
17 1 ¢ X LN
J& ~ J& ~N NH N N~ N N~
NS NT Soh BoBrKecos N N7 cH,  NaOH (CHLO)n
) < —{ > < HCI, H,0
CH DMSO CH MeOH, H,O ,
HNYNK 8 _N_ N 3 2 N_ _NH /NYN\/N N—
0 b b b
o o ¢} 16a § O 17a O

Scheme 11. The synthesis of N-benzylglycoluril 16a and dimer 17a [54]

The N-acetylating properties of tetraacetylglycoluril 11a in reactions with primary aliphatic and aro-
matic amines were studied in detail; also a new mechanochemical method for the synthesis of some
N-acetylamides was proposed [55]. In addition, the possibility of using 11a as a reagent was demonstrated in
separate examples of O-acetylation [56].

4 Phosphorus derivatives of glycoluril

Recently, the range of information on phosphorylation reactions of 2,4,6,8-tetraazabicyclo[3.3.0.]-
octane-3,7-dione (glycoluril 1a) has been expanding [57, 58]. Thus, there was investigated the
transamidation reaction of glycoluril 1a with tetraethyldiamido-tert-butyl phosphite [59] which resulted in
the formation of glycoluril-substituted diethylamido-tret-butyl phosphite 18a (Scheme 12).

The patent [60] describes in detail flame retardants — N-phosphorylated derivatives of glycoluril 18b
and methods for their preparation based on N-alkyl derivatives of glycolurils 8 (Scheme 12).

R® = Alk(C1-C%)

o (ET,N),POt-Bu 18
> O 1 2 _
)k - BUCH=CH,/H" a: R' = H, R? = HP(O)NEt,
Ry Su—F RiL N\ R PrR'=R?=P(O)ORY,
P(ORY); c: R = H, R? = C(O)CH,P(O)(OR?), (89%)
> d: R" = R? = CH,P(0)(OH),
~N N—
R2 \[( R P(OR3 RzzNTN\W
O 1a,8,15b |op, 90100OC O 18a-d 1a:R'=R?=H
8: R' = H, R? = AIk(C4-C,)
| HCHO, H3POs HCI 15b: R' = H, R = COCH,Br

EtOH, 18,h

Scheme 12. The synthesis of phosphorus derivatives of glycoluril [57]
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The authors of [61] carried out the acid hydrolysis of diphosphonate 18c which was synthesized from
bis-bromoacetylglycoluril 15b. Hydrolysis of glycoluril 18c leads to the corresponding diphosphonic acid.

Tetrakis(methylene phosphoric acid)glycoluril 18d was used as an efficient catalyst for the synthesis of
pyrazole-5,10-dione derivatives [62]. Substance 18d was obtained in the “One-pot” synthesis by
N-peralkylation of glycoluril 1a with paraformaldehyde and phosphorous acid in refluxing ethanol
(Scheme 12).

Diphosphonic complex of terraacetylglycoluril 18e was obtained by the reaction of phosphorylation of
tetraacetylglycoluril 11a with phosphorus pentachloride (Scheme 13) [57].

. 0
0 o o Cl cl
R O R—y N7+ 80-90°C, 3h ~N N/C\\
CH, 6PCls CHPCl3 opcl-  PhCOH POCl, CH
> < LPHC ‘ [ cl op/
. -2 POCI Cly HC 5
H;C 3 NLN. N pocl; HOS |
3 N
SN N~g -4Ha 7 T R -PhCHCl, /C/ ~R
Il : .
o Cl o Cl
O 1la R=COCH3 L A ] O 18e (48%)

Scheme 13. The reaction of phosphorylation of tetraacetylglycoluril 11a [57]

Probably the reaction (Scheme 13) proceeds through the addition of phosphorus pentachloride to the
oxygen atom of the acetyl group 11a, with the formation of complex A, which further decomposes to the
product 18e.

The phosphorylation reaction of tetra(hydroxymethylglycoluril 19a with tetraethyldiamdo-tert-
butylphosphite resulted in the formation of the oily product 2,6-di-(N-diethylamidomethylolphosphato)-
glycoluril 18g via the formation of intermediate 18f (Scheme 13) [59]. Direct interaction of 19a with phos-
phorus trichloride led to the isolation of a yellow crystalline substance, namely 2,6-di-(N-methylchloro-
phosphato)-4,8-chloromethylglycoluril 18i. Glycoluril 18i underwent oxidation of phosphorus fragments to
the pentavalent state with the formation of compound 18j (Scheme 14).

The reaction of tetrahydroxymethylglycoluril 19a in absolute benzene with two equivalents of
dimethoxychlorophosphate and pyridine as a hydrogen chloride acceptor resulted in the formation of a mix-
ture of products 18k and 18l (Scheme 14) [59].

(Et2N)2POC(CHg)s H NN
— s
-2Et,NH N )\(

N N
N -
7]/ R 7//N\R
O o 18f o) 189
0o
0
R— )]\N/R )(
N R R J(

~
NNy NN
> ( 4PCl, )\{ )\(
N N —_—
-~ ~
R T R _HCl N N N
R N
: ) -
o}

19a:R=CH,OH

N N
(CH40),POCI N * )\(
L = N N
t=60-70°C >f

Scheme 14. The phosphorylation reaction of tetra(hydroxymethyl)glycoluril 19a [59]
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A comprehensive analysis of chemical shifts in the *P and *C NMR spectra of glycolurils and other
phosphorus derivatives of bicyclic bisureas was carried out [59].

5 Nitro- and nitrosoderivatives of glycoluril

N-nitro- and N-nitroso derivatives of glycolurils have long attracted the attention of researchers, as they
have found applications as explosives and pore-forming agents [6]. These substances, in particular 2,6-
dinitro-2,4,6,8-tetraazabicyclo[3.3.0.]Joctane-3,7-dione (dinitroglycoluril) 20a, were first discovered in the
1880-s [63]. And 2,4,6,8-tetranitro-2,4,6,8-tetraazabicyclo[3.3.0.]Joctane-3,7-dione (tetranitroglycoluril) 20b
was first obtained only in the 1970s by the French scientist Boileau [5, 64]. Further, the reactions of for-
mation of N-nitroglycolurils were studied in detail [65]. Thus, in the reactions of N-nitration of glycoluril 1a,
the anti-N-dinitro-substituted product 20a was mainly formed, but monosubstituted glycoluril 20c was also
present. Nitration of 20c with a mixture of nitric acid and sulfuric anhydride can lead to the formation of
tetranitroglycoluril 20b. Tetranitroglycoluril 20b was also formed by N-nitration of dinitroglycoluril 20a
with a mixture of nitric acid and nitric anhydride at 15 °C (Scheme 15).

o) o)
o o)

O,N
)J\ A )J\ O,N )J\ )J\
-15° 0
HN NH  10-15°C N NH 10-15°C \N NH \
\ / HNO3; NO, \ / HNO3 NO; HNO; conc.
/ \ H,NCONH, / \ H,NCONH, 10150 >_<
SO3

HN NH HN NH

/N02

HN N—__ N N
\[( \H/ \H/ NO, ON— \[( ~no,
1
o a O 20c 5 20a I
| HNOj3 conc.SO5 A
N2Os5 10-15°C 82% condition a | (85%)
condition b | (72%)
COy, 60 bar, 5°C
a) HNOj; conc., N,Os
Os_0.__0O
b) HNO3 conc..Y Y
CH; CHs

Scheme 15. The synthesis of N-tetranitroglycoluril 20b

Dinitroglycoluril 20a is synthesized selectively by N-nitration of glycoluril 1a with concentrated nitric
acid in the presence of urea 3a or urea nitrate. The autoclave method [9] of synthesizing 20a with an 82 %
yield is known. It proceeds under conditions of liquid CO, gas at a pressure of 60 bar and a temperature of
5 °C using nitrogen pentoxide as a nitrating agent [9, 65, 66] and acetic anhydride (72 %) (Scheme 15) [67—
69].

In [70], the solubility of tetranitroglycoluril 20b in acetone, methanol, ethanol, ethyl acetate,
nitromethane, and chloroform was measured in the temperature range from 295-318 K by the gravimetric
method.

A number of N-nitroderivatives of glycoluril 20a—f can be obtained from tetraacetylglycoluril 11a [34].
In this reaction, mixed N-acetylderivatives of compounds 20d, e, f can also be obtained in acceptable
yields (Scheme 16).

Based on the known properties and methods for the preparation of glycoluril N-nitroderivatives, an al-
ternative procedure [9] for the synthesis of N-nitroamides and N-nitroureanes by nitration of the correspond-
ing N-alkylamides and N-alkylureas with nitrogen pentoxide in liquid carbon dioxide CO, as reaction medi-
um was developed. The nitration procedure [9] was tested using unsubstituted glycoluril 1a as a model.
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Scheme 16. Preparation of a number of N-nitroderivatives of glycoluril 20a-f using
tetraacetylglycoluril 11a

The studied N-nitration conditions were also used in the synthesis of mono-, di-, and tetranitro-1,5-
disubstituted glycolurils 20a—c, g—s [71]. It should be noted that the authors [71] failed to obtain or observe
the presence of any trinitroderivatives of glycolurils, similar to what was reported by
Boileau [5] (Scheme 17).
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IR = CO.Et © < > 0w—o-o 1a,c,h,i 21a, b — 0= —0 R
m: R+R = (CHy) N N N~ TN rR = Me
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NO, 1c:R=Me R'=H conditions Md R NO . 2)4
R =Me, o a) 100% HNO, 2
Th: R = COEL, R1 =H b) 100% HNO; 98% H,SO,
1iR = CO,Me, R' = H c) TFAA, 98% H,S0,
21a: R+R = (CHp), R' = Me d) N;05,CO, 80 bar. 5-20°C

21b: R=H, R'=Me
Scheme 17. Synthesis of mono-, di- and tetranitro derivatives of glycolurils

Thus, N-nitration of glycolurils 1a, b, g, h, 21a, b with 100 % nitric acid leads to the exclusive for-
mation of mononitroderivatives 20c, g—i with a yield of more than 50 %. When using a solution of mixed
acids 100 % HNO; and 98 % H,SQ,, dinitroglycolurils 20a, j—m are formed. And when using more aggres-
sive conditions (a mixture of trifluoroacetic anhydride and 100 % HNO,) tetranitroderivatives of glycolurils
20b, n—p can be obtained (Scheme 17).

As a pore-forming agent in the synthesis of thermoplastic polymers, 2,6-dinitroso-2,4,6,8-
tetraazabicyclo[3.3.0.]octane-3,7-dione (dinitrosoglycoluril) 22a is known [40, 72], which is obtained by N-
nitrosation of glycoluril 1a with sodium nitrite in the presence of a mineral acid. This reaction is accompa-
nied by the formation of the intermediate mononitrosoglycoluril 22b (Scheme 18).
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Scheme 18. N-nitrosation of glycoluril 1a [41]

Mononitrosoglycoluril 22b is always synthesized in situ at the first stage of nitrosation of glycoluril 1a
with alkali metal nitrites and nitric acid. A targeted isolation of mononitrosoglycoluril 22b was carried out
for further N-hydroxymethylation reactions [41].

In work [72], a number of N-nitrosoderivatives of glycoluril 22a—h were synthesized using sodium ni-
trite and 1-hydroxyethylidene diphosphonic acid (HEDP) as a “green” catalyst (Scheme 19).
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Scheme 19. The synthesis of N-nitrosoderivatives of glycoluril [72]

It was found [72] that when using ratios of 1 part of substrate to 2 parts of HEDP, predominantly
N-mononitrose-substituted glycolurils 22a—f were formed. Nitrosoglycolurils 22a—h were isolated in 10—
70 % vyields. The relatively low yield of mononitrosodiphenylglycoluril 22d was due to the low water solu-
bility of the initial substrate 1e.

In most cases, N-nitrosoderivatives are unstable and at high temperatures (100 °C) their decomposition
rate increases (especially at low pH). The authors of [72] found that substances 22a-h, when heated with 1
equivalent of HEDP, hydrolyze to the starting glycolurils 1a, ¢, e, 21¢, d with the destruction of the N-N
bond.

6 Alkylation of glycolurils and the Mannich reaction

It is known [1, 2] that N-alkylsubstituted derivatives of glycoluril are pharmacologically active, which
leads to a wide interest in these compounds and methods for their synthesis. However, N-alkylglycolurils are
mainly obtained by condensation of dialkylureas 3 with 1,2-dicarbonyl compounds 2. Direct alkylation pro-
cesses at nitrogen atoms are only presented using dimethyl sulfate [73] and methyl iodide [74, 75] to obtain
2,4,6,8-tetramethyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione (tetramethylglycoluril) 19b (Scheme 20).
Usually N-alkylation reactions of glycoluril 1a are carried out in liquid ammonia at low temperatures [73-75].

H3C CH3
H H
N N
CHyl /(CH30),50,
o o
/ NaNH2 / NH3
N N SOC
H H
1a H3C 19b (:H3

Scheme 20. N-Alkylation of glycoluril 1a in the synthesis of tetramethylglycoluril 19b
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A new method for obtaining tetraalkylsubstituted glycolurils 19c—i under milder conditions was
found [76, 77]. This method describes the treatment of N-dialkylglycolurils 8a, b, e with alkylating agents,
namely CHzl, C,HsBr, C¢HsCH,CI, in acetonitrile in the presence of KOH base (Scheme 21).

8 19
aiR=C(CHs); € R=C(CHz); R'=CHs

b:R=Bn d: R = C(CHg); R" = CyHs
e:R=

1 3
:< :[ >: S :[ /& *R=CH(CHs)  e:R=C(CHy)s R =Bn
. = 1=
AcN, t = 75°C, 3h f: R = CH(CH3), R'=CHj;

/N \ g: R=CH(CHy);, R'=CyHs
R e 40-83% h: R = CH(CH3),, R" = Bn
8ab,e 19c-i i:R=Bn,R"=Bn

Scheme 21. Reaction of N-dialkylglycolurils 8a, b, e with alkylating agents

Initially, the optimal conditions for the synthesis of dibenzyl-ditert-butylglycoluril 19h with a yield of
83 % were studied. The reaction conditions under which optimal yields of tetraalkylglycolurils 19¢c—i were
achieved were as follows: duration 3 hours, reaction temperature 75 °C, molar ratio 1: 4 of disubstituted
glycoluril 8 to alkyl chloride, respectively. Thus, N-alkylation reaction of dibenzylglycoluril 8b to obtain
tetrabenzylglycoluril 19i in 63 % vyield by treating the compound with benzyl chloride in acetonitrile was
successfully carried out (Scheme 21) [77].

The use of acetonitrile as a solvent contributed to obtaining better product yields, while DMSO and
DMF solvents did not contribute to satisfactory yields of tetraalkylglycolurils 19c—i [77]. The authors [77]
found that benzyl chloride is the most suitable alkylating agent in the synthesis of product 19i, in comparison
with benzyl bromide. It was also shown that the N-alkylation reaction of 2,6-dibenzylglycoluril 8b is current-
ly the only way to obtain tetrabenzylglycoluril 19i.

N-Alkylated and N-allylated derivatives of glycoluril are widely used [78—83].

Substance 23a was obtained by N-allylation of glycoluril 1a with allyl bromide in the presence of po-
tassium tert-butoxide or with allyl chloride in the presence of sodium carbonate [78] according to
Scheme 22.

o le) Conditions
_ab a) BrCH,-CH=CH,, K*(CH3)3CO",DMSO, t = 25°C, 20h, Ar
. b) CICH,-CH=CH,, Na,CO3 DMSO, t = 40°C, 20 h, Ar
" " |~ . R\N N/R ¢) CICH,0CgH,1, NaOH, TGF, t
d d) H,0, t = 120°C, 5 h, DBU, N=C-CH=CH,
0,
o e) PGMEA, t = 50 cj \
HN NH f —N N— 20
— R R f)AcN, 12h, s
O
g
\”/13 — 23a-e, 19a g) 4CH,0, NaOH/ H,0, pH = 9°1°

o) O
23 23

:R=CH,C=N
a:R=CHyCH=CH, ¢ R7% _ _ B
b R = GHaOCgH,, 9 R = CHzCH(OH)CH,0C=0CH,CH=CH,  19a: R = CH,OH

e: R = (CHg),SO,0H
Scheme 22. Synthesis of glycolurils 23a-e, 19a and reaction conditions

Antireflective coating compositions for photoresistors containing a crosslinking component,
tetracyclohexamethoxyglycoluril 23b, were studied [79]. Tetrasubstitutedglycoluril 23b was synthesized by
N-alkylation of 1a with chloromethoxycyclohexane (Scheme 22).

The synthesis of tetra(2-cyanoethyl)glycoluril 23c with a yield of 61 % was carried out by the reaction
of acrylonitrile with glycoluril 1a in an aqueous medium in the presence of diazabicycloundecene as a
base [80] (Scheme 22).

It was shown that glycoluril 1a reacted with glycidylacrylate in 1-methoxy-2-propanol acetate at 50 °C
to form tetrasubstituted glycoluril 23d (Scheme 22) [81].

Based on bisurea 1a, a new sulfonic derivative — tetrakis(butane-1-sulfonic acid)glycoluril 23e was ob-
tained in 95 % yield (Scheme 22). Substance 23e was used as an effective catalyst for the synthesis of new
spiropyrans in boiling water [82].
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Thus, among N-hydroxyalkylglycolurils, 2,4,6,8-tetrahydroxymethyl-2,4,6,8-tetraazabicyclo[3,3,0]-
octane-3,7-dione (tetrahydroxymethylglycoluril) 19a has the greatest synthetic value. Substance 19a was
synthesized by a typical N-formylation reaction of glycoluril 1a in an alkaline medium (Scheme 22) [83].
Tetrahydroxymethylglycoluril 19a is currently widely used as a cross-linking agent in the production of
glycoluril-formaldehyde resins, high-quality thermoset coatings; in the synthesis of supramolecular objects,
as well as a bactericidal agent for agueous compositions [84, 85].

In the reactions of glycoluril 1a with formaldehyde, by changing the ratio of initial reagents, it is possible
to obtain dimers 17b and other oligomeric molecules 17¢-f [86] (Scheme 23).

ISR W S S S S W N ¢

HN N N NH

o A O H O
Y. Y.U 7YYL T YLy
IV N W W W N S W i S S

HOH HH H H O H O HTH A H
"YU rTYYY

Scheme 23. Synthesis of macrocyclic derivatives of glycoluril [86]

A number of N-tetraaminomethylated derivatives of glycoluril 24 was obtained by the Mannich reac-
tion, or stepwise through the intermediate tetrahydroxymethylglycoluril 19a [41] (Scheme 24).
Aminomethylated glycolurils 24 at high pH undergo decomposition at the N-CH, bond with the formation of
the initial glycoluril 1a [41].

0 R'RN Q NRR'
4CH20 HNRR' )K
> 19a

N N
HN NH

HN NH 4CH,0, HNRR' T
\ﬂ/ R, R = AK(C1-Cy) NRR!

O 1a

Scheme 24. The synthesis of N-tetraaminomethylated derivatives of glycoluril by the Mannich reaction

The reaction of glycoluril 1a with formaldehyde became the basis for rapid progress in the chemistry of
fused polycyclic glycolurils — cucurbit[n]urils, bambus[n]urils and other objects of supramolecular chemis-
try [86, 87]. For the synthesis of tetracyclic derivatives of glycoluril 25-30 (Scheme 25), three-component
condensation of glycolurils 1a, c, e, h—J with formaldehyde and amines was carried out [87, 88].
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O
25R;=R,=H
a: R3 = Me,
HN NH b: R3 = (CH,),0H,

¢ Rz =n-CyoHps,
4 HCOH, 2R3NH2 d: R3 = n-CygHjs,
e: Rz =Cy,
f: Rz = All,
g: R3=Bu
h: R3 = CH,CO,H

HN NH
it R3 = (CH;)5CO,H,
Y jFRsy= (CH2)1OCOZHv
5 1a,c,e,h-j R? 5 30 k: Rz = t-Bu,
|

R2

| (0] m: Ry = i-Pr,
N n: Ry = Et,
2 MeO—_~ ~_—OMe T 0: R3 = (CHy),CO5H,
p: Rj=(CH,)3CO,H,
SmCl3 * 6H,0 q: R3 = CH,CONHCH,CO,H

26 a: R' =R?=Me, R3 = Cy

1a:R{=R,=H 29 R' = R? = CO,Et
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27 R'=R2="Ph, a: R® = Et
1e: Ry =R, =Ph . , .
1hiR, =R, = CO,Et & R®=Et, b: R3=i-Pr, e:R®=Bn h:R®=Cy
1i: Ry = R, = CO,Me b: R®=Bn, ¢: R3=i-Bu f: R%=Bu  i: R®=CHAr,
1j: Ry + Ry = (CHp)s  c: R® = Ph,CH d:R®=(CH,),0H 9:R®=Pr [:R®=An

28 a: R' =R?=CO,Me, Rz =t-Bu
30 Ry + Ry = (CHy)y
CO,H CO,H CO,H CO,H 7S

e:R®=Et, w:R¥= N
. R3 = 3 _ . R3 = =
a:R’= ,,///i_Pr b: R \\\\ c:R3= '/// d:R \\\\\ f:R3= C,H,4OH,
Pr g:R®=CH,CO,H  Ph
SMe coH h: R® = (CH,),CO,H
COMH i R® = (CH,)3CO,H
2 CO,H
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rnR® =),, stR3=, 2 HO,C 7 “NH
/i-pr \N tR3= ),, \\
/pr u:R3=
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Scheme 25. The synthesis of tetracyclic derivatives 25-30 by three-component condensation
of glycolurils with formaldehyde and amines [87]

Also, the three-component condensation approach was used in the synthesis of three tetracyclic com-
pounds 25a, b, v by the interaction of glycoluril 1a with formaldehyde (4 mol) and 2 mol of the correspond-
ing amine (methylamine, 2-(hydroxyethyl)amine or 4-phenylthiazol-2-amine) (Scheme 25) [87, 88]. Tetra-
cyclic compound 25a was synthesized in 33 % yield and substance 25b in 80 % yield and the yield of com-
pound 25v was 17 % [88].

A new method for the synthesis of compounds 25b, e, I, m based on the condensation of glycoluril 1a
with N,N-bis(methoxymethyl)alkylamines (R® = Cy, 2-Pr, t-Bu, (CH,),OH) in a CHCl;~EtOH medium and
using SmCI;*6H,0 as a catalyst was proposed (Scheme 25) [87]. The target compounds 25b, e, I, m were
isolated by column chromatography, where the yields of 25b, e, I, m were 70-81 %. Compound 26a was ob-
tained by the reaction of 1,5-dimethylglycoluril 1c with a 30 % solution of formaldehyde and
cyclohexylamine at reflux in isobutanol. Compound 27a (in 12 % vyield) was condensed using 1,5-
diphenylglycoluril 1e, formaldehyde, and ethylamine by refluxing the starting materials in MeOH solution.
Compounds 27b, ¢ were also synthesized in 90 % yield in acetonitrile at room temperature. Dicarboxylate
28a (90 % vyield) was synthesized by the condensation reaction of dimethyl-2,5-dioxoglycoluril-3a,6a-
dicarboxylate 1i, paraformaldehyde, and tert-butylamine in acetonitrile at room temperature.

Three-component condensation was used mainly to obtain diethyl-2,6-dialkyl-4,8-hexaazacyclo-
penta[def]fluorene-3a-1,4-dicarboxylates 29a—j (Scheme 25) by condensation of diethyl-2,5-dioxoglycoluril-
3a, 6a-dicarboxylate 1h with formaldehyde and alkyl-, aryl- or alkylarylamines [87].

In the process of synthesizing compounds 30a—i, solutions of the corresponding amines in MeOH or
MeCN were added dropwise to a mixture of glycoluril 1a with formaldehyde. The yields of tetracyclic com-
pounds obtained by this method varied from 10 to 76 %. To increase the yield of tetracyclic com-
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pounds 30b—e (up to 90 %), acetonitrile was used as a solvent for amines, and the reaction mixture was
stirred for 12 h at room temperature [87].

The synthesis of tetracycles 30j was carried out in various solvents. The optimal conditions found for
the reactions of diethoxycarbonylglycoluril 1h with formaldehyde and aromatic amines (aniline, p-toluidine,
m-toluidine,  p-methoxyaniline, p-isopropylaniline, p-chloroaniline, p-bromoaniline, p-iodaniline,
p-ethynylaniline) were: dimethylformamide as a solvent and keeping the reaction mixture at 120 °C for 16 h,
where the yields of products 30j were 24-61 % (Scheme 25) [87].

Synthesis of tricyclic derivatives of glycoluril, 2a,2a'-disubstituted 6-alkyltetrahydro-pentaaza-
cyclopenta[cd]inden-1,4-diones 31-34 was carried out by three-component condensation of glycolurils
1a, e, h, j with formaldehyde and amines or potassium of amino acid salts (in the form of solutions in an ap-
propriate solvent) (Scheme 26) [86].

O o

)k /[k 3MR;=Ry=H 33R, =Ry =Ph, Rs = Et
AN NH /—N NH a: Ry = (CH,)COH
2 HCOH, R3NH2 b: R3= (CH;),CO,H 34 R, + Ry = (CHy)s,
Ri Re i oan s RTNR Ro  ciRy=(CHsCOH iRy = (CHp),0H,
’ \ b: Rz = CH,CO,H
HN NH N NH 32 R, = R, = CO,EY,

aRs = (CH,),0H,
\[( 1a:R; =R, =H \[r sz=(Bn2)2
U taeij 1e: Ry =Ry =Ph U 3134 ¢ Ry = CH,CeH4Br-p,

1h: Ry = R, = COEt
. d R; = Et
1j: R1 + Ry = (CHy)y 3

Scheme 26. The synthesis of tricyclic derivatives of glycoluril 31-34 [87]

The reactions shown in Scheme 26 were carried out in solutions of H,O, MeOH, EtOH and MeCN. Tri-
cyclic compounds 31a ¢ were obtained in 20-50 % vyield by keeping the reaction mixtures at 90 °C for
2 hours. The observed products were formed by oligomerization between N-(hydroxymethyl)glycolurils hav-
ing different degrees of hydroxymethylation at nitrogen atoms, as well as by oligomerization of these com-
pounds with amino acids [89]. Synthesis of compound 31a (yield 20 %) was carried out in acetonitrile, and
compound 32b in methanol. Compounds 32d and 33 were prepared in a similar manner using EtOH instead
of MeOH. The yields of products 32b—d, 31 were 45-80 %. (Scheme 26) [87].

Tetracyclic compounds 34a, b were isolated as side products in the reactions of compound 1j with (2-
hydroxyethyl)amine and N-carbamoylglycine (in the form of potassium salt) (Scheme 26) under conditions
similar to those used for the synthesis of pentacyclic products 31 (H,O, pH 9, 90 °C, 2 hours) [90].

A condensation reaction of 1-(tert-butyl) or 1-cyclohexylglycolurils 35a, b with formaldehyde and ali-
phatic amines was carried out (Scheme 27), and a result of the reaction, 2-substituted-6-alkyltetrahydro-
pentaazacyclopenta[cd]inden-1,4-diones 36a—c were obtained in high yields from 70 to 84 % (14 examples)
through the formation of intermediate compounds 37 [90].

o B o ] o)
35
)J\ OH a:R'=tBu, R2=H
Ri~y NH Ri~y NJ Ri~\ N b:R' =Cy,R?=H
\ c:R' =R%2=Et
>—< HCoH >_< ) >———< N—~R? 1a:R'=RZ=H
N NH RONH, N N NJ 36
Ro™ Y Ry YN_\ Rz/ \H/ a:R'=t-Bu, R?=H
OH 70 - 84% b:R' =Cy,R2=H
o acta = o ¥ - O 36ad c:R' =R?=Et

d: R" = R? = CH,OH (20%)
Rj3 = Et, Pri' Pr, Bun' Bus' But' Cy, (CH,),OH

Scheme 27. The synthesis of tricyclic derivatives of glycoluril 36a—d [87]

Condensation between glycoluril 1a, formaldehyde and isopropylamine in acetonitrile at room tempera-
ture led to the synthesis of 2,3-bis(hydroxymethyl)-6-isopropylhexahydro-1H-2,3,4a,6,7a-pentaazacyclo-
penta[cd]-indene-1,4(2H)-dione 36d in 20 % yield (Scheme 27) [87].
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7 Thioderivatives of glycoluril

Mono-, and dithioglycolurils, as found in [48], can be obtained by the action of Lawesson’s reagent on
glycolurils. Preliminary studies of glycoluril 1a transformations to the corresponding dithioderivative 38b
were unsuccessful, however, monothioglycoluril 38a using Lawesson’s reagent was obtained (Scheme 28).

H H Lawesson’s Reagent: Lawesson’s Reagent: H H
3 equiv 3 equw
O:< >:O —_— O:< >: :< s
Toluene, t
N N Toluene, t N N:
H H H H
! 38a 38b

Scheme 28. The synthesis of monothioglycoluril 38a

Heating 1,2,5,8-tetramethylglycoluryl 12a with 1 equivalent of Lawesson’s reagent readily formed
thioglycoluryl 38c, and increasing the amount of reagent to 3 equivalents led to the corresponding dithioyl
derivative 38d (Scheme 29).

H C CH
CHy ® 3
Lawesson’s Reagent Lawesson s Reagent:
1 equw 2 equiv
: > S — S—=X p— 3
Toluene, t Toluene, t
CH3 12a Ha

Scheme 29. Thionization of tetramethylglycoluril 12a

Treatment of monoacylglycolurils 13a, e with Lawesson’s reagent results in highly selective
monothionization of the glycoluril system with the formation of individual products 38e or 38f, respectively.
Substitution of oxygen by sulfur occurs at 60 °C in the carbonyl group of glycoluril 13a, e, which is the fur-
thest away from the acylgroup of the substituent (Scheme 30).

)k 2 )T\ 7 o S
HsC
¥ ~n N/( H3C\ /K Mo~ )J\

\ / " N :

R
HsC CH; L on’s CH; Lawesson’s
; 3 HsC CH
/ \ R1eage_nt. Reagent: °
NH equiv

NH 1 equiv

3
__N __N N
HaC \[{ Toluene,t  H,¢ \H/ Toluene, t  H,c— \[{
13a: R= CH
3 3 38e, f 38g, h

13e: R = (CH,),CH, s

Scheme 30. Treatment of monoacylglycolurils 13a, e with Lawesson’s reagent

Alcoholysis of glycolurils 38e, f using sodium ethoxide in THF leads to the elimination of the acetyl
group, with the formation of a pure sample of glycoluril monothioderivative 38c. The structures of
thioderivatives of glycolurils were studied by X-ray diffraction analysis [48].

8 Hydrolysis of glycolurils

It is known that glycolurils are stable in a strongly acidic environment and do not enter into hydrolysis
processes [91]. However, the hydrolytic properties of glycolurils under alkaline conditions are much less
studied.

The authors [92] studied the ability of glycoluril 1a and its dimethylderivatives 21c, d to hydrolytic de-
composition under alkaline conditions. It was shown that the hydrolysis of glycoluril 1a to hydantoin 4a at
100 °C in an alkaline medium proceeds rather quickly (10 minutes). A separate hydrolysis reaction of
hydantoin 4a under the action of aqueous NaOH leads to the formation of hydantoic acid 39a.
Dimethylderivatives of glycolurils 21c, d react similarly (Scheme 31).
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1a:R'=R?=R%®=R* =H
21c:R'=R* =H,R?=R® =CHjy
21d: R'=R? =H,R®=R* = CHj3

%I% NaOK Yf NaOH /U\”/YO 4 )

.R1=R2 1_
HO a: R1 R o =H :R'=H
b: R'=H, R°=CHj; b R"=CHjy

(0]

R3 1a, 21c, d R4 39a,b
Scheme 31. Alkaline hydrolysis of glycoluril 1a and dimethylglycoluril 21c, d [92]

It is possible that glycolurils 21c, d under the action of alkali at the initial stage through the elimination
of the corresponding ureas form type B anions which undergo rearrangement to hydantoins 4a, b, and the
latter are easily hydrolyzed to hydantoic acids 39 a, b (Scheme 32).

R R
R
9y O | OH | OH | H H
H N N H 0
1a,21c,d __20H H0 o) OH
~RNHCONH, O=— O w0 O oo
2 C NH
4 39 N N N Y/Z2AN 2
aR'=R? =H a:R'=H H 3 H B4 H | H O/ OH
b:R'=H,R?=CH; b:R'=CH, B - 4a,b 38a,b

Scheme 32. Rearrangement of glycolurils 1a, 21¢, d to hydantoins 4a, b under alkaline conditions [92]

9 Reactions on the carbonyl group of glycolurils

Reactions on the carbonyl oxygen of glycolurils in the literature are presented only by the reactions of
O-reduction and O-alkylation. It is known that tetramethylglycoluril 19b has high reaction stability to vari-
ous reagents [91], and the replacement of carbonyl oxygen with a chlorine atom can sharply increase the re-
activity of the latter.

The authors [93] studied the reaction between oxolyl chloride and tetramethylglycoluril 19b, which re-
sulted in the formation of salt 40 with a reduced carbonyl group containing chlorine atoms. The reaction was
carried out in an inert atmosphere at a temperature of 80-90 °C for 6 hours (Scheme 33).

HsC CHs H,C CHs
N N 4KF N N
2COCl, / 20°C 3n F
(0] O ———> CI Cl ————>
85°C, 6h e = F
N N N N
HiC 419 CHs HgC CH3 HaC CHj,
40 4

Scheme 33. The synthesis of halogen derivatives of tetramethylglycoluril 19b

In order to obtain fluorinederivatives of glycolurils, the interaction of the chlorine salt of
tetramethylglycoluril 40 with potassium fluoride in anhydrous acetonitrile was studied, as a result of which
tetramethyltetrafluoroglycoluril 41 was obtained (Scheme 33). An alternative method for the preparation of
tetramethyltetrafluoroglycoluril 41 is the reaction of glycoluril 40 with COF..

The authors [93] additionally carried out the functionalization of the chlorine-containing salt of
tetramethylglycoluril 40 with amines of wvarious structures: tetramethylguanidine, dimethyl- and
diethylamine. Reactions were carried out at room temperature in anhydrous methylene chloride, where crys-
talline compounds 41a ¢ with potential biological activity were obtained (Scheme 34).
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\ / L N ¢ \ / 3
N N
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N N N N
/ \ H3C/a,\ \CH3 /N N\
HaC CHj, 42 HsC CH,
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R3 = C(N(CHy),) cl b: Ry = Rp= CoHs
Scheme 34. The functionalization of the chlorine-containing salt of tetramethylglycoluril 39 with amines

Tetramethyltetrachloroglycoluril 40 was also obtained by the action of phosphorus oxychloride on
tetramethylglycoluril 19b. The reaction product of salt 40 with propylamine in the “One-pot” synthesis was
N,N’-di(N-propylamino)-2,4,6,8-tetramethyl-2,4,6,8-tetraazabicyclo[3.3.0.]-octane-3,7-diylidene 42d
(Scheme 35) [57].

HsC CHy
\N N/
% cl
Lo e L e L
HsC— N—CHs HC— | N\, —CHg OH /N N\
)} < POCl; > < HC  42d CHy
N N N N HaC cH, SRi=Pr
HsC SCH,  HCTTIN ey i [ eRe=Bn
cr 3 NHR, \ N
-_—
° 1o . 0 o O% j: >:NR2
N N\
HsC 42¢ CHs

Scheme 35. The “One-pot” functionalization of the chlorine-containing salt of tetramethylglycoluril 40

The addition of benzylamine at the second stage of the “One-pot” reaction (in situ) led to the formation
of monosubstituted glycoluril 42e (Scheme 35) as the main product, which can be explained by steric hin-
drances associated with the bulk of the benzylamine molecule and the spatial configuration of the starting
compound.

Conclusion

In the present work, the main physico-chemical and spectral characteristics of glycoluril as the main
representative of bicyclic bisureas were presented and discussed. The chemical properties of glycoluril and
its derivatives currently known in the literature and the ways of their modification were also discussed. The
review demonstrated the reactions of N-halogenation, N-acylation of glycolurils; obtaining phosphorus-, ni-
tro- and nitroso derivatives of glycolurils; N-alkylation, Mannich reactions, thionization, hydrolysis and reac-
tions at the carbonyl group of glycolurils. Methods for the preparation of macrocyclic compounds based on
glycoluril were considered.

The variety of glycoluril derivatives is due to various substituents in the bicyclic structure, which direct-
ly affect the properties of the glycoluril skeleton. And the influence of substituents on the geometry and on
the NMR chemical shifts of the bicyclic skeleton of glycoluril was considered in the works [33, 35].
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Interaction of Isonicotinic Acid Hydrazide with Carboxylic Acid Anhydrides

There has been presented data on the synthesis of monoamides and cyclic imides which are derivatives of
isonicotinic acid hydrazide. Cyclic anhydrides of carboxylic acids (succinic, maleic and phthalic) easily react
with the hydrazide of isonicotinic acid with cycle opening, forming isonicotinoylhydrazide of dicarboxylic
acids, and under more severe conditions the latter are transformed into cyclic acid imides. The structures of
the synthesized compounds were studied using *H- and *C-NMR spectroscopy, as well as data from two-
dimensional COSY (*H-!H) and HMQC (*H-3C) spectra. The values of chemical shifts, multiplicity and in-
tegral intensity of *H and *C signals in one-dimensional NMR spectra were determined. Homo- and
heteronuclear interactions confirming the structure of the studied compounds were established using spectra
in the COSY (*H-'H) and HMQC (*H-**C) formats. In the approximation of the density functional B3LYP
with a base set of 6-31G(d), the enthalpy of the reactions AH, in the absence and in the presence of a sol-
vent — isopropanol (self-consistent reaction field method) were calculated quantum-chemically.

Keywords: isonicotinic acid hydrazide, anhydrides, 1,4-dicarboxylic acid monoamide, phthalic acid
acylhydrazides, cyclic imides, quantum chemical calculation, heteronuclear interactions, NMR spectroscopy.

Introduction

Over the past decade, tuberculosis has once again become one of the leading causes of death in the
world; at least three million people die from tuberculosis in the world every year [1, 2]. The urgency of the
problem of tuberculosis incidence is associated with the spread of drug-resistant strains of the causative
agent of tuberculosis, therefore there is a constant need to find new means to combat diseases caused by re-
sistant pathological strains to improve human life. One of the main ways to find and develop new antibacte-
rial drugs is to modify the structure of known anti-tuberculosis drugs. Isonicotinic acid hydrazide occupies a
leading place in the treatment of various forms of tuberculosis and it has many different derivatives with
wide variation of antitubercular activity and toxicity of compounds [3]. The introduction of an amide frag-
ment and a carboxyl group into a molecule of biologically active substances is of practical interest, since
N-substituted amides of carboxylic acids have valuable and unique properties that determine their wide-
spread use as biologically active substances [4, 5]. It should be noted that monoamides of 1,4-dicarboxylic
acids, namely succinic, maleic and phthalic acids are readily available intermediates in the synthesis of cyclic
acid imides. In comparison with their predecessors, they are widely used as herbicides, insecticides, fungi-
cides, and are also physiologically active substances of a wide spectrum of action, possessing antimicrobial,
anti-tuberculosis, antiviral, antitumor and other types of activity [6-8]. As an example, we can cite such suc-
cessfully used anticonvulsant drugs as ethosuximide and pufemide which are derivatives of succinimide [9,
10]. Among phthalic acid acylhydrazides obtained by the interaction of salicylic, isonicotinic and p-toluylic
acid hydrazides, substances with high hypoglycomic activity were found [10].

In the scientific literature, work continues on the search for new tuberculostatic derivatives of
isonicotinylhydrazides and methods for their preparation. Previously published works of the authors [11, 12]
contain interesting data on acyl derivatives of isonicotinic acid hydrazide. Treatment of
isonicotinylhydrazine with phthalic anhydride did not directly lead to the production of cyclic phthaloyl. In-
stead, l-isonicotinyl-2-(o-carboxybenzoyl) hydrazine was formed, which, when heated to 200-210 °C, was
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cyclized to 1-isonicotinyl-2-phthaloyl hydrazine. However, the interaction of isonicotinylhydrazide with ma-
leic anhydride under similar conditions did not lead to the production of a cyclic product, and the final prod-
uct was l-isonicotinyl-2-(B-carboxyacrylyl)hydrazine [11]. In [12], the synthesis of only 4-(2-isonicotinoyl-
hydrazino)-4-oxobutanoic acid obtained by the interaction of isoniazide with succinic anhydride was de-
scribed and crystal structure data was given. We have previously published a number of papers on the study
of hydrazine derivatives as synthons in the search for new anti-tuberculosis drugs [13-16]. Interesting results
were obtained in the synthesis of B-N-(methacrylylcarbamothioyl)isonicotinohydrazide, which, when boiled
in 2-propanol, underwent intramolecular cyclization to form B-N-(5-methyl-4-oxo0-5,6-dihydro-4H-1,3-
thiazine-2-yl)isonicotinohydrazide [17]. Previously, we also described the synthesis and study of the struc-
ture of N-(1,3-dioxoisoindoline-2-yl)isonicotinamide by the X-ray diffraction method [18]. It follows from
the data obtained that bond lengths and valence angles in compounds 6 are close to the usual ones [15, 16].
The phthalimide cycle is flat with an accuracy of £0.013 A. The amide group is located almost perpendicular
to it [19]. Thus, it follows from the analysis of the literature data that the direction of the reaction of the in-
teraction of isonicotinic acid hydrazide with dicarboxylic acid cyclic anhydrides and the nature of the for-
mation of final products depend on a number of factors that require further research.

Experimental

The 'H and *C NMR spectra were taken on a JNM-ECA 400 spectrometer (399.78 and 100.53 MHz,
respectively) using DMSO-ds solvent. The reaction progress and purity of the obtained compounds were
monitored by thin-layer chromatography on Silufol UV-254 plates in isopropyl alcohol-benzene-ammonia
systems (10:5:2). The plates were developed with iodine vapors. The reaction products were isolated by re-
crystallization or column chromatography on aluminum oxide. All solvents used in the work were purified
and absolutized in accordance with known methods [13-17].

The general method of obtaining isonicotinoylhydrazide of 1,4-dicarboxylic acids (1-3). To
0.02 mol of isonicotinic acid hydrazide in 20 ml of ethanol or ethyl acetate, a solution of 0.02 mol of
1,4-dicarboxylic acid anhydride (succinic, maleic and phthalic) in 20 ml of ethanol or ethyl acetate was add-
ed with stirring. The reaction mixture was stirred at 40-50 °C for an hour. The precipitate was filtered out
and recrystallized from ethanol.

4-(2-1sonicotinoylhydrazinyl)-4-oxobutanoic acid (1). The yield of product 1 is 86.1 %; melting point
is 245-246 °C. 'H NMR spectrum (DMSO-ds), 8, ppm: (J, Hz): 2.42-2.43 m (4H, H-11, 11, 12, 12), 7.72 d
(2H, H-3, 5, %1 6.0), 8.70 d (2H, H-2, 6, °J 6.0), 10.01 br.s. (1H, H-8), 10.61 br.s. (1H, H-9), 11.86 br.s. (1H,
H-14). *C NMR spectrum, §, md: 28.64 (C-12), 29.26 (C-11), 121.83 (C-3, 5), 140.01 (C-4), 150.91 (C-2,
6), 164.43 (C-7), 171.00 (C-10), 174.06 (C-13).

4-(2-1sonicotinoylhydrazinyl)-4-oxobut-2-enoic acid (2). The yield of product 2 is 96 %; melting
point is 183-184 °C.

2-(2-1sonicotinoylhydrazinocarbonyl)benzoic acid (3). The yield of product 3 is 21 %; melting point
is 219-220 °C. 'H NMR spectrum (DMSO-ds), 8, ppm: (J, Hz): 7.85 d (2H, H-3, 5, %] 6.0), 7.92-7.99 m (4H,
H-12, 13, 14, 15), 8.82 d (2H, H-2, 6, °J 6.0), 11.70 br. s (1H, H-18), 11.70 s (2H, H-8, 9). *C NMR spec-
trum, &¢c, ppm: 121.99 (C-3, 5), 124.52 (C-12, 14), 129.95 (C-11, 16), 136.02 (C-13, 15), 138.21 (C-4),
151.31 (C-2, 6), 164.74 (C-7, 17) and 165.61 (C-10).

General method of obtaining phthalimides (4-6). A mixture of 0.01 mol of isonicotinic acid
hydrazide and 0.01 mol of phthalic anhydride in 25 ml of dimetylformamide was mixed at a temperature of
120 °C in a flask with a Dean-Stark apparatus for 3.5 hours. After cooling to room temperature, the reaction
mixture was diluted with 100 ml of distilled water with intensive stirring. One day later, the white precipitate
was filtered out, washed with ethanol and dried at room temperature.

N-(2,5-dioxopyrrolidine-1-yl)isonicotinamide (4). The yield of product 4 is 28.7 %; melting point is
156-157 °C. 'H NMR spectrum, 8, ppm: (J, Hz): 2.49 s (4H, H-11ax, 11eq, 12ax, 12eq), 7.34 d (2H, H-3, 5,
%1 4.8),8.71 d (2H, H-2, 6, %] 4.8), 9.37 ¢ (1H, H-9). ®*C NMR spectrum, &, ppm: 28.77 (C-11, 12), 121.86
(C-3.5), 139.97 (C-4), 151.07 (C-2, 6), 164.53 (C-7), 171.30 (C-10, 13).

N-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)isonicotinamide (5). The yield of product 5 is 22.1 %;
melting point is 288-290 °C. 'H NMR spectrum, 5, ppm: (J, Hz): 3.62 br. s (1H, H-8), 6.63 d (1H, H-11, *J
15.6), 6.99 d (1H, H-12, *] 15.6), 7.34 d (2H, H-3, 5, °] 4.0), 8.73 d (2H, H-2, 6, %] 4.0). *C NMR spectrum,
3, ppm: 132.01 (C-11), 134.53 (C-12), 162.85 (C-13), 164.39 (C-11), 121.88 (C-3, 5), 139.97 (C-4), 150.98
(C-2, 6), 166.65 (C-7).
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N-(1,3-dioxoisoindoline-2-yl)isonicotinamide (6). The yield of product 6 is 32 %, melting point is
220-221 °C. '"H NMR spectrum, 3, ppm: (J, Hz): 7.85 d (2H, H-3, 5, 3] 5.0), 8.82 d (2H, H-2, 6, 3] 6.0), 7.92—
7.95 m (2H, H-13, 14), 7.97-8.00 m (2H, H-12, 15), 11.72 br. s (1H, H-8). *C NMR spectrum, 8C, ppm:
121.96 (C-3, 5), 124.52 (C-12, 15), 129.94 (C-11, 16), 136.03 (C-13, 14), 138.20 (C-4), 151.32 (C-2, 6),
164.73 (C-7), 165.62 (C-10, 17).

Quantum chemical calculations were carried out using Gaussian and GaussView software
packages [20, 21]. The equilibrium geometry and vibrational frequencies of the molecules were calculated in
the approximation of the density functional B3LYP with a base set of 6-31G(d). The enthalpy of reactions in
the presence of a solvent-isopropanol at a temperature of 50 °C was calculated by the method of a self-
consistent reaction field. Similar calculations were performed for reactions in the gas phase in the absence of
a solvent at a temperature of 25 °C.

Results and Discussion

Continuing our search in this direction [13—-18], we carried out our own research and studied the reac-
tion of the interaction of succinic, maleic and phthalic anhydrides with isonicotinic acid hydrazide. We con-
ducted the research in two stages. At the first stage, under the conditions we studied, cyclic anhydrides of
dicarboxylic acids in mild conditions easily reacted with isonicotinic acid hydrazide with the opening of the
oxolan cycle. The reaction of cyclic dicarboxylic acid anhydrides with isonicotinic acid hydrazide was car-
ried out at a reagent ratio of 1:1 in an isopropanol medium at a temperature of 50-60 °C for 1.5 hours. It was
established that under the conditions studied, the reactions under consideration can proceed with the for-
mation of the corresponding monoamides of dicarboxylic acids 1-3 (Scheme 1).
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Scheme 1. Modification of isonicotinic acid hydrazide with anhydrides under mild conditions

The resulting compounds 1-3 after recrystallization are white crystalline substances that are soluble in
most organic solvents, except for saturated hydrocarbons.

At the second stage, we conducted direct reactions of the interaction of the above initial reagents under
harsh conditions. The reaction of succinic, maleic and phthalic acid anhydrides with isonicotinoyl hydrazide
was carried out at a reagent ratio of 1:1 in a dimethylformamide solvent at a temperature of 120 °C for 3.5-
5 hours (Scheme 2). The reactions proceeded in one stage, the yields of the obtained cyclic imides 4-6
ranged from 20 to 45 %.
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Scheme 2. Modification of isonicotinic acid hydrazide with anhydrides under severe conditions

The structures of synthesized compounds 1-6 were confirmed by *H- and **C-NMR spectroscopy, as
well as by data of two-dimensional NMR, namely COSY (*H-'H) and HMQC (*H-**C) spectroscopy which
allow establishing spin-spin interactions of homo- and heteronuclear nature (Fig. 1). The observed correla-
tions in molecules 3 and 6 are shown in the diagrams. In the *H-"H COSY spectra of compounds 3 and 6,
spin-spin correlations are observed through three bonds of aromatic protons of the pyridine cycle H*°-H*®
cross-peaks with coordinates at 7.84, 8.82 and 8.81, 7.85. Heteronuclear interactions of protons with carbon
atoms through a single bond were established using *H-*C HMQC spectroscopy for the pairs present in the
compound: H**-C*®(7.84, 121.95), H*-C"** (7.93, 124.50), H'#">-C"*< (7.93, 136.05) and H*°-C*® (8.82,
151.31).

¢ d

Figure 1. Correlation schemes in the COSY (a) and HMQC (b) spectra of compounds 3 and 6
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In order to theoretically substantiate the influence of the medium (solvent) on the reaction nature, quan-
tum chemical calculations were carried out to determine the enthalpy of reactions AH,. The change in the
enthalpy of the system during the reaction is known to be calculated as the difference between the enthalpy
of the products and the initial components. Quantum-chemically determined thermodynamic properties of
molecules take into account the contribution of vibrations and rotations of the molecule. In the approxima-
tion of the density functional B3LYP with a base set of 6-31G(d) [20, 21], the enthalpy of the reactions AH;
in the absence and in the presence of a solvent — isopropanol (self-consistent reaction field method) were
calculated quantum-chemically. Figure 3 shows 3D configurations of reagent molecules and reaction prod-
ucts, their thermochemical data are given in Table 1.

a — isonicotinic acid hydrazide; b — succinic anhydride; ¢ — maleic anhydride; d — phthalic anhydride;
e — product 1; f — product 2; g — product 3 (B3LYP/6-31G(d) method)

Figure 3. 3D configurations of reagent molecules and reaction products (the most stable conformations)

Table 1
Theoretical values of the enthalpy of formation (AH, A.U.) of compounds
(B3LYP/6-31G(d) method, t = 25 °C)
Reaction Condition | Reagent 1 |  Reagent2 [  Product AH, kJ/mol
Reaction 1
isonicotinic acid hydrazide | succinic anhydride Product 1
In the absence of a solvent -472.159598 -380.436910 -852.613950 -45.80
In the presence of isopropanol -472.169012 -380.447614 -852.628478 -31.12
Reaction 2
isonicotinic acid hydrazide | succinic anhydride Product 2
In the absence of a solvent -472.159598 -379.227522 -851.408555 -56.29
In the presence of isopropanol -472.169012 -379.236069 -851.420723 -41.08
Reaction 3
isonicotinic acid hydrazide | succinic anhydride Product 3
In the absence of a solvent -472.159598 -532.839917 -1005.004921 -7.62
In the presence of isopropanol -472.169012 -532.848465 -1005.021645 -10.95

As follows from the calculated data, the solvent lowers the enthalpy of the reaction (by the absolute
value) which is explained by the limited mobility of molecules in the condensed phase. The consequence of
this is a decrease in the activation energy, and since the reactions are exothermic, the transition states in
structure should be closer to the initial reagents.

Conclusions

The results showed that the direction of the reaction of the interaction of isonicotinic acid hydrazide
with cyclic dicarboxylic acids anhydrides depends on the reaction conditions. Under mild reaction condi-
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tions, the corresponding isonicotinoylhydrazides of dicarboxylic acids are formed in high yield, while under
harsher conditions the latter are transformed into imides of cyclic acids. In the approximation of the density
functional B3LYP with a base set of 6-31G(d), the enthalpies of the reactions AH, in the absence and in the
presence of a solvent were calculated quantum-chemically. According to the calculated data, the solvent
lowers the enthalpy of the reaction (by the absolute value), which is explained by the limited mobility of
molecules in the condensed phase. The consequence of this is a decrease in the activation energy, and since
the reactions are exothermic, the transition states in structure will be closer to the initial reagents.
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Synthesis of Push-Pull Azulene-Based Compounds

Nowadays, non-benzenoid aromatic hydrocarbons are widely used as synthons for the production of new or-
ganic semiconductors with interesting photophysical characteristics. For instance, a non-benzoid azulene hy-
drocarbon with a polar structure, a narrow energy gap between the highest free and lowest occupied molecu-
lar orbital and the ability to form stable ions can be intended as a structural moiety for the synthesis of new
conjugated compounds with important optical and electronic properties. The article discusses the synthesis
and investigation of the optical properties of new push-pull azulene-based compounds. It shows that Friedel-
Crafts acylation is used as the key reaction for the synthesis of methyl- and phenyl-dicyanovinylated
azulenes. The interaction proceeds regioselectively at the C1 and C3 positions of the five-membered azulene
ring. It is identified that the synthesis of push-pull dicyanovinylated azulenes by Knoevenagel condensation
of azulenyl ketones with malononitrile proceeds easily in Py and DMSO. The UF-vis spectra of the obtained
azulene push-pull compounds demonstrated strong electron absorption in the visible zone with Amax at 410,
430, 434 and 452 nm associated with transport of charge between the donor azulene ring and the acceptor
dicyanovinyl group. The scheme of resonant structures shows the mechanism of intramolecular donor-
acceptor interaction. The structure of the synthesized push-pull dicyanovinylated nonazulenes was elucidated
using modern physicochemical and spectroscopic research methods.

Keywords: functional materials, organic semiconductors, ketoazulene, diketoazulene, bis-dinitrilevinyl-
azulene, mono-dinitrileazulene, donor-acceptor azulenes, n-conjugated systems.

Introduction

The increasing interest in aromatic molecules with a stretched conjugate system due to their importance
as functional materials for organic optoelectronics is largely focused on obtaining phenylated, also substitut-
ed by donor-acceptor fragments of benzoid and heteroaromatic molecules. Nevertheless, up to now, non-
alternative aromatic compounds have not found their extensive use as synthons for the production of new
substances with valuable electro-optical characteristics. Such compounds include, in particular, azulene hy-
drocarbons [1, 2].

Azulene 1 (Fig. 1) is a unique nonalternant aromatic hydrocarbon consisting of condensed five- and
seven-membered cycles [3]. The dipole structure (u=1.08 D) of azulene can lead to stabilized ion radicals
and is of interest as a structural block for obtaining donor-acceptor systems with advanced optoelectronic
properties [1-3]. Azulene is unique not only for its polar nature, but also for the peculiarity of the energy
transition and the small forbidden zone of HOMO — LUMO [4, 5]. This is due to its nonalternant structure,
which induces frontal molecular orbitals to its mirror arrangement, thereby reducing the mutual repulsion
between electrons. As a consequence, the energy gap of HOMO — LUMO 1 decreases in comparison with
conventional aromatic hydrocarbons [6]. In addition, azulene gives strong absorption associated with the Sy—
S, optical transition, while the S, — S; transition leads to weak absorption in the visible range, which explains
its blue color [7, 8]. Another feature of 1 is that its fluorescence mainly originates from the S, state, whereas
the S;-S, transition is insignificant [9]. This nature of the transition violates the Kasha’s rule [4]. The reason
for this anomalous fluorescent nature is that the energy gap between the S; and S, states is relatively
large (AE is more than 10000 cm-1), which leads to a decrease in the transition rate from S, to S;, as a result
of which the radiation from S, to S, becomes dominant [10].

In this article, we report on the results of the directed synthesis and investigation of the optical proper-
ties of new push-pull methyl- and phenyldicianovinylated azulenes.
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Figure 1. The polarized resonance structure of azulene 1

Experimental

IR spectra were recorded on an Avatar-360 Fourier spectrometer (USA) in tablets with KBr. *H and **C
NMR spectra were recorded on a JeolECA-500 spectrometer (Japan) [operating frequency 500.15 MHz] in
CDClg, internal standard TMS. Absorption spectra were recorded on a Shimadzu UV-1800 spectrophotome-
ter (Japan) in dichloromethane (C=10"* mol/l). Mass spectra were recorded on a Shimadzu GC-MSQP-2010
Ultra chromato-mass spectrometer (Japan) with electron impact ionization (ionization energy 70 eV, column
GsBP-5MS: 0.25 um x 0.25 mm x 30 m, carrier gas helium, programmable heating from 100 to 300 °C,
scanning mode for all integer m/z values in the range from 15 to 900 at a speed of 5000 amu/sec). Elemental
analysis was performed on an automatic CHNS analyzer EuroVektor EA-3000 (lItaly). The melting point was
determined on a Melting Point M-560 instrument (Switzerland). Sorbfil PTSH-AF-UF plates (Russia) were
used for TLC, eluent was hexane, hexane-ethyl acetate, and developed with a saturated solution of KMnQO,.
Silica gel 60 (Merck) was used for column chromatography.

Initial azulene (99.5 %), acetyl chloride (99 %), benzoyl chloride (99 %), malononitrile (=99 %), dime-
thyl sulfoxide (99.5 %), pyridine (>99.0 %), methylene chloride (>99.8 %) produced by Sigma-Aldrich were
used without additional purification.

2-(1-(Azulen-1-ylhethylidene)malononitrile  (4). Monoketone 2 (150 mg, 0.86 mmol),
malonitrile (100 mg, 1.5 mmol), pyridine (1 ml) and dimethyl sulfoxide (2 ml) were placed in a reaction ves-
sel and stirred in a nitrogen atmosphere for 10 hours at 105 °C. After the end of the reaction, pyridine and
dimethyl sulfoxide were distilled at reduced pressure. The product was purified by SiO, flash column chro-
matography (eluent was methylene chloride) and recrystallization from methylene chloride. Yield is
0.13 g (70+0.65 %), red crystals, mp 156-157+0.15 °C. IR spectrum, v, (cm *): 2220 (CN), 1543-1385 (Cope-
C 42)- "H NMR spectrum, & (ppm): 2.28 s. (3H, CHs), 7.31 d (1H, H®, J4.13 Hz), 7.64 t (2H, H>', J 9,6 Hz),
8.0t (1H, H% J 9.6 Hz), 8.05d (1H, H? J 4.13 Hz), 8.08 d (1H, H*, J 9.6 Hz), 8.13 d (1H, H® J 9.6 Hz). **C
NMR spectrum, 6 (ppm): 116.08, 117.11, 120.05, 125.25, 130.84, 136.55, 141.17, 142.60, 145.49, 146.79,
151.18, 168.38. MS, m/z (l,,%): 218 (75.12) [M]". Found, %: C 82.62; H 4.66; N 12.94. C15HyoN,. Calculat-
ed, %: C 82.55; H 4.62; N 12.84.

2,2'-(Azulene-1,3-diylbis(ethan-1-yl-1-ylidene))dimalononitrile (5) was synthesized similarly by the
interaction of diketone 3 with two equivalents of malononitrile (200 mg, 3 mmol). Yield is
0.14 g (73+0.22 %), red crystals, mp 252-253+0.16 °C. IR spectrum, v, (cm *): 2218 (CN), 1504-1361 (Cspy-
C 2). 'H NMR spectrum, 8 (ppm): 2.28 s. (6H, CHs), 7.68 t (2H, H5.7, J 9.8 Hz), 8.03 t (1H, H6, J 9.8 Hz),
8.07 s (1H, H2), 8.15 d (2H, H4.8, J 9.8 Hz). *C NMR spectrum, & (ppm): 114.06, 115.10, 124.05, 125.19,
129.35, 130.84, 131.21, 133.35, 136.55, 139.17, 142.70, 143.39, 144.18.2, 144.18.2 MS, m/z (l:,%):
308 (73.05) [M]". Found, %: C 77.98; H 3.96; N 18.24. CH3,N,. Calculated, %: C 77.91; H 3.92; N 18.17.

2-(Azulen-1-yl(phenyl)methylene)malononitrile (8). Monoketone 6 (201 mg, 0.87 mmol),
malonitrile (100 mg, 1.5 mmol), pyridine (2 ml) and dimethyl sulfoxide (3 ml) were placed in a reaction ves-
sel and stirred in a nitrogen atmosphere for 10 hours at 105 °C. After the end of the reaction, pyridine and
dimethyl sulfoxide were distilled at reduced pressure. The product was purified by SiO, flash column chro-
matography (eluent was methylene chloride) and recrystallization from methylene chloride. Yield is
0.17 g (7120.25 %), red crystals, mp 148-149+0.17 °C. IR spectrum, v (cm ): 2224 (CN), 1512-1374 (Cspo-
Csp2). "H NMR spectrum, & (ppm): 7.35 d (1H, H3, J 4.17 Hz), 7.49-7.56 m (3Hzom), 7.63-7.66 M (2H.om),
7.69 t (2H, H>', J 9.9 Hz), 8.04 t (1H, H® J9.9Hz), 8.09 d (1H, H? J 4.17 Hz), 8.13 d (1H, H* J 9.9 Hz),
8.18 d (1H, H? J 9.9 Hz). ®*C NMR spectrum, & (ppm): 118.07, 119.09, 122.07, 123.19, 127.26, 132.85,
133.22, 134.84, 137.52, 142.16, 143.61, 146.48, 145.75, 152.17, 166.35. MS, m/z (1,,,%): 280 (78.12) [M]".
Found, %: C 85.61; H 4.27; No. 9.89. CH;,N,. Calculated, %: C 85.69; H 4.31; N 9.99.

2,2'-(Azulene-1,3-diylbis(phenylmethanylylidene))dimalononitrile (9) was synthesized similarly by
the interaction of diketone 7 with two equivalents of malonitrile (200 mg, 3 mmol). Yield is
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0.18 g (70+0.17 %), red crystals, mp 237-238+0.19 °C. IR spectrum, v (cm*): 2220 (CN), 1510-1395 (Cspe-
Csp2). "H NMR spectrum, & (ppm): 7.50-7.48 M (8Harom), 7.63 -7.66 M (2Ha0m), 7.64 t (2H, H>', J 9.9 Hz),
8.07 t (1H, H°% J 9.9 Hz), 8.09 s (1H, H?), 8.17 d (2H, H*®, J 9.9 Hz). **C NMR spectrum, & (ppm): 116.04,
116.12, 126.05, 127.18, 128.36, 131.85, 133.22, 135.32, 137.54, 138.15, 143.68, 144.38, 145.78, 148.06,
157.16, 166.94. MS, m/z (l,¢,%): 432 (75.10) [M]". Found, %: 83.41; H, 3.71; H 12.86. C3,HyN,. Calculat-
ed, %: C, 83.32; H, 3.73; N, 12.95.

Results and Discussion

The Friedel-Crafts acylation was used as the key reaction for the synthesis of methyl-dicyanovinylated
azulenes (Scheme 1). Acylation of azulene 1 with one or two equivalents of acetyl chloride has been shown
to lead regioselectively to previously described 1-mono- and 1,3-diketones 2 and 3 in 78 and 75 % yields,
respectively [11]. The resulting methyl ketones then enter into a Knoevenagel condensation with CH»(CN),
in the medium of pyridine and DMSO to yield push-pull 1-mono- and 1,3-bis(methyl-dicyanovinyl)azulenes
4 and 5 as red crystals in 70 and 73 % yields, respectively.

NC CH3
——
H,C(CN), NC
4 I
NG CH3
—
NC
H,C(CN), CO
NC\r
NC CH,
5

Scheme 1

The synthesis of phenyl dicyanovinylated azulenes was carried out according to Scheme 2, also using
Friedel-Crafts acylation reactions and Knoevenagel condensation. Thus, the reaction of compound 1 with
one or two equivalents of benzoyl chloride in dichloromethane leads to known ketones 6 and 7 in 71 and
60 % yields [12]. Then, the resulting phenyl ketones condense with CH,(CN), in the medium of pyridine and
DMSO to form push-pull phenyl dicyanovinylazulenes 8 and 9 as red crystals in 71 and 70 % vyields, respec-
tively.

H,C(CN), NC

NC
NC
_ ML,
NC
NC
7
Scheme 2

38 Eurasian Journal of Chemistry. 2023. No. 2(110)



Synthesis of Push-Pull Azulene-Based Compounds

To study the optical properties of the obtained compounds, push-pull analysis of azulenes 4, 5, 8, and 9
was carried out using absorption spectrophotometry in the UV and visible regions. UV-Vis spectra of 4 and
5, as well as 8 and 9 showed intense absorption in the visible spectrum with maxima at 430 and 410 nm, 452
and 434 nm, respectively (Table, Fig. 3), caused by intramolecular charge transfer between the azulene ring
and dicyanovinyl group, as demonstrated on resonant structures (Fig. 2).

NC_ cn NC \@( CN
I v T 0w
4,8 R = Me(4), Ph(8)
CN NC CN NC
CN
NC_ N NC\/CN NC o N NC\@S \.CN
R \( ‘
R L . . o R R
5,9 : R = Me(5), Ph(9)
Figure 2. Resonance structures of push-pull azulenes 4, 5 and 8, 9
Table
UV-Vis light absorption data for push-pull azulenes 4,5 and 8, 9
Compound Solvent C, mol/l Aaps, NM e, Mlem™
4 dichloromethane 10™ 430 9552
5 dichloromethane 10™ 410 8893
8 dichloromethane 10™ 450 8481
9 dichloromethane 10 434 9186
1.0
0.75 -
c
=)
S
o 0.5 -
[e]
[72]
Ne)
<
0.25
Oo I 1 I = I 1
350 400 450 500 550 600

Wavelength, nm

Figure 3. Push-pull absorption spectra of azulenes 4, 5 and 8, 9 in dichloromethane
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Conclusions

Acylation of azulene with acetyl- and benzoyl chloride under Friedel-Crafts electrophilic substitution
conditions yielded 1-mono- and 1,3-bis(methyl) and (phenyl)azulenyl ketones in high yields. In addition, by
Knoevenagel condensation of the obtained azulenyl ketones with CH,(CN), in pyridine, push-pull 1-mono-
and 1,3-bis-methyl(phenyl)dicyanovinylazulenes were synthesized in high yields. Intense absorption bands
of intramolecular charge transfer in the visible region were revealed for push-pull methyl(phenyl)dicyano-
vinylazulenes with absorption maxima at 430, 410, 450, and 434 nm.
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PEGylation of Aloumin Nanoparticles Immobilized
with the Anti-Tuberculosis Drug “Isoniazid”

Polyethylene glycol (PEG) is widely used in nanomedicine to extend the circulation time of a drug in the
blood and increase drug efficacy. Conjugation by attaching polyethylene glycol to an albumin macromolecule
and nanoparticles is a well-established technique known as PEGylation. The aim of this research was to pre-
pare and evaluate serum stable long circulating PEG-albumin-isoniazid nanoparticles for the treatment of
Mycobacterium tuberculosis which can improve its therapeutic effect by increasing its permeability, solubili-
ty and accumulation in aveolar macrophages. For the first time, PEGylated BSA nanoparticles loaded with
isoniazid were synthesized by desolvation using urea and cysteine as denaturing and stabilizing agents. Na-
noparticles with an average size of up to 300 nm were obtained by varying the PEG concentration. The
polydispersity index of all particle charges was less than 0.1, indicating monodisperse size. The { potential
values indicate sufficient physical stability of the nanoparticles. SEM images showed that the particles were
spherical in shape. The TGA and DSC results obtained confirm that drug loading does not affect the structure
of the polymer. Based on FT-IR studies, the absence of chemical interactions between PEGylated BSA nano-
particles and isoniazid was established. In in vitro release studies, the nanoparticles were demonstrated to
have a prologue release.

Keywords: nanoparticles, bovine serum albumin, polyethylene glycol, isoniazid, desolvation, hydrophilic
drugs, anti-tuberculosis drugs.

Introduction

Recently, albumin-based nanoparticles have been actively used as pharmaceutical and functional carri-
ers due to their low toxicity and biodegradability, as evidenced by the numerous studies conducted on the
subject [1-3]. Albumin nanoparticles have several advantages as a drug delivery system, such as biodegrada-
bility, stability, particle surface modification, ease of particle size control, and they also have fewer toxicity
issues such as immunogenicity [4, 5].

The process of modifying albumin molecules with various polymeric compounds has recently become a
relevant area of research. There is worldwide experience in the production of drug nanoparticles by bind-
ing — linking inert macromolecules of polyethylene glycol (PEG). Immobilized by drugs PEG nanoparticles
not only ensure good tolerability but also have an improved pharmacokinetic profile, promote deep penetra-
tion of molecules and provide additional protection against proteolytic enzymes [6, 7].

Polyethylene glycol is one of the medicinal synthetic polymer injectables that can be used for the organ-
ism and is approved by the Food and Drug Administration. There are numerous benefits of PEGylated
nanosystems, such as those in Figure 1 [8, 9].

The desolvation method is most commonly used to synthesize albumin-based nanoparticles [10-12].
The desolvation method allows the synthesis of nanoparticles by a simple process of adding desolvating
agents, such as ethanol or acetone, to albumin solutions containing drugs. Desolvating agents change the
structure of albumin and reduce its solubility, leading to the formation of precipitates in the form of protein
nanoparticles [2]. Once the nanoparticles are formed, they are bonded with bridging agents such as
glutaraldehyde.

In previous studies, glutaraldehyde was mainly used as a crosslinking agent for the preparation of
PEGylated albumin-based nanoparticles: the authors of [13] obtained PEGylated nanoparticles prepared from
human serum albumin (HSA); Thadakapally, et al. [14] conducted research to obtain serum-stable long-
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PEGylation of Albumin Nanoparticles Immobilized with ...

circulating polymeric curcumin nanoparticles and synthesized nanoparticles using serum albumin and poly-
ethylene glycol; the authors of [15] work synthesized serum-stable long-circulating PEGylated paclitaxel-
BSA nanoparticles for breast cancer treatment.

prolongation of
the drug's action
and delayed-
release effect

enhanced drug
targeting
function

reduction of drug
side effects

Advantages

of using PEG

increase of drug
solubility and
stability

reduction of
enzyme
degradation

reduction of
immunogenicity
and antigenicity

Figure 1. Advantages of PEGylated nanoparticles

In our study, we suggest replacing the synthetic stabilizer with natural materials such as urea and cyste-
ine [16-18]. We first proposed a method for the preparation of PEG-BSA NPs using the natural components
urea and L-cysteine. In this case, urea plays the role of a chaotropic agent that unfolds albumin chains and
increases the availability for interaction with L-cysteine. As a result, the thiol-disulfide exchange reactions
between the PEG-BSA NPs macrochains are stabilized [17].

In this research we aimed to improve the properties of the anti-tuberculosis drug isoniazid by
PEGylation of bovine albumin nanoparticles. Thus, the main aim of this research was to prepare and evaluate
serum stable long-term circulating PEG-albumin-isoniazid nanoparticles (PEG-BSA-INH NPs) for the
treatment of Mycobacterium tuberculosis, capable of improving its therapeutic effect by increasing its per-
meability, solubility and accumulation in aveolar macrophages.

Experimental

Materials

Isoniazid (INH) with an in-medical purity of over 99 %, bovine serum albumin (lyophilized pow-
der, 98 %) (BSA), L-cysteine (98.5 %) and polyethylene with MW 4000 and 6000 were supplied by Sigma
Aldrich (Germany). Ethanol was purchased from DosFarm (Almaty, Kazakhstan). Urea (99.5 %) was pur-
chased from ChemPribor SPb (St. Petersburg, Russia). Sodium hydrophosphate and potassium
dihydrophosphate were used to prepare a phosphate-buffered saline solution.

Preparation of PEG-BSA-INH NPs

PEG-BSA-INH nanoparticles were prepared by desolvation with some additions as in [16-18]. Accord-
ing to this technique, a given amount of bovine serum albumin (concentration 20 mg/mL) and PEG with
MW 4000 or 6000 (10-100 mg/mL) were dissolved in distilled water while stirring at 200 rpm. Then an
aqueous solution of urea was added (its concentration was 7 mol/L) and treated with an ultrasonic bath; the
ultrasonic period was 3 min. Pre-prepared isoniazid at a concentration of 4 mg/mL was added to the resulting
suspension. Ethanol was then added to each albumin solution at a rate of 1 mL/min to form a colloidal dis-
persion of albumin nanoparticles with PEG. A given amount of L-cysteine aqueous solution (concentra-
tion 2.5 mg/mL) was then added. The reaction mixture thus obtained was stirred continuously for 2 h. The
produced nanoparticles were separated by centrifugation (MiniSpin, Eppendorf, Hamburg, Germany) at
14,000 rpm for 15 min, then the suspension of nanoparticles was washed three times with distilled water.
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Particle size, polydispersity index, {-potential and morphology of the PEG-BSA-INH NPs

The polydispersity (PDI) and particle size were determined on a laser particle size detector (Malvern
Zetasizer Nano S90, Malvern Instruments Ltd., Malvern, UK) using dynamic light scattering (DLS). Each
batch of nanoparticles was appropriately diluted with distilled water immediately after production. (-
potential was determined with a Zeta potential analyzer using Phase Analysis Light Scattering (NanoBrook
ZetaPALS, Brookhaven Instruments Corporation, Nova Instruments, USA). The surface morphology of
PEG-BSA-INH NPs was investigated by scanning electron microscopy (MIRA 3LM TESCAN, Brno, Czech
Republic, EU).

Encapsulation efficiency, loading capacity and PEG-BSA-INH NPs’ yield

The amount of isoniazid loaded into PEG-BSA nanoparticles was determined by measuring the amount
of unentrapped drug in the supernatant. Isoniazid was analyzed by high performance liquid chromatog-
raphy (HPLC) (Shimadzu LC-20 Prominence). The encapsulation efficiency, loading capacity and yield of
nanoparticles were calculated as follows:

Encapsulation Efficiency (%) = M'\:SS Off”:": ;r:h':js %100 % ;
ass of tota

Loading Capacity (%) = I\ﬁasts IOf INH :anI\IIDPS %100 % ;
otal mass of NPs

Nanoparticles Yield (%)= Total mass of NPs %100 %.

Total mass of INH + Total mass of polymer

In vitro study of drug release from polymer NPs

To investigate the in vitro release of isoniazid from NPs: A dialysis bag (MWCO: 1 kDa) contain-
ing 3 mL of phosphate-buffered saline (PBS) with PEG-BSA-INH nanoparticles was placed in a beaker
with 250 ml of PBS. The beaker was placed in a water bath, at 37 °C. Dialysates were sampled periodical-
ly (3 mL at a time). To study the degree of INH release from the polymer nanoparticles, the amount of drug
released was recorded by HPLC and calculated by formula:

Drug Release (%) = Mass of released drug 100 %

Mass of the total drug in nanoparticles

Thermogravimetric analysis and differential scanning calorimetry

Polymer and nanoparticle behaviour of PEG-BSA-INH during thermal degradation was studied with a
thermogravimetric analyzer and differential scanning calorimetry (LabSYS evo TGA/DTA/DSC, Setaram,
France); the instrument was operated from 30 °C to 600 °C under nitrogen at a flow rate of 30 ml/min and a
heating rate of 10 °C/min.

Study of prepared nanoparticles by Infrared spectroscopy

IR spectroscopy (FSM 1202, Infraspek Ltd., Russia) was used to identify the samples. FT-IR spectra
were determined using the KBr method. 3 mg of the sample was mixed with 100 mg of KBr and a pellet was
prepared. The IR range investigated was 4000 to 400 cm™ and resolution of FT-IR spectra was 8 cm™,

Statistical analysis
The data are expressed as mean + standard deviation. The analysis was carried out statistically by
Minitab 19 Statistical Software. The data were analyzed by one-way analysis of variance (ANOVA).

Results and Discussion

PEGylation of albumin involves a chemical reaction between albumin reactive groups (amino acid side
chains, N-terminal amino group or C-terminal carboxylic acid) and PEG [19]. Recently, disulfide bonds have
been considered as targets for PEGylation; disulfide bridges are known to be present in small amounts in al-
bumin macromolecules, which makes PEGylation at these sites attractive because of the possibility of pro-
ducing homogeneous nanoparticles [8]. In terms of drug delivery system development, the most attractive
aspect of cysteine is that it provides an accessible chemoselective site for surface modification without alter-
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ing the tertiary structure of albumin [20-22]. An example of the production of albumin-specific binding sites
via cysteine is the PEGylated product “CIMZIA®” (UCB Pharma S.A., Belgium) [19].

In previous work [18], we synthesized bovine albumin nanoparticles with the anti-tuberculosis drug
“Isoniazid”. Cysteine, which is capable of cleaving intramolecular disulfide bonds in proteins, was used to
form the nanoparticles. This leads to a more complete unfolding of the polypeptide chain and facilitates cys-
teine attachment to intramolecular S-S bridges within the BSA globule [16-17, 22]. We suggest that the ad-
dition of urea and L-cysteine unfolds the albumin globule and opens the disulfide bridges, where PEG mole-
cule attachment occurs more easily. Using the optimized parameters of BSA-INH NPs, we added different
concentrations of PEG in the synthesis of PEGylated NPs. Thus, PEG-BSA-INH nanoparticles were obtained
by desolvation (Fig. 2). The specifications of the produced NPs are shown in Table.

/ l thanol

BSA PEG Isoniz I/ld L- ‘_\ \(um

j»LL N

Stirrer 10 min Ultrasaund bath 3 min Speed of ethanol Stirrer 2 houn (‘cmrifuga(ion Collect and dry
addition 1 mL/min 15 min PEG-BSA-INH NPs

Figure 2. Scheme for producing PEG-BSA-INH nanoparticles

Table
Characteristics of the PEG-BSA-INH nanoparticles

. . Loadin
Formulation PEG [PEC], Size, nm PDI ¢ potential, Enc_apsulatlon capacitg, NPs’ yield
type mg/mL mV efficiency, % %

B10 - - 197.6+2.5 | 0.068+0.01 —28+6 50+3 38+4 26+3
BP410 4000 10 237.5+2.7 | 0.037+0.01 —3444 68+3 18+2 4743
BP420 4000 20 212.8+5.2 | 0.069+0.03 —28+1 75+1 22+2 2846
BP440 4000 40 246.7+9.3 | 0.027+0.01 4143 74+7 19+1 2244
BP480 4000 80 226.1+2.5 | 0.060+0.01 —21+7 80+5 24+5 14+2

BP4100 4000 100 225.7£5.8 | 0.059+0.02 —2943 79+2 2443 11+1
BP610 6000 10 249.7+8.1 | 0.040+0.02 —37+2 80+8 2042 49+4
BP620 6000 20 245.1£5.9 | 0.069+0.02 -36=+1 78+2 2243 3444
BP640 6000 40 239.8+1.6 | 0.039+0.03 —4943 78+3 2043 23+4
BP680 6000 80 271.2+49.7 | 0.078+0.04 —40+3 75+3 2544 1442

BP6100 6000 100 287.9+5.4 | 0.155+0.02 —44+9 T77+4 27+5 11£2

PEG is known to coordinate about 3 water molecules per monomer unit, which gives PEG a large hy-
drodynamic volume [23]. Therefore, PEGylation of nanoparticles should lead to an increase in the hydrody-
namic particle diameter as measured by DLS, which is an indirect reference to the degree of modifica-
tion [24]. PEGylated and non-PEGylated BSA nanoparticles were compared with respect to particle size and
polydispersity using DLS. Without PEGylation the particle diameter was 197.6+3 nm (B10 formulation).
Particle size was found to be influenced by the molecular weight of the polyethylene glycol, while PEG con-
centrations were practically not affected. Therefore, with PEG 6000 the particles had a larger diameter than
with PEG 4000. The highest added concentration of PEG 6000 (100 mg/mL) resulted in particles with a di-
ameter 50 nm larger than those without added PEG. The polydispersity index of all particle charges was less
than 0.1, indicating monodisperse size.

To confirm the stability of PEG-coated nanoparticle suspensions, the {-potential was measured and
compared with non-PEG-coated BSA nanoparticles. Table shows the change in {-potential as a function of
increasing concentration of added PEG. In contrast to the particle size, the {-potential changed significantly
compared to the non-PEG-added BSA nanoparticles. In all cases, stable nanoparticle systems were produced,
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with PEG-6000 obtaining nanoparticles with a {-potential potential of about -40 mV or more. In addition,
parameters such as the encapsulation efficiency, the loading capacity and the yield of nanoparticles are also
important factors in the production of nanoparticles. With increasing concentration of PEG, a decrease in the
yield of nanoparticles and an increase in the loading capacity were observed as for PEG-4000 and PEG-
6000 (Table).

Particle size and surface morphology of PEGylated albumin nanoparticles were performed by scanning
electron microscopy (SEM). The images were analyzed using Image J software and the average particle size
of BP410, BP420 and BP480 nanoparticles was 161.0+8, 201.5+2 and 226.2+3 nm, respectively. And for
BP610, BP620 and BP680 nanoparticles, the average size was 231.4+5, 107.8+7, 117.7+4 nm, respectively.
The morphology of the particles was smooth and spherical (Fig. 2).

a— BP410; b — BP420; c — BP480; d — BP610; e — BP620; f — BP680

Figure 2. SEM images of isoniazid loaded PEG-BSA nanoparticles

Further, it was necessary to establish whether the drug substance affects the structure of the polymer.
On this basis, we selected thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) as
instruments (Fig. 3).

The thermal stability of isoniazid loaded nanoparticles (BP480 and BP680) as well as isoniazid, albu-
min, PEG4000 and PEG6000 was studied by TGA and DSC (Fig. 3). The DSC curve of isoniazid showed an
endothermic peak at 177.2 °C, the associated melting, followed by another endothermic event at 345.6 °C
due to the material decomposition (Fig. 3a). The mass loss occurred between 250 and 430 °C and was
72 % [24, 25]. The DSC data for BSA shows a three-step thermal degradation, so endothermic event
at 98.9 °C related to moisture evaporation, 227.3 °C and 313 °C related to the degradation of the BSA amide
bonds [26, 27]. The DSC curves for PEG4000 and PEG6000 showed an endothermic melting event at 70 °C,
without mass loss (Fig. 3c and d). Thermogravimetric analysis for PEG4000 and PEG6000 showed a mass
loss of more than 90 % in the temperature range of 300-440 °C. For BP480 there was an endothermic peak
at 260 °C, between 220-410 °C there was a mass loss of about 40 % (Fig. 3e). For BP680, an endothermic
peak was observed at 210 °C, with a mass loss of up to 60 % in the range of 200-440 °C. (Fig. 3f). However,
compared to the curves of pure BSA and PEG, a significant movement towards higher temperatures was de-
tected. This is probably due to the action of isoniazid. Data obtained by TGA and DSC analysis suggest that
drug loading has no effect on the polymer structure.
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Figure 3. Thermal behavior of the components of the system and the produced nanoparticles

FT-IR analysis of samples was performed to investigate the interaction between the drug and the

polymer. The FT-IR spectra of BSA, isoniazid, PEG and INH loaded PEGylated albumin nanoparticles are
shown in Figure 4.
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13851246
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145
_g 2889 1469 1280 1103
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Wavenumber (cm™)
Figure 4. FT-IR spectra for isoniazid loaded PEGylated BSA nanoparticles

In FT-IR spectra of BSA, there were detected bands at 3440 cm™* and 2920 cm™ which show A-amide
bound to N-H and B-amide bound to the free ion, respectively. The bands at 1647 cm?, 1540 cm™ and
1246 cm™ demonstrate C=0 stretching vibrations of amide-1, N-H bending vibrations of amide-Il, C-N
stretching vibrations of amide-111, respectively, confirming the helical structure of BSA [17, 18]. For pure
isoniazid broad strong characteristic peaks at 3306 cm™ correspond to N-H stretching, C-H stretching vibra-
tions of the heteroaromatic structure occur at 3100 cm™ for asymmetric stretching, troughs at 1412 cm™ are

attributed to C:C symmetric ring vibrations, C-N stretch absorption of aliphatic amines is weak and occurs at
1060 cm™. The bands at 671 cm™ and 1556 cm™ are attributed to the C-C=0 and H-N-N bend, respective-
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ly [28]. There are no differences in the IR spectra of PEG due to their different molecular weights. The char-
acteristic absorption bands for polyethylene glycol at 3440 cm™ are due to the O-H stretching band, 2889 cm’
! is due to aliphatic C-H stretching, the bands at 1280 cm™ and 1242 cm™ are due to asymmetric C-O and
C-O-C stretching vibrations, respectively [29, 30]. The spectrum of PEG-BSA-INH-NPs demonstrates repre-
sentative peaks for the structure of albumin and isoniazid, indicating the absence of chemical interaction be-
tween PEGylated BSA nanoparticles and isoniazid.

The kinetics of drug release from nanoparticles in the creation of isoniazid loaded polymer complexes
should be studied to confirm the prolonged action of the prepared NPs. The release kinetics of INH from
PEG-BSA nanoparticles were investigated in phosphate buffer at pH 7.4 by dialysis. The degree of INH
release from the polymer was calculated from the concentration of the released drug, which was determined
by HPLC, the results of which are presented in Figure 5.
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Figure 5. Investigation of isoniazid release from the polymer matrix by dialysis in phosphate-buffered saline

The data presented in Figure 5 shows that all samples demonstrate sustained release throughout the
study period (7 days/ 168 hours). Thus, our study clearly demonstrates the potential for sustained release of
isoniazid from PEGylated albumin nanoparticles. This makes it possible to prevent drug spikes in the blood
and maintain therapeutic concentrations for a long time, indicating the potential of these particles as drug
carriers for isoniazid delivery [31-34]. A study of release kinetics demonstrates a small Berst effect and pro-
longed release with a gradual release of isoniazid. Thus, these results provide a basis for the development of
low-toxicity isoniazid prolonged-release chemotherapeutic forms.

Conclusions

PEG-BSA-INH nanoparticles were successfully synthesised by desolvation. The resulting particles
were nanosized, as confirmed by DLS and SEM images. SEM images also showed that the particles were
spherical in shape. Thus, the scanning microscopy results confirmed the formation of PEG-BSA-INH
nanoparticles and also showed a decrease in particle size, which improved the solubility and permeability of
the preparation. Based on FT-IR studies, it is clear that PEG was incorporated into the nanoparticles. Thus,
the composition can be regarded as PEGylated albumin nanoparticles with isoniazid. The {-potential had
been determined after the nanoparticles were obtained and the values indicated sufficient physical stability of
the nanoparticles. In in vitro release studies, it was demonstrated that the nanoparticles had a prologue re-
lease. This suggests the possibility of sustained release of the drug in vivo as well.
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Activity against SARS-CoV-2 of Various Anionic Disinfectants
and Their Complexes with Hydrophobically Modified Chitosan

The aim of this work was to study virucidal activity against SARS-CoV-2 of several anionic disinfectants,
which are antiseptics recommended by the U.S. Environmental Protection Agency (EPA), and to prepare their
complexes with hydrophobically modified chitosan active against SARS-CoV-2. Experiments were per-
formed using a clinical isolate of SARS-CoV-2 obtained from a patient in 2020. It was shown that sodium
dodecyl benzene sulfonate (SDBS) is already active at rather small concentrations (above 2 mM), which
completely deactivate the virus. In the same concentration range, sodium caprylate does not show activity;
and sodium lactate is active against SARS-CoV-2 only at much higher concentrations (225 mM). The most
effective disinfectant — sodium dodecylbenzene sulfonate — was used to prepare complexes with
hydrophobically modified chitosan. It was found that such complexes exhibit antiviral activity at very low
concentrations (1.9 mM chitosan monomer units and 0.25 mM SDBS), at which the polymer without surfac-
tant is not active against SARS-CoV-2.

Keywords: anionic disinfectants, SARS-CoV-2, chitosan, hydrophobic modification, polymer/surfactant
complexes, sodium dodecyl benzene sulfonate, sodium caprylate, sodium lactate.

Introduction

In 2020, a pandemic outbreak of a new highly contageous coronavirus — SARS-CoV-2 — oc-
curred [1-3], which in the beginning of 2023 is still a worldwide healthcare threat. The major route of viral
transmission is airborne [4], however, it was reported that SARS-CoV-2 can be preserved on different sur-
faces for several days [5-7]. Therefore, development of effective disinfectants is very important for fighting
the pandemic. Many types of disinfectants against SARS-CoV-2 are being considered [8], which include al-
cohol-based formulations [9, 10], quaternary ammonium compounds [11, 12], etc. Another approach consists
in the use of carbonic or sulfonic acids and their salts, some of which were approved by the U.S. Environ-
mental Protection Agency (EPA) as disinfectants. These include, for example, dodecylbenzenesulfonic,
caprylic (octanoic) or lactic acid. Caprylate was reported to inactivate human immunodeficiency vi-
rus (Type-1), bovine viral diarrhea virus and pseudorabies virus [13]. Caprylic acid as an emulsion formula-
tion is effective against several enveloped viruses such as Epstein—Barr, measles, herpes simplex, Zika, orf
parapoxvirus, Ebola, Lassa, vesicular stomatitis and SARS-CoV-1, but does not inactivate a non-enveloped
norovirus, showing that caprylic acid acts by disrupting the viral envelope [14]. Sanitizing fluids containing a
high concentration of sodium dodecyl benzene sulfonate (SDBS) (3 wt% or 86 mM) and 70 wt% of ethanol
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show virucidal activity against SARS-CoV-2, and surfactant and alcohol have a synergistic effect in virus
deactivation [15]. Mixtures of dodecylbenzenesulfonic and lactic acids were reported to be effective as sani-
tizers, inactivating, for instance, norovirus [16]. However, a systematic study of the virucidal effect of these
compounds on SARS-CoV-2 has not been performed.

One of the possible ways for improving the effectiveness of disinfectants is the preparation of their
complexes with oppositely charged polymers [17]. For anionic disinfectants, chitosan and its derivatives are
promising polymers for complex formation [18, 19], since chitosan is a polycation at mild acidic pH due to
the protonation of amino groups. Complexes of chitosan with anionic molecules have not been regarded as
antiviral agents, but they may be very promising due to several factors: 1) a single chitosan molecule bears
multiple amino groups and can bind many low molecular weight anionic species within one complex, result-
ing in a collective transfer of disinfectant molecules onto the virion, 2) chitosan is biocompatible, which may
reduce the overall toxicity of the complex as compared to anionic disinfectants alone.

The aim of this work was to investigate the virucidal activity of several anionic disinfectants (sodium
dodecylbenzene sulfonate, caprylate and lactate) against SARS-CoV-2, to prepare complexes of
hydrophobically modified (HM) chitosan with the most efficient anionic species and to study their virucidal
properties.

Experimental

Materials

Sodium dodecylbenzene sulfonate (SDBS, hard type, purity > 95 %) was provided by Tokyo Chemical
Industry (TCI). Caprylic acid (purity > 99.9 %) and lactic acid (purity > 99.9 %) were provided by Compo-
nent-Reactiv, Russia. NaOH (purity > 99 %) was provided by Acros. All the solutions were prepared by us-
ing saline solution (0.9 wt% NaCl in distilled water) provided by Groteks, Russia. Caprylic and lactic acids
were converted into sodium salts by dissolving in saline solution and adding appropriate amounts of NaOH.
The chemical structures of the anionic compounds used in this work are presented in Figure 1.

(a) (.). -
§—O
(b) (c) +
0]
O Na ha
/W\/ll\o" %O
OH

Figure 1. Chemical structure of sodium dodecylbenzene sulfonate (a), sodium caprylate (b) and sodium lactate (c)

Chitosan was obtained from chitin contained in the shells of Far-East crabs. The samples were grinded,
and chitin pieces smaller than 0.25 mm were taken. Then, chitin was demineralized: metal salts were re-
moved by triple washing by 1 wt% HCI and water, then by triple washing by 1M NaOH, and then by dis-
tilled water. The sample was dried and deacetylated by treatment with 2M NaOH at heating for 2 h, and then
washed again by distilled water. This resulted to the conversion of chitin into chitosan. The molecular weight
of chitosan was determined by static light scattering in the solvent that suppresses chitosan aggregation
(0.3M acetic acid and 0.2M ammonium acetate) [20] and was equal to 170 000 g/mol.

Glacial acetic acid (purity > 99 %), dodecyl aldehyde (purity > 92 %) and sodium cyanoborohydride
(purity > 95 %) were purchased from Sigma Aldrich. Ethanol was provided by Ferein (Russia) and was puri-
fied by distillation. Isopropanol (purity > 96 %) was obtained from Acros. For chitosan modification, dis-
tilled deionized water was used, which was obtained by MilliQ system (Millipore).

For virucidal activity studies, Vero E6 cells from ATCC (Manassas, USA) (CRL-1586) were cultured
in high glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 5 %
fetal calf serum (FCS), 2 mM L-glutamine and a mixture of antibiotics (150 u/mL penicillin and 150 u/mL
streptomycin) at 37 °C in 5 % CO,. The stock of SARS-CoV-2 (strain HCoV-19/Russia/Moscow-PMVL-
12/2020 (EPI_ISL_572398) isolated from a patient) was the culture liquid withdrawn from cultures of the
infected Vero E6 cells.
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Hydrophobic modification of chitosan

Hydrophobic modification of chitosan was performed by the method of Rinaudo et al. [21]. First, chi-
tosan (18 g/L) was dissolved in 0.2 M aqueous acetic acid solution by gentle stirring overnight, and pH after
dissolution was ca. 0.8-1.0. Then ethanol (2:3 v/v) was added, and pH was adjusted to 5.0 by adding concen-
trated (1M) aqueous NaOH. After that, an appropriate amount of dodecyl aldehyde solution (20 g/L) in etha-
nol was added, so that its concentration in the reaction medium was 1.6 g/L. Then, sodium cyanoborohydride
was added (concentration in the reaction medium 20 g/L), and the solution was stirred for 48 h at 25 °C.

The product was precipitated by adding 2M NaOH and washed twice with ethanol/water mixture
(8:10 v/v) and once with isopropanol. Then, the precipitate was dissolved in aqueous HCI solution (pH 3),
filtered through ceramic ROBU filters (16-40 um pores) and lyophilized. In such a way, hydrophobically
modified (HM) chitosan in hydrochloride form was obtained, which is soluble in water [22]. Its chemical
structure is shown in Figure 2.

OH OH OH
0 0 0 Q 0 Q
HO HO HO
HCI-NH, NH NH
" O=C\ " CioHas “
CH,

Figure 2. Chemical structure of chitosan hydrochloride modified with n-dodecyl side groups

The degree of hydrophobic modification was determined by 'H NMR spectroscopy using Bruker
AV-600 spectrometer. The spectrum was recorded at 30 °C in D,O (Astrachem, Russia, isotopic purity
> 99.9 %) as a solvent. Peak attribution was made according to the previously published data [21, 23]. The
degree of modification (fraction of monomer units modified by n-dodecyl groups) was determined from the
ratio of peaks at 0.89 ppm (methyl protons of n-dodecyl groups) and at 3.02 ppm (C2 methine protons of the
saccharide ring) (Fig. 3) and was equal to 4.7 %. The degree of acetylation was calculated from the ratio of
peaks at 2.09 ppm (methyl protons of acetyl groups) and at 3.02 ppm and was equal to 6.7 %.

HOD
H3456
of saccharide
ring
CH,
of n-dodecy!
groups

ring

o~
I

of saccharide

-CH,3
of acetyl groups

-CH,
of n-dodecyl groups

U

— —_ -
0.20 0.89 0.14

_

6.5 6.0 5.5 50 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5

—_—
1.00

—_—
4.40

Chemical shift, ppm
Figure 3. 'H NMR spectrum of HM chitosan at 30 °C in D,O

Preparation of chitosan / disinfectant complexes

In order to obtain polymer / disifectant complexes, solutions of chitosan hydrochloride and disinfectant
were first prepared in saline (at pH 5.2), and then mixed in appropriate quantities. In the final samples, the
concentration of chitosan was kept at 0.32 g/L (1.875 mM of monomer units), and the optimal molar ratio of
SDBS to chitosan monomer units was 0.13. Complex formation proceeded due to interaction between anion-
ic disinfectant species and cationic amino groups of chitosan. Complex formation was proven by the follow-
ing: chitosan / SDBS mixture was dialysed against saline by using dialysis tubes with 12 000 kDa cutoff,
through which only small SDBS molecules can pass. After dialysis, the composition of the complex was ana-
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lyzed by 1H NMR, and the ratio of SDBS molecules to chitosan monomer units was found to be 0.12, e.g.
close to the feed ratio during complex preparation, meaning that interaction between chitosan and SDBS
within the complex is rather strong and does not allow SDBS molecules to freely leave the complex.

Virucidal activity

Solutions of anionic disinfectants or their complexes with HM chitosan were incubated with an equal
volume of the virus stock at room temperature for 60 min. Viral particles were then separated from disinfect-
ants by centrifugation at 27,000 rpm for 1 h to avoid their toxic effects on the cells. Viral pellets were re-
suspended in 300 uL of support medium (DMEM, 1 % FCS), and 10-fold dilutions in support medium were
prepared for titer determination. Confluent Vero-E6 monolayers in 96-well plates were infected with the di-
lutions thus prepared, and, after a 2-h incubation (adsorption), the inoculum was removed. The plates were
washed twice with FCS-free DMEM, filled with another type of support medium (DMEM, 2 % FCS) and
further incubated at 37 °C in 5 % CO, for 96 h. Virus-induced cytopathic effects were assessed by micro-
scopic examination of the cells and taken as an indication of their infection. The amount of the active virus,
judged from the percentage of the infected cells, was determined by the endpoint dilution assay (titration)
and expressed in fifty-percent tissue culture infective doses (TCIDsgy). The titer was calculated using the
Spearman-Kérber method and presented as 1g TCIDs/0.1 mL [24].

The virucidal efficacy of surfactants was assessed by the difference in the virus titers (A) between con-
trol A (without disinfectants) and experimental A, samples:

A=A A.
The protection index, or inhibition coefficient (IC), was calculated using the following formula:
IC = [(Ac — Ae)/Ac] x 100 %.

Results and Discussion

Virucidal activities of individual anionic disinfectants

First, virucidal activity of individual anionic compounds was investigated. Sodium dodecylbenzene-
sulfonate (SDBS) and lactate were dissolved in saline (0.9 wt% NaCl), and pH was adjusted to 5.0 by adding
HCI or NaOH (initial pH values after dissolution were 9.2 for SDBS and 1.4 for lactic acid). The values of
pK, for dodecylbenzenesulfonic and lactic acid are equal to —1.8 [25] and 3.8 [26], respectively. Therefore, at
pH 5.2 they are almost completely in salt forms. pK, of caprylic acid is slightly higher: 4.89 [27]. Thus, in
order to transform it into a salt and ensure its solubility in water, the solutions were prepared at slightly high-
er pH 6.3-6.4. Caprylic acid has a low water solubility (4.7 MM [27]), therefore, rather sophisticated ap-
proaches were previously employed to prepare its antiseptic formulations: e.g., emulsification [14] or the use
of solvents different than water [28].

Virucidal activity of SDBS at different concentrations is shown in Figure 4 as the virus inhibition coef-
ficient (IC), which shows the relative difference in the virus titers in a control experiment and in the experi-
ment where virus suspension is brought in contact with the disinfectant. It is seen that at very low concentra-
tions (below 0.125 mM), SDBS does not show virucidal activity (IC = 0), but upon increase of the concentra-
tion, the activity appears and increases. Rather low absolute SDBS concentrations already show high
virucidal activity against SARS-CoV-2: the virus titer in the experiments is reduced by 6.5 orders of magni-
tude (Alg TCIDs, = 6.5), and IC is equal to 100 % (Fig. 4).
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Figure 4. Inhibition coefficients of SARS-CoV-2 by SDBS solutions of different concentrations.
Solvent: 0.9 wt% NaCl in water
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A possible mechanism of SDBS action against SARS-CoV-2 consists in its incorporation into the viral
envelope and its subsequent disruption, as well as in denaturation of viral proteins [29]. The incorporation of
SDBS into the lipid bilayer is possible due to its surface activity, since SDBS is a surfactant and consists of a
polar hydrophilic benzene sulfonate head, and non-polar hydrophobic alkyl tail, which favors its interaction
with the lipid bilayer. The critical micelle concentration (CMC) of SDBS equals to 0.4 mM in saline [30]. It
means that SDBS is in the micellar form when it shows virucidal activity. This is reasonable, because mi-
celles provide cooperative transfer of multiple SDBS molecules on each viral particle, increasing the proba-
bility of its disruption.

In the same concentration range where SDBS is active against SARS-CoV-2, sodium caprylate does not
show any activity (Fig. 5a). This may be explained by lower surface activity of caprylate as compared to
dodecylbenzenesulfonate: indeed, it has a shorter alkyl tail (C8) and is characterized by much higher CMC
(400 mM [31]) than for SDBS; thus, in the studied range of concentrations, caprylate does not form micelles
and is a molecular solution. This may result in a smaller amount of caprylate molecules simultaneously inter-
acting with the envelope surface.
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Figure 5. Inhibition coefficients of SARS-CoV-2 by sodium caprylate (a) and sodium lactate (b) solutions
of different concentrations. Solvent: 0.9 wt% NaCl in water

At the same concentrations (below 8 mM), sodium lactate does not show any virucidal activity; howev-
er, it is active at a much higher concentration. 225 mM of lactate induce a complete inactivation of SARS-
CoV-2: its titer is reduced by 6.5 orders of magnitude. Such a high concentration as compared to SDBS may
be a result of different properties of these two molecules: SDBS is surface-active and incorporates into the
lipid membranes, while lactate is not a surfactant.

Therefore, SDBS shows the highest activity against SARS-CoV-2 among three anionic disinfectants
studied: it completely inactivates the virus at rather low concentrations, at which sodium caprylate and lac-
tate do not show virucidal properties. Therefore, SDBS is the most promising disinfectant for preparation of
formulations with HM chitosan.

Virucidal activities of polymer / disinfectant complexes

At the next stage, antiviral properties of chitosan / SDBS complexes were investigated. Figure 6 shows
the comparison of virucidal activity of chitosan and its complex with SDBS at very low concentrations of the
components. It is seen that while HM chitosan itself does not possess virucidal properties at this concentra-
tion, polymer/surfactant complexes show some activity: IC is equal to 18.2 %, meaning that the virus titer is
decreased by one order of magnitude upon contact with HM chitosan / SDBS solution.
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Figure 6. Inhibition coefficients of SARS-CoV-2 by HM chitosan and its mixture with SDBS.
HM chitosan monomer units: 1.875 mM, SDBS: 0.25 mM. Solvent: 0.9 wt% NaCl in water

A possible mechanism of virucidal action of HM chitosan / SDBS complexes is similar to those of
SDBS and may consist in the disruption of the viral capsid when it is destabilized by incorporation of surfac-
tant molecules. At the same time, the complexes may be more stable than SDBS micelles, since surfactant
molecules in the micelle are bound together by hydrophobic interactions, while in the complex they are also
bound to the polymer chain due to several distinct interactions: electrostatic interaction between anionic po-
lar heads of the surfactant and of chitosan amino groups, Van der Waals interactions between surfactant and
polymer [32], and incorporation of the polymer n-dodecyl groups into the micelles [33]. All these factors
may increase the complex stability as compared to the micelles, and may also increase the SDBS micellar
aggregation number (which is typical for the case of polymer/surfactant interactions [34]), thus increasing
the number of SDBS molecules transferred to one virion by a single complex.

Conclusions

In this paper, the virucidal activities of several anionic disinfectants (sodium dodecylbenzene sulfonate,
caprylate and lactate) against SARS-CoV-2 were investigated. The most effective disinfectant is SDBS,
which deactivates the virus already at rather small concentrations (above 2 mM). In the same concentration
range, caprylate and lactate do not show any activity. Sodium lactate also shows virucidal properties, but at
concentrations 2 orders of magnitude higher than for SDBS. Complexes of HM chitosan with SDBS also
possess antiviral properties at very low concentrations (1.9 mM chitosan monomer units and 0.25 mM
SDBS), at which the polymer without surfactant is not active against SARS-CoV-2.
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Thiol-Ene Click Synthesis of Alginate Hydrogels Loaded
with Silver Nanoparticles and Cefepime

Hydrogels used in biomedical applications, particularly for soft tissue treatment and regeneration, should
have favorable mechanical properties and biocompatibility. Alginate hydrogels are suitable for developing
wound dressings with desirable porosity, facilitating effective gas and vapor exchange necessary for wound
healing. In this study, we present the synthesis and characterization of photocrosslinked hydrogels based on
sodium alginate allyl glycidyl ether (SA-AGE). The composition and structure of the synthesized macromers
were confirmed using nuclear magnetic resonance spectroscopy (1H-NMR), while scanning electron micros-
copy (SEM) revealed the presence of pores ranging in size from 5-32 um. The UV light polymerization of
SA-AGE hydrogel using the photoinitiator 1295 was achieved within 60 minutes. The absorption of silver
particles and the drug cefepime was determined through titration and UV-spectroscopy, indicating that the
optimal concentration was 1 %. The antibacterial activity of the hydrogels loaded with silver nanoparticles
and cefepime was evaluated against gram-negative (Pseudomonas aeruginosa) and gram-positive (Staphylo-
coccus aureus) strains. Cytotoxicity of the hydrogels was assessed using the MTT assay with rat ADMSC
cells, and the cell survival rate in the presence of the hydrogels was above 80 %, indicating their non-
cytotoxic nature.

Keywords: alginate hydrogel, biopolymer, cefepime, photocrosslinked hydrogels, biocompatible, non-toxic,
antibacterial activity, tissue engineering.

Introduction

The significance of wound infection has increased in the past few years, with surgical wounds being
particularly affected and often resulting in severe sepsis. The primary contributors to this problem are gram-
negative bacteria that have become nearly resistant to all existing antimicrobial drugs. Therefore, the devel-
opment and implementation of innovative drugs and wound dressings, methods of treatment of purulent and
chronic wounds are an urgent task for many researchers [1-3].

To produce an ionic polysaccharide sodium alginate, brown algae is extracted using an alkaline solu-
tion. Sodium alginate remains highly valued among naturally derived water-soluble polymers due to its nu-
merous practical benefits. Its ability to form hydrogels in aqueous solutions in the presence of calcium ions
has sparked increasing interest among researchers. The hydrogels based on sodium alginate possess remark-
able properties such as high-water retention, biodegradability, and non-toxicity, making them ideal for a
range of biotechnological, pharmaceutical, and medical applications [4-6]. They are particularly valuable for
developing wound healing dressing and drug delivery systems [7]. Sodium alginate is known for its diverse
range of biological activities, including antiviral, immunomodulatory, and hemostatic properties [8]. Algi-
nate gels are widely used in the fields of medicine, drug delivery systems, and tissue engineering due to their
ease of gelation, affordable cost, biocompatibility, low toxicity, biodegradability, hypoallergenic properties,
and chelating ability [3].

Upon reviewing the available literature, our analysis indicated that there have been no previous studies
on wound dressings incorporating cefepime, an antibacterial agent from the fourth generation of cephalo-
sporin antibiotics (Fig. 1). It is worth highlighting that cefepime exerts a bactericidal effect by impeding the
synthesis of microbial cell walls. Moreover, it demonstrates a wide range of activity against both gram-
positive and gram-negative bacteria, including strains that are resistant to third-generation cephalosporin an-
tibiotics and/or aminoglycoside [9].
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Figure 1. Chemical structure of cefepime

Cefepime demonstrates remarkable resistance to hydrolysis by most beta-lactamases and possesses rap-
id penetration into the cells of gram-negative bacteria. Its primary molecular target within bacterial cells is
the penicillin-binding proteins. Cefepime exhibits efficacy against various gram-positive aerobes, both in
vitro and in vivo, including Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes, and
Streptococcus viridans. It also proves effective against gram-negative microorganisms such as Proteus mira-
bilis, Pseudomonas aeruginosa, Escherichia coli, Enterobacter spp., and Klebsiella pneumoniae [10, 11].

At the same time, ionic silver exhibits bactericidal, strong antifungal, and antiseptic effects, making it a
potent disinfectant against pathogenic microorganisms responsible for acute infections. When silver ions are
absorbed by the cell membrane of microbes, they disrupt certain cellular functions while keeping the cell
viable. This mechanism represents the interaction between silver and microbial cells [11].

To obtain novel derivatives of sodium alginate with specific properties, the click chemistry method,
specifically thiol-ene reactions, was used. It is worth highlighting that click chemistry refers to a set of chem-
ical reactions designed for the rapid and reliable synthesis of compounds by seamlessly connecting individu-
al components. Thiol-ene reactions offer notable advantages, such as versatile reaction conditions (including
radical reactions and catalytic processes) and the ability to use a wide range of substrates with various un-
saturated bonds, such as acrylates, methacrylates, and ethers [12]. Over the past few years, this reaction
method has become widely used in different scientific and technological domains, making a significant im-
pact to the development of biomedical materials. Therefore, the click chemistry method, particularly thiol-
ene reactions, has emerged as an excellent tool for producing materials with diverse purposes.

Hence, the aim of this study is to employ thiol-ene click synthesis to produce alginate hydrogels loaded
with silver nanoparticles and cefepime, and to investigate their chemical and biological properties. Specifi-
cally, the purposes include determining the NMR structure of alginate macromers, assessing the sol-gel frac-
tion and degradation extent of the alginate hydrogel, evaluating the antibacterial activity of the hydrogel im-
pregnated with silver particles and cefepime using disk diffusion tests against Pseudomonas aeruginosa and
Staphylococcus aureus, and lastly, examining the cytotoxicity of the hydrogel through MTT assay on the
viability of rat ADMSC cells.

Experimental

Preparation and characterization of hydrogel

The synthesis of sodium alginate (SA) and allyl glycidyl ether (AGE) was performed based on a previ-
ously reported method [13], with some modifications. Briefly, a 2 % (w/v) solution of SA was prepared by
mixing 10 mL of Milli-Q water. Continuous stirring was employed while adding 0.96 g of AGE to the algi-
nate solution. Concentrated acetic acid was added to adjust the pH to 3. The reaction was carried out at 60 °C
for six hours. A generous amount of cold ethanol was added to precipitate the solution. The product was then
subjected to 2-3 ethanol washes and subsequently freeze-dried. The entire synthesis process of sodium algi-
nate allyl glycidyl ether (SA-AGE) was carried out in complete darkness.

Assessment of hydrogel density, gel fractions, and degradation degree involved the use of established
methods. These measurements were performed to determine the gel yield, employing a well-established
equation [14]:

Gel (%) = ‘%xmo, 1)

where W, and W, — the weights of the dry and swollen samples respectively.
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Following that, the hydrogels labeled as W, were weighed and transferred into sterile PBS tubes (0.1 M,
pH 7.4) with a volume of 50 ml. During the 8-week incubation period at 37 °C, the solution was changed
twice a week. At specific intervals, hydrogel samples were removed from the solution and rinsed with deion-
ized water. After subjecting the samples to 24 hours of freeze-drying (resulting in samples labeled as W,), the
degree of degradation was determined using the subsequent equation [14, 15]:

DD(%)=MX100. @3]
1

The gravimetric method was used to study the swelling process. The mass degree of swelling, repre-

sented as a percentage, was determined by comparing the mass of the swollen structured hydrogel to its ini-

tial mass. This equation was utilized to quantify the intensity of swelling:
a(%) =T 100, @3)

1
where m, — the mass of the sample before the start of the study, g; m, — the mass of the sample after a

certain time, g.

Separately, concentration of 2.5 % (w/v) of SA-AGE was achieved in borosilicate vials by dissolving it
in Milli-Q water. In respect of the macromer, 1295 was added to the resulting solution (w/v) at different con-
centrations (2.5 %, 5 %, and 10 %, respectively), and UV light (365 nm) was then applied for 1 hour.

The 1H NMR spectra of the samples were recorded on a JNM-ECA 500 spectrometer (JEOL, USA) op-
erating at a central field strength of 11.74 (500 MHz 1H), with a current below 95 Amps and field stabil-
ity (drift) of less than 5 Hz/hr 1H drift. The inductance of the spectrometer was 146 H (nominal).
MestreNova software was employed to process the spectral data. All samples were dissolved in D,O at a
concentration of 1 % (w/v) to obtain the spectra. The extent of MA substitution in the GG backbone was
evaluated by analyzing the 1H NMR spectra. The percentage degree of MA substitution (%DM) in the GG
chain was determined using the following equation [14]:

oopM < HetHc 12
GG-1/6
where H.,H, and GG -1 — the signals of the anomeric carbon hydrogen in the mannuronic units (ca.3.70-

3.90 ppm), the relayed peaks of the anomeric carbon hydrogen, and in the methacrylate group the two vinyl
hydrogens (5.00-5.75 ppm), respectively.

The method is based on the formation of a yellow-colored silver-dithizone complex and subsequent ex-
traction of the silver-dithizone complex into a layer of tetrachloroethylene at pH 1.5-2.0. Colorimetry is per-
formed using the method of standard series based on mixed-color formation [16]. 20 ml of the test solution
containing 0.1-1 N sulfuric acid is placed into a separating funnel and diluted with water to a total volume
of 50 ml. The mixture is titrated with a dithizone solution until the silver is completely extracted, which
means that the extract, after 30 seconds of shaking, retains a green instead of the initial golden-yellow color.
The accuracy of this method of determination is 0.5 %.

Cefepime was incorporated into the alginate hydrogel lowed silver nanoparticles using the absorption
method. The degree of cefepime absorption was analyzed using spectrophotometry in the short-wave region.
The optical density of standard and adsorbed solutions was measured using on “Eco-chem” scanning spec-
trophotometer, model PE-5300V1. A mixture of dimethyl sulfoxide and water (5:5) was used as a reference
solution in quartz cuvettes with a 10 mm working layer thickness at a wavelength of 265 nm. The procedure
for constructing a calibration curve for the analyzed substances was as follows: 0.01, 0.03, 0.05, 0.07, 0.09,
0.15, and 0.18 mL of the analyzed substance solution in water (1 mg/mL) were added into 10 mL volumetric
flasks. 4.99, 4.97, 4.95, 4.93, 4.85, and 4.82 mL of water, respectively, were added to each flask. Then, 5 mL
of dimethyl sulfoxide were added to each flask. The quantitative value of the adsorbed drug was determined
using the calibration curve, taking into account the sample of the taken drug.

The antibacterial properties of alginate hydrogel samples were evaluated by the microbiological disc
diffusion method, namely, the measurement of growth inhibition zones of test cultures Staphylococcus
aureus and Pseudomonas aeruginosa. For the study, bacterial cultures of Staphylococcus aureus with a titer
of 9.1x10" CFU/ml and Pseudomonas aeruginosa 6x10° CFU/ml were selected after incubation for
14 hours in a liquid nutrient broth on a shaker at 150 rpm and temperature 37 °C. Samples of hydrogels con-
taining particles of silver and antibiotic cefepime (in various concentrations) were placed on LB agar medi-
um no later than 15 minutes after inoculation with sterile cotton swabs, streaking a suspension (culture fluid)

100, (4)
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of a certain density equivalent to a turbidity standard of 0.5 according to McFarland and incubated at 37 °C.
The hydrogel was pre-sterilized with a UV lamp for 15 minutes (254 nm). To compare the antibacterial ac-
tivity of different samples of hydrogels containing different concentrations of silver and/or cefepime parti-
cles, the diameters of the growth inhibition zones of test cultures in millimeters were measured relative to the
size of the hydrogel discs.

The dried hydrogels were examined for their morphology using a scanning electron microscope (SEM,
Auriga Crossbeam 540, Carl Zeiss) operating in SE2 signal mode. The SEM was configured with an analytic
column, a working distance (WD) of 4.6 mm, noise reduction Line Int. Busy SB Grid 833 V, and a scan
speed of 3.

The cells were cultured at different densities (1-5x10° cells per mL) in a transparent plate following the
desired protocol. In the case of suspension cells, the 96-well plates were centrifuged at 1,000x g, 4 °C for
5 minutes using a microplate-compatible centrifuge, and the media was carefully removed. Then, 50 pL of
serum-free media and 50 uL of MTT Reagent were added to each well. For the background control wells,
50 uL of MTT Reagent and 50 pL of cell culture media (without cells) were prepared. The plate was incu-
bated at 37 °C for 3 hours. After incubation, 150 uL. of MTT solvent was added to each well. The plate was
covered with foil, placed on an orbital shaker, and shaken for 15 minutes. The absorbance was measured at
OD =590 nm. The study was carried out according to the guidelines of the Declaration of Helsinki and ap-
proved by the Local Ethics Committee of the National Center for Biotechnology [17].

For the statistical analysis, all the physical, chemical, and biological experiments on hydrogel samples
were performed in triplicate. All the experimental values were expressed in the form of mean + standard er-
ror and the limit of experimental error of each test was + 5 %, which had been considered as statistically sig-
nificant.

Results and Discussion

The preparation of SA-AGE hydrogel generally involved a reaction at pH 3 and 60 °C for 6 hours. It is
worth noting that allyl glycidyl ether is a saturated three-membered heterocycle with a single oxygen atom in
the cycle. Epoxides exhibit a redistribution of electron density from carbon atoms to oxygen atoms, resulting
in a high level of strain within the three-membered cycle. These characteristics significantly affect their reac-
tivity. For instance, in a neutral or basic medium, the reaction proceeds under kinetic control, and the nucle-
ophile attacks the carbon atom with the least steric hindrance in the substrate.

The reaction between sodium alginate and allyl glycidyl ether was carried out at a pH value of 3. Dur-
ing the reaction, there was a significant redistribution of electron density when the epoxy ring opened. As a
result, the nucleophile interacts with the substrate at the carbon atom with the highest substitution, where the
majority of the positive charge is concentrated. Consequently, the SA-AGE macromer is formed as a product
of epoxy ring opening under acidic conditions. These conditions are characterized by the influence of ther-
modynamic control on the direction of the processes (Fig. 2).

AGE

HCI, pH3 é I
60°C, 6 h OH
OH

SA-AGE

Figure 2. Reaction scheme of the SA-AGE macromer

The analysis of the 1H NMR spectrum of the SA-AGE macromer revealed that the signals of the pro-
tons of the CH-, CH,- groups of the glucose part of the molecule appear in the region of 3.24-3.57 ppm. in
the form of a complex multiplet. The anomeric proton H(1) of the carbohydrate residue appears as a doublet
at 3.72 ppm. (d, J=3.9 Hz, 9H), characteristic of the f-anomer and indicating the interaction of the anomeric
proton only with the neighboring trans-axial proton at C2. The methylene protons of the vinyl fragment
CH=CH, appear as a multiplet in the region of 5.30-5.00 ppm (=CHa). The signal at 5.79 ppm. in the form
of a singlet, corresponds to the vinyl protons of the epoxide. The methine proton of the OCH= fragment is
written as a singlet at 1.02 ppm. The integral curve corresponds to the total number of protons (Fig. 3).
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Figure 3. NMR spectra of the SA-AGE macromer

The SA-AGE structure includes a sugar group and an unsaturated double bond, making it a versatile
building block for the synthesis of various medicinal copolymers. These copolymers not only exhibit pro-
longed release properties but also enable targeted drug delivery to specific cells in the body that possess car-
bohydrate-binding proteins on their surfaces (Fig. 4).

O

ﬂ AJ @@

%AI crosslinking ; | cefepime \\(
g

)
A

olfelf®

Figure 4. Scheme formation of composite hydrogel dressing with drug delivery

In order to control the speed and effectiveness of UV activation, we employed the sol-gel analysis tech-
nique, which enables the quantification of insoluble (spatially cross-linked) and soluble polymers. Following
UV activation, samples with varying ratios of the thiol derivative (S-H bond) exhibited low viscosity, indi-
cating the predominant degradation of polymer molecules in these systems. The dominant process in allyl-
alginate molecules is the breaking of bonds rather than their formation, as alginate polymer derivatives pri-
marily exhibit a deconstructing behavior. The amount of gel fraction reflects the effectiveness of polymer
cross-linking, which in turn influences the immobilization efficiency of the medicine in the hydrogel matrix
and its release rate. As depicted in Figure 5a, the yield of the gel fraction is significantly higher for the SA-
AGE-100 sample compared to the SA-AGE-50. This difference can be attributed to the higher molecular
weight polymer and its impact on the degree of cross-linking, rather than polymer modification. Unfortunate-
ly, the SA-AGE-25 sample was dissolved in Milli-Q and did not participate in subsequent experiments.
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Figure 5. General properties of the SA-AGE macromer: (a) sol-gel, (b) degradation degree

As for degradation, it involves the hydrolysis process that breaks down the walls of cryogel macropores,
resulting in mass loss. The study of SA-AGE-50 and SA-AGE-100 hydrogel degradation at 37 °C, over time
showed a weight loss (Fig. 5b). Within 8 weeks, 77.35 £ 1.1 % and 59.64 + 1.4 % degraded, respectively. It
was noted that the hydrogel with a lower concentration exhibited a higher degree of degradation due to the
density of crosslinking and the hydrophilic properties of the polymers. Based on the obtained data, it can be
concluded that hydrogels demonstrate a low level of degradation and can be further used as scaffolds for
drug delivery.

o, % a, %
a b 3000 |
1800 | ‘
2500 F
1500 F
2000 |
1200 1 1 1 1 1 1 1 1 ) 1500 1 1 1 1 |
5min30min 1h 2h 4h 6h 8h 24h 5min30min 1h 2h 4h 6h 8h 24h
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Figure 6. Sample swelling kinetic curve SA-AGE-100 (a) and SA-AGE-50 (b)

Figure 6 illustrates the continuous increase in swelling when the SA-AGE-50 and SA-AGE-100 sam-
ples are immersed in the liquid. After 6 hours (point a) and 4 hours (point c), the swelling rate starts to de-
crease, indicating a gradual slowdown in swelling over time and reaching the maximum possible swelling
due to the initial intense swelling. At points a and c, the dissolution rate becomes equal to the swelling rate,
resulting in a constant degree of swelling. After 8 hours (point b) and 6 hours (point d), the dissolution rate
begins to exceed the swelling rate, leading to a decrease in the weight of the samples. It was determined that
between points a and b, as well as ¢ and d, the samples exhibit maximum swelling.

In conclusion, the experimental data obtained suggest that SA-AGE-100 exhibits a higher efficiency of
crosslinking. Therefore, this specific sample was selected as the focus for further investigation of its antibac-
terial and toxicological activity.
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Figure 7. SEM of SA-AGE-100 hydrogel

The SEM micrographs of SA-AGE-100 showed a uniform cross-sectional morphology of the samples,
which confirms the good miscibility and homogeneity between the ingredients of the composite hydrogels.
The synthesized hydrogel forms a hetero-porous (with interconnected pores) polymer matrix structure in
which macromolecules are connected into a stable 3D network (Fig. 7a). However, there are differences in
morphology, in particular in the size and regularity of their arrangement (Fig. 7b, 7c). The electron micro-
graph shows differences in the porosity of the structure; there are both micropores with a dimension of 6 pm
and macropores up to 32 um. The resulting pore sizes are appropriate for drug delivery given that accommo-
dates more silver particles and cefepime molecules, whereupon agglomerating. Thus, the pores allow for
cell-cell communication with silver particles and cefepime and are available as a medical device in regenera-
tive medicine.
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Figure 8. Quantitative analysis of the silver particles (a) and cefepime (b)

The concentration of silver and cefepime particles was quantitatively determined through photometric
titration, generating the relationships between solution optical density and their respective concentra-
tions (Fig. 8). The absorption dynamics of the antibacterial agents introduced into the samples was studied
under static conditions, focusing on the volume comparison.

The intensity of absorption was assessed by measuring it at a specific wavelength, using concentration-
dependent curves of the absorption intensity for silver and cefepime particles (Fig. 7a) as references. The
analysis revealed an absorption degree of 85 % for silver particles (Fig. 8a) and a concentration of 10 pg/mL
for cefepime (Fig. 8b). Overall, these findings indicate that the optimal concentration of impregnated silver
and cefepime particles within the SA-AGE hydrogel structure was determined to be 1 % [18].

An essential requirement for a wound-healing dressing is its non-toxic nature. Therefore, the toxicity of
SA-AGE-50 and SA-AGE-100 hydrogels on rat ADMSC cells was evaluated using the MTT assay (Fig. 9).
The percentage of cell survival was determined by calculating the ratio of the spectral absorbance (ODeyp) in
the experimental group to the spectral absorbance (OD..n) in the control group.
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Figure 9. Cytotoxicity of SA-AGE-50 and SA-AGE-100 hydrogels to rat ADMSC cells by MTT assay

According to the international standard ISO 10993-5:2009(E), cytotoxicity is divided into six grades
i.e., 0,1, 2, 3,4, and 5, which corresponds to 100 %, 75 %-99 %, 50 %-74 %, 25 %-49 %, 1 %-24 %, and 0
in the percentage of cell survival respectively, and grades 0 and 1 are considered non-cytotoxicity [19]. The
cell survival percentage of these two hydrogels was above 80 %, indicating the absence of cytotoxicity.

Table
Antibacterial activity of SA-AGE-100
Strains /samples | A 0.1 % C0.1% A05% C05% Cl% Al% A-C1l%
P. aeruginosa 5.3+0.4 10.3+£1.8 3.3+0.4 11.7+0.4 12.3+0.4 4.3+0.4 12.0+0.7
S. aureus 2.0 10.3+£1.6 2.0 9.0+1.3 10.7+0.4 2.7+0.4 8.7+1.1

The antimicrobial efficacy of SA-AGE-100, incorporating silver particles and cefepime, was assessed
against one gram-negative strain of Pseudomonas aeruginosa and one gram-positive strain of Staphylococcus
aureus. These specific strains were chosen to represent different bacterial mechanisms that possess multiple
virulence factors, as well as their pathogenicity and prevalence in everyday life. Various ratios of wound
dressings were prepared for the study, containing different concentrations (0.1 %, 0.5 %, and 1 %) of silver
particles (A) and cefepime (C) absorbed within the alginate coating structure. Additionally, a mixture of A-C
at a concentration of 1 % was also included in the research.

Figure 10. Evaluation of antibacterial activity of SA-AGE-100 loaded with: (a) silver particles 1 %;
(b) cefepime 1 %; (c) mixture of silver particles 1 % and cefepime 1 %.

The study demonstrated the inhibitory effect of silver particles and cefepime on bacterial growth upon
diffusion into agar (Table). Interestingly, both the mixture of silver particles and cefepime and pure cefepime
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exhibited similar zones of inhibition (Fig. 10b, 10c), while the silver particles alone showed a more moderate
outcome (Fig. 10a).

Based on our initial findings, it is evident that the adsorbed silver particles and cefepime in the alginate
matrix exhibit a strong antibacterial activity. Specifically, samples C-1 and AC-1 demonstrate promising re-
sults and are therefore recommended for further investigation [20].

Conclusions

This study presents an experimental characterization of photocrosslinked SA-AGE hydrogels, aiming to
evaluate and explain their physicochemical and biological properties. The obtained kinetic parameters of the
swelling-dissolution process indicate that the synthesized SA-AGE hydrogel is capable of providing a diffu-
sion prolonged release of drugs. Furthermore, when loaded with silver particles and cefepime, the synthe-
sized hydrogel effectively delivers these substances to the tested bacterial strains, demonstrating high anti-
bacterial activity without toxicity. However, further in vivo studies are necessary to assess the fate and toxici-
ty of SA-AGE-100 before definitive conclusions can be drawn regarding the utility of the synthesized drugs.
These preliminary results can serve as foundational data for the development of medical products.
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Synthesis and Spatial Structure of (E)-1-(2-(4-Bromobutoxy)-
6-Hydroxy-4-Methoxyphenyl-3-Phenylprop-2-en-1-one

(E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-1-one was synthesized from the
pinostrobin molecule. The tetrahydropyran cycle was opened in acetone under heating (50-60 °C) mixtures of
components for 16 hours in the presence of 3 moles of K,CO; and 1,4-dibromobutane. The resulting sub-
stance is a yellow powder of the composition C,,H,;BrO4, mp 83.7-86.6 °C. The structure of the obtained
compound was established on the basis of the data of elemental analysis, IR and NMR spectra. As a result of
X-ray diffraction analysis, it was found that the hydrogen atoms in the C8=C9 bond take the trans-
conformation. The rotation of the C1...C6 phenyl ring (flat with an accuracy of +0.008 A) relative to the
C10...C15 cycle (flat with an accuracy of £0.004 A) is 14.3°. In the crystal, the molecules are linked by an
intramolecular hydrogen bond O4-H....O1 (distances O-H 0.95(8) A, O----O 2.469(6) A, H----O 1.58 (8) A,
angle O-H:---O 153(7)°). The formation of (E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxy-1-phenylprop-2-
en-1-one can be explained by the ease of the retro-Michael reaction of the pyran ring and the subsequent
O-alkylation of the resulting chalcone. Carrying out the reaction in the presence of other bases (cesium car-
bonate, triethylamine) did not lead to success. The starting substance (pinostrobin) was completely converted
into oligomeric compounds.

Keywords: NMR spectroscopy, IR spectroscopy, X-ray analysis, (E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-
methoxyphenyl-3-phenylprop-2-en-1-one, chalcone, flavone, phenolic compounds.

Introduction

Compounds of a number of chalcones are of interest due to the simplicity of their synthesis, as well as
the possibility of using them as synthons to obtain various heterocyclic compounds with high biological ac-
tivity, in particular, pyrazolines and flavones [1, 2]. Compounds containing a chalcone skeleton exhibit sig-
nificant antibacterial, antiviral, antihyperglycemic, antifungal, anti-inflammatory, antimalarial, antitumor,
and immunomodulatory activities, as well as chemoprotective and antioxidant properties [3-8]. In this re-
gard, the synthesis of new chalcones seems to be an important task.

The flavonoid pinostrobin (1) is of particular interest for chemical modification. The availability of
pinostrobin, previously isolated from the extract of the buds of Populus balsamifera L. [9, 10], and the anal-
ysis of its structure leads to the conclusion that its synthetic transformations are promising to obtain com-
pounds structurally similar to a number of natural metabolites and other practically significant substances.
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Experimental

The melting point was determined on a Boetius heating table. Elemental analysis was carried out on a
Eurovector 3000 analyzer. TLC analysis was performed on Sorbfil plates, visualization with iodine vapor.

The IR spectrum was recorded on an Avatar 360 instrument (Thermo Nicolet) in KBr tablets.

"H NMR spectra were recorded on a Bruker AV-400 spectrometer with a frequency of 400 MHz. *C
NMR spectra were recorded on a Bruker AV-400 spectrometer with a frequency of 100 MHz. Solvent —
CDClj, standard — TMS. The X-ray diffraction experiment was carried out on a Bruker APEX-Il CCD
diffractometer.

Synthesis of (E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl -3-phenylprop-2-en-1-one (2) a yel-
low powder, composition CyH»;BrO4, mp 87-89 °C. To a solution of 0.5 g (1.85 mmol) of pinostrobin in
10 ml of acetone, 0.37 g (2.7 mmol) of calcined K,CO; was added, and after 10 min, 1.2 equivalents
(2.2 mmol) of 1,4-dibromobutane were added. The reaction mixture was stirred for 7 hours at 50 °C, 10 ml
of acetone were added and stirred for another 7 hours at 50 °C. After cooling, the precipitate was filtered off,
washed with acetone (3x5 ml), the combined filtrates were evaporated, the residue was recrystallized from
diethyl ether, compound 2 was isolated. Yield is 72 %, mp is 87-89 °C (from ether). HPLC purity is
98.72 %. Control over the course of reactions and the purity of the obtained product were carried out by TLC
on Sorbfil plates using the system petroleum ether-ethyl acetate, 2:1, R~=0.52.

The addition of an excess (1.2 equiv.) of dibromide contributed to increasing the yield of the target
product 2. The formation of compound 2 can be explained by the ease of the retro-Michael reaction of the
pyran ring and the subsequent O-alkylation of the resulting chalcone. It should be noted that the result of the
conversion of pinostrobin significantly depends on the nature of the dibromoalkane. Carrying out the reac-
tion in the presence of other bases (cesium carbonate, triethylamine) also did not lead to success. The starting
substance (pinostrobin) was completely converted into oligomeric compounds.

Elemental analysis: found, %: C 61.43, H 5.02, Br 18.96. calculated, %: C 59.25, H 5.18, Br 19.73.

IR spectrum (v, cm™, KBr): 3053 (OH), 2924 (OCHj3), 1631 (C=0), 1581 (C=C), 1495, 1444, 1346
(CHsy3), 1112 (C-0O-S), 1033 (Arom), 866, 693, 624.

X-ray diffraction study of compound 2. Determination of unit cell parameters and intensity of 17139 dif-
fracted reflections (3472 independent, R;, 0.0696) were measured on a Bruker Kappa APEX Il CCD
diffractometer (MoK, graphite monochromator, m-scan, 2.635° < 6 < 25.817°) at 200 K. Monoclinic crys-
tals, space group P21/n, a=6.9892(12), b=14.249(2), c=18.413(3) A, p=92.222(6)°, V=1832.3(5) A®, z=4
(CaoH2:Br0,), calculated density d=1.469 g/cm?, absorption coefficient p=2.264 mm™. The experimental
array of reflections was corrected for absorption. Takeover accounting was carried out using SAINT [11] and
SADABS [12] programs (multi-scan method, T, 0.812, Ty 0.922).

The structure was deciphered by the method of direct phase determination. The coordinates of non-
hydrogen atoms were refined taking into account the anisotropic approximation of thermal vibrations by the
full-matrix least-squares method. The positions of hydrogen atoms, with the exception of hydroxyl ones,
were calculated geometrically and refined in the isotropic approximation of thermal vibrations (rider model).
The H atoms of the hydroxyl groups were revealed from the difference synthesis, and their positions were
refined in the isotropic approximation. The structure was deciphered and the coordinates were refined using
the SHELXS software package [13] and the SHELKS-2018/3 software [14]. 2268 independent reflections
with I > 26(l) were used in the calculations; the number of refined parameters was 231.

The divergence coefficients were R;=0.0736, wR»=0.1961 (for reflections with 1>2¢(l)), R;=0.1162,
wR2=0.2139 (for all reflections), GooF=1.126. Maximum and minimum residual density: Ap=1.522 and
-0.527 e/A®. The coordinates of atoms in the crystal are presented in Table 1.

Table 1

Coordinates of the atoms in the fractions of the cell (x10*, Hx10?)
and equivalent thermal parameters (A%, x10%) in the structure 2

Atom X y z Uequiv.
Brl 8262(2) 9067(1) 6987(1) 68(1)
o1 7920(7) 5134(3) 3379(2) 44(1)
02 7286(6) 5664(3) 5568(2) 34(1)
03 7257(7) 2440(3) 6089(2) 42(1)
04 7969(6) 3437(3) 3652(2) 40(1)
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Continuation of Table 1

Atom X y z Uequiv.
[ 7675(8) 4616(4) 4586(3) 28(1)
C2 7382(8) 4750(4) 5345(3) 29(1)
C3 7228(8) 4016(4) 5816(3) 31(1)
c4 7377(8) 3104(4) 5563(4) 34(1)
C5 7652(8) 2915(4) 4839(3) 34(1)
C6 7754(8) 3658(4) 4358(3) 35(1)
C7 7844(8) 5352(4) 4039(3) 32(1)
C8 7869(9) 6360(4) 4219(3) 36(1)
c9 7437(8) 7005(4) 3734(3) 34(1)
C10 7408(9) 8017(5) 3864(3) 36(2)
C11 7229(9) 8649(5) 3285(4) 40(2)
C12 7233(12) 9608(5) 3393(4) 53(2)
C13 7458(10) 9965(5) 4090(4) 49(2)
Cl4 7631(10) 9365(5) 4673(4) 46(2)
C15 7621(9) 8399(5) 4572(3) 36(1)
C15 7085(9) 5861(4) 6333(3) 34(1)
C17 6989(9) 6918(4) 6388(3) 32(1)
C18 6678(10) 7217(5) 7166(4) 40(2)
C19 6166(10) 8237(5) 7232(4) 50(2)
C20 7385(10) 1472(4) 5879(4) 44(2)
HO4 807(11) 405(5) 341(4) 5(2)

Results and Discussions

Based on pinostrobin (1), (E)-1-(2-(4- bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-
1-one (2) was synthesized by opening the tetrahydropyran cycle (Fig. 1). The synthesis of compound 2 was
carried out by the interaction of pinostrobin with 1,4-dibrombutane in acetone in the presence of K,COs.

19 Br
20 17 18
H:C~0 ‘ o O HeCO offl

1,4-Br,C4Hg

CaHg0, KoCO;3

OH O OH O
1 2

Figure 1. Synthesis scheme of (E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-1-one (2)

Structure of the synthesized compound 2 was proved by IR, *H and **C NMR spectroscopy [15].

The IR spectrum contains bands corresponding to the stretching vibrations of the OH group involved in
the hydrogen bond (3053 cm™), OCHj,, C=0, C=C (2924, 1631, 1581 cm*, respectively).

The "H NMR spectrum of molecule 2 is characterized by the presence of signals of protons of substitut-
ed phenyl rings at 6.10-7.90 ppm and signal of proton of the hydroxyl group at 12.17 ppm. The aliphatic
protons are observed in the area of 2.02-4.07 ppm. The protons of the methoxy group appear at 1.83 ppm as
a singlet.

In the *C NMR spectrum of compound 2, the signals of carbons of phenyl rings are observed in the
range of 91.85-135.44 ppm. Carbon atoms C=C appear at 127.85 and 130.12 ppm, C=0 — at 192.72 ppm.
Aliphatic carbon atoms resonate in the region of 28.04-67.96 ppm and the methoxy carbon at 55.62 ppm.

Detailed assignment of 'H and *C NMR signals in molecule 2 is given in Table 2.
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Table 2
'H and *C NMR data (400 and 100 MHz, CDCI3, 5, ppm, J/Hz) for molecule 2

Atom 6H 6C Atom 6H oC
1 — 106.37, s 12 7.39, m (1H) 128.95, d
2 — 161.65, s 13 7.25, m (1H) 135.44, s
3 6.10, d (1H, J=2,5) 91.85, d 14 7.41, m (1H) 128.95, d
4 — 168.23, s 15 7.25, m (1H) 128.20, d
5 5.93,d (1H, J=2,5) 93.87, d 16 4.07, m (2H) 67.96, t
6 — 166.19, s 17 2.03, m (2H) 29.28, t
7 — 192.72, s 18 2.02, m (2H) 28.04, t
8 7.90, d (1H, J=15.6) 130.12, d 19 3.30, m (2H) 38.20, t
9 7.57,d (1H, J=15.6) 127.85, d OH 12.17, s (1H) —
10 — 130.12, d OCH3 3.83, s (3H) 55.62, q
11 7.56, m (1H) 128.20, d

compound 2 was determined by X-ray diffraction.

Based on the data of elemental analysis and IR, NMR spectra, the resulting substance was identified as
(E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-1-one. The spatial structure of

The general view of compound 2 is shown in Figure 2. It follows from the data obtained that the bond
lengths and valence angles in compounds 2 are close to the usual ones [16].

Figure 2. Crystal structural of (E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-1-one (2)
(thermal vibration ellipsoids shown with a probability of 50 %)

72

Bond lengths (d, A) in the structure 2

Bond d Bond d
Br1-C19 1.949(7) C5-C6 1.385(9)
01-C7 1.258(7) C7-C8 1.474(9)
02-C2 1.368(7) C8-C9 1.309(9)
02-C16 1.448(7) C9-C10 1.461(9)
03-C4 1.359(8) C10-C11 1.398(9)
03-C20 1.436(7) C10-C15 1.415(9)
04-C6 1.353(7) C11-C12 1.381(10)

Table 3
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Continuation of Table 3

Bond d Bond d
C1-Cé6 1.429(9) C12-C13 1.384(11)
Ci1-C2 1.432(8) C13-C14 1.375(10)
C1-Cc7 1.462(9) C14-C15 1.389(10)
C2-C3 1.365(8) Cl16-C17 1.511(8)
C3-C4 1.386(8) C17-C18 1.519(9)
C4-C5 1.380(9) C18-C19 1.502(10)

Table 4

Valent angles (o, deg.) in the structure 2

Angle ® Angle ®
C2-02-C16 119.0(5) 01-C7-C8 117.2(6)
C4-03-C20 118.1(5) C1-C7-C8 123.0(5)

C6-C1-C2 115.0(5) C9-C8-C7 122.1(6)
C6-C1-C7 118.5(5) C8-C9-C10 125.8(6)
C2-C1-C7 126.5(5) C11-C10-C15 117.2(6)
C3-C2-02 122.1(5) C11-C10-C9 120.8(6)
C3-C2-C1 122.4(5) C15-C10-C9 122.0(6)
02-C2-C1 115.5(5) C12-C11-C10 121.9(6)
C2-C3-C4 119.7(6) C11-C12-C13 119.8(7)
03-C4-C5 124.5(6) C14-C13-C12 119.9(7)
03-C4-C3 114.0(6) C13-C14-C15 120.8(7)
C5-C4-C3 121.5(6) C14-C15-C10 120.4(6)
C4-C5-C6 118.7(6) 02-C6-C17 105.4(5)
04-C6-C5 116.6(6) C16-C17-C18 110.5(5)
04-C6-C1 120.8(6) C19-C18-C17 113.0(6)
C5-C6-C1 122.6(5) C18-C19-Brl 112.6(5)
01-C7-C1 119.8(5)

Hydrogen atoms in the C8=C9 bond have a trans-conformation. The atom of the O1 ketone group is
practically located in the plane of the 1,2,4,6-substituted phenyl cycle (torsion angle C6-C1-C7-O1 4.8(8)°).
The keto group and the double bond C8=C9 deviate significantly from the coplanarity (torsion angle O1-C7-
C8-C9 19.4(9)°). The double bond C8=C9 and C10-substituted phenyl cycle are also somewhat less conju-
gated (torsion angle C8-C9-C10-C15 -8.4(9)°). In general, the reversal of the phenyl cycle C1... C6 (flat with
an accuracy of = 0.008 A) relative to the cycle C10...C15 (flat with an accuracy of + 0.004 A) is 14.3°.

In the crystal, the molecules are linked by an intramolecular hydrogen bond O4-H....01 (X, y, z) (dis-
tances O-H 0.95(8) A, O----0 2.469(6) A, H----0 1.58 (8) A, angle O-H----O 153(7)°) (Fig. 3).

Figure 3. Crystal packing of molecules (E)-1-(2-(4-bromobutoxy)-6-hydroxy-
4-methoxyphenyl-3-phenylprop-2-en-1-one (2)
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Conclusions

(E)-1-(2-(4-bromobutoxy)-6-hydroxy-4-methoxyphenyl-3-phenylprop-2-en-1-one was synthesized from
the pinostrobin molecule by opening the tetrahydropyran ring. Synthesis of (E)-1- (2-(4-bromobutoxy)-6-
hydroxy-4-methoxyphenyl-1-phenylprop-2-en-1-one was carried out by the interaction of pinostrobin with
1,4-dibromobutane in acetone in the presence of K,COjs. The structure of the obtained substance was estab-
lished on the basis of elemental analysis data and IR and NMR spectra. It follows from the constant of the
vicinal spin-spin interaction of H atoms at C8 and C9 that they must have cis conformations. Such a confor-
mation would lead to a significant thermal stress between the O1 atom of the keto group and the phenyl ring.
As a result of X-ray diffraction analysis, it was found that hydrogen atoms in the C8=C9 bond have a trans-
conformation. The reversal of the cycle C1...C6 (flat with an accuracy of + 0.008 A) relative to the cycle
C10...C15 (flat with an accuracy of = 0.004 A) is 14.3°. In the crystal, the molecules are bound by an
intramolecular hydrogen bond O4-H....O1.
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Comparative Analysis of Thermal Decomposition Kinetics of Copolymers
Based on Polyethylene Glycol Fumarate with Methacrylic Acid

The thermal properties of a copolymer based on polyethylene glycol fumarate with methacrylic acid in a ni-
trogen atmosphere were studied in this paper. Four various heating rates and two types of a polyester resin
composition were used. The analysis of thermal decomposition kinetics was implemented. Three kinetics
methods namely Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose and Friedman were applied. Curves of a
thermogravimetric analysis demonstrated that the thermal decomposition of copolymers with different molar
ratios was observed. It was determined that the kinetic data depends on the studied copolymers’ composition.
The obtained data showed a good convergence in various heating rates. Also, the thermodynamic characteris-
tics were calculated namely the changes in the Gibbs energy (AG), enthalpy (AH) and entropy of activa-
tion (AS). The Achar-Brindley-Sharp method was used to find the invariant kinetic parameters of decomposi-
tion. Thus, the the kinetic compensation effect was applied to define a reaction model and a pre-exponential
factor. A main phase of the copolymer decomposition in a narrow temperature range was determined. It was
attested by a peak on the differential curve. An insignificant mass loss of the volatile-matter yield was ob-
served in the range of 30-150 °C.

Keywords: dynamic thermogravimetry, thermal decomposition, copolymer based on polyethylene glycol
fumarate with methacrylic acid, activation energy, isoconversional kinetic analysis.

Introduction

Hydrogels are the promising materials to use in the practice. They have some special physicochemical
properties such as high susceptibility and sensitivity to environmental changes and shape variability [1]. The
spread spectrum to use hydrogels was intensified the search for the new monomers to synthesize such poly-
mers [2-5]. The unsaturated polyester resins are of a particular interest to obtain the above mentioned materials.

It’s a well-known fact that the unsaturated polyester resins have a complex of the useful properties such
as lower viscosity and efficient curing by vinyl monomers in comparison with the epoxy resins. As a result,
it demonstrates their higher reactivity [6].

Despite the aforementioned advantages of the unsaturated polyesters, their reactions have not been suf-
ficiently studied. For instance, the literature has some comprehensive data on copolymerization of the un-
saturated polyester resins with the hydrophobic monomers [7-9]. However, there is almost no information on
their copolymerization with the ionogenic monomers.

In addition, the ionogenic hydrophilic monomers were applied as comonomers of the unsaturated polyes-
ter resins to obtain spatially crosslinked polymers with a charged network and high sorption properties [10].

As is known the copolymers of the unsaturated polyester resins have the practical importance, but a lim-
ited number of papers on their thermal stability are observed in the literature [11]. The thermal stability with
using the thermo-gravimetric analysis in nitrogen to determine the thermal and thermo-oxidative mecha-
nisms was examined in this paper. Also the activation energy was calculated with using the various heating
rates. The papers of [12-13] investigated the features of the decomposition kinetics of some unsaturated pol-
yester resin derivatives with an acrylic acid. It was known that a thermal stability of a copolymer based on
the unsaturated polyester resins with a methacrylic acid was previously researched at the initial ratios of
M1:M2 (wt%) — 6.65:93.35 wt% (under nitrogen atmosphere) [14].

In continuation of the aforementioned investigations, it was interesting to estimate the impact of a tem-
perature factor on stability of the polyethylene glycol fumarate with methacrylic acid with using the dynamic
thermogravimetry methods.
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Experimental

The previously synthesized [15] copolymers based on polyethylene glycol fumarate (p-EGF) with
methacrylic acid (MAA) (6.65:93.35 mol.% and 89.98:10.02 mol.%) were used as subjects of this study. The
thermal properties of copolymers (p-EGF:MAA) were studied on Setaram Labsys Evolution TG-DTA/DSC
for the synchronous thermal analysis. A dynamic mode, a temperature range of 30-700°C, heating in Al,Os
crucible at a rate of 2.5, 5, 10, 20 °C/min, inert atmosphere with a nitrogen flow rate of 30 ml/min were ap-
plied. The device was calibrated for the thermogravimetric studies and heat flow in compliance with stand-
ards of CaCOs. The experimental data was processed with using the Microsoft Excel and Processing pro-
grams.

Flynn-Wall-Ozawa'’s integral method

The Flynn-Wall-Ozawa method [16—17], which uses the Doyle’s approximation [18], is based on an
equation:

Eﬂ,
In(Bi)=Const—1.052[RT j (1)

The activation energies for various conversion levels are calculated from a slope of In(j;) dependence
on 1/T.

Friedman’s differential method

The Friedman’s differential method is described by a following equation [19]:

ofn(2], ]

The linear dependence graphs of In{ﬁi [3—_?)

)

:I on 1/T give the straight lines with different slope an-
gles of E/R. Thus, the activation energies are calculated on their basis.

Kissinger-Akahira-Sunose method

The Kissinger-Akahira-Sunose method, which uses a more accurate Murray and White approximations,

is based on an equation [20]:
B. E
In| =—— |=Const ——*. 3
{Tz ] RT, ®)

o, l o

The data were linearized [21]. As a result, the calculated points for all patterns were placed on the
straight lines. The least squares method was used. Their tangent of a slope was corresponded to E/R. Their
cut-off section on the ordinate axis was conformed to an effective order of a reaction.

Invariant kinetic parameters method

The so-called “compensation effect” was used for the invariant kinetic parameters method and the mod-
el-fitting method. So this compensation effect was found in the experiment at a single heating rate to define a

reaction model and a pre-exponential factor. The Achar-Brindley-Sharp method [22] was obtained with a

logarithmic equation:
In(dX/dtjzlnA—E. @)
f (o) RT
The precise definition of the reaction model and pre-exponential factors could be achieved with using
the foregoing compensation effect. Thus, the values of E;and A; were used to determine parameters. The val-
ues of a and b were applied for a compensation effect by equation [23]:
InA =a*E, +b*. (5)
Once the parameters were defined, the reaction model can be constructed in any integral or differential
form with using the values of E; and A; by equation [24]:

At -E
g(a)= EJO exp (ﬁjdt - (6)
Thermodynamic study

The thermodynamic parameter can be calculated from a fundamental expression [25-26].
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XekBT Ast E
k= ex exp| —— |, 7
h p( R ] p( RTJ )

where y — a transmission coefficient. It is taken to be a unity for monomolecular reactions; ks — the Boltz-
mann constant; h — the Planck’s constant; e — the Neper number; AS” — the change of entropy for the for-
mation of the activated complex from a reagent.

The following expression was obtained with using the pre-exponential factor A from the Arrhenius

equation:
XekBT AS¢
A= ex . 8
™ p( - j (8)

After rearranging an equation (8), the change of entropy of the activated complex can be calculated by
the following expression (9):

XekBT
AS” =R|InA—In : 9)
h

Changes in the Gibbs free energy and enthalpy of the activated complex can be calculated by the well-
known thermodynamic equations of (10) and (11):

E,=AH+RT; (10)

AG=AH -TAS . (11)

AS, AH and AG were calculated at a temperature equal to the DTG peak temperature, which corre-
sponded to the fastest decomposition temperature.

Results and Discussion

Practice demonstrated that unsaturated polyethers with a low molecular weight and an unsaturated bond
are a good framework for synthesis of the spatially crosslinked highly charged cationic and amphoteric poly-
electrolytes to interact with the corresponding monomers [13]. It should be noted that the crosslinked copol-
ymers formation at any ratio of the initial comonomer mixture was obtained by the reaction. In this case, a
clear pattern of dependence of the swelling ability on the content of polyester resin was observed. Thus, it
was explained by a change in a grid density [27]. Previously, our paper of [28] showed that based on the
above an increase in the thermal stability of copolymers with high polyester content should be expected.
Therefore, it was interesting to evaluate the thermal stability in a comparison of copolymers based on poly-
ethylene glycol fumarate with methacrylic acid, i.e. they were opposite in a molar composition.

The thermal decomposition of p-EGF-MAA copolymers was studied with a molar composition of
6.65:93.35; 89.98:10.02 mol.%. Thus, the dynamic thermogravimetric analysis in a nitrogen atmosphere at
various heating rates in a temperature range of 30—600 °C was used. The kinetic data were processed by the
Flynn-Wall-Ozawa, Friedman and Kissinger-Akahira-Sunose methods. They were based on the Arrhenius
equation and used in studies of many organic and polymeric materials [29-33].

The resulting curves of the thermogravimetric analysis and decomposition rates are demostrated
in Figure 1.

6.65:93.35 mol.%

100 4

80

604

1 - - -d76G 10 °Cimin
dTG 20 °C/min

= - =TG 5 °C/min
— =TG 10 °C/min
=== TG 20 °C/min
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TG, mg %

40

204
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Figure 1. Temperature dependences of the mass change (TG curve), the rate of mass change (DTG) for p-EGF:MAA
copolymer at various heating rates, initial ratios (a) of M{:M, in mol. % — 6.65:93.35 mol.%, in a nitrogen atmosphere
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Figure 1 demonstrates that transformations were not observed in a substance that lead to a change in its
mass on the thermogravimetric curves at 30°C to 100 °C.

An insignificant decomposition of a sample was found for a copolymer with a composition of
6.65:93.35 mol.% at 100-300 °C with yield of some volatile products and mass loss up to ~12%. Further
intensive mass loss of the sample with complete process completion at ~500 °C was observed. The total
mass loss was ~80 %.

The graph in Figure 2 illustrates that the mass loss was observed noticeably faster with an increase in
the heating rate. So the rate of mass loss was low at a heating rate of 2.5°C/min. Thus, the mass loss was
found more intensively with an increase in the heating rate.

5
04 -
E B — !
E ——dTG25°C/min| 1 [/
g —-—-dTG5°C/min | i 1 |
® 104 ---dTG10°C/min| w1/
5 | - dTG 20 °C/min '
-154
-20 4
T T T T T T T T
0 100 200 300 400 500 600 700

Sample temperature

Figure 2. Temperature dependences of the mass change (TG curve), the rate of mass change (DTG)
for the p-EGF:MAA copolymer at various heating rates, initial ratios of M;:M, in mol.% — 89.98:10.02 mol.%,
in a nitrogen atmosphere

The volatile-matter yield for a copolymer with a high content of polyester resin started at higher tem-
peratures (maximum at 320 °C). The temperature range of 320-500 °C demonstrated the decomposition of a
copolymer’s basic mass with a total residue of ~15 %. The same rule was also used for the second sample,
i.e. its heating speed raised and its mass loss rate has increased.

The comparative analysis of curves of 1 and 2 demonstrated that when a polyester content increased in
a copolymer, the decomposition had higher temperatures. As noted above, it was apparently associated with
an increase in a grid density.

Kinetic analysis

The isoconversion principle was used to calculate the kinetic parameters. Thus, dependences of parame-
ters of the Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose and Friedman equations at various transformation
degrees were established in Figure 3.

Figure 3 showed the linearization of data for two different copolymers with slight differences, i.e. it de-
pended on the polyester resin content. Based on these differences, the activation energies and the pre-
exponential factor from a slope and line intersection of each component were calculated. Results in Table 1
demonstrated the kinetic parameters for all copolymer samples calculated with three various methods.
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Figure 3. Linearization of thermogravimetry data for copolymers based on p-EGF:MAA at various heating rates,
initial ratios (1) of M;:M, in mol. % — 6.65:93.35 mol.%; (2) M;:M; in mol. % — 89.98:10.02 mol. %,
in a nitrogen atmosphere, using methods: (a) — Friedman; (b) Flynn-Wall-Ozawa;
(c) Kissinger-Akahira-Sunose at various heating rates

Table 1

Dependence of activation energy for thermal decomposition of copolymers
based on p-EGF with MAA on transformation degree

Ea, kJ'mol™
o Flynn-Wall-Ozawa method Friedman method K|SS|ngerr—;;I:|:12:jra-Sunose
6.65:93.35% | 89.98:10.02% 6.65:93.35% 89.98:10.02% 6.65:93.35% | 89.98:10.02%
0.05 201.41 194.29 219.41 201.63 201.61 194.33
0.10 211.91 208.89 225.01 237.58 212.42 209.45
0.15 214.03 224.27 215.91 255.77 214.51 225.50
0.20 212.08 232.41 211.32 253.66 212.37 233.96
0.25 214.04 239.91 201.01 241.67 214.35 241.77
0.30 206.29 238.51 196.01 238.54 206.12 240.23
0.35 205.80 237.93 195.45 229.35 205.56 239.55
0.40 203.27 234.20 188.67 219.73 202.83 235.59
0.45 196.73 231.14 180.36 227.65 195.91 232.33
0.50 192.36 225.46 168.19 208.61 191.25 226.29
0.55 193.67 222.93 176.68 200.89 192.56 223.58
0.60 190.63 221.58 175.84 210.04 189.31 22211
0.65 186.21 218.07 181.55 197.34 184.60 218.39
0.70 180.17 215.04 146.40 199.30 178.16 215.14
0.75 183.10 213.37 207.71 205.50 181.18 213.31
0.80 188.25 212.13 220.50 212.34 186.54 211.93
0.85 197.64 213.83 229.31 217.57 196.36 213.61
0.90 202.70 218.49 228.94 223.36 201.60 218.38
0.95 216.50 224.35 245.71 231.03 215.99 224.41
Average 210.9378 234.8271 211.8925 233.9814 210.185 235.553
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Table 1 demonstrates some results of activation energies calculated with using three various methods.
The tabular data have a good convergence with less 5% of accuracy. The Flynn-Wall-Ozawa, Kissinger-
Akahira-Sunose and Friedman methods provided to estimate the activation energy in the whole process
without a prior assumption of a reaction model.

The choice of these methods permitted to compare the activation energy obtained with the integral and
differential methods. Thus, these methods were able to assess the correctness of the accuracy made in deriv-
ing of the equations. Figure 3 demonstrates the results of the mathematical processing for the thermo-
gravimetric curves.

In order to define the pre-exponential factor and reaction model, the Achar-Brindley-Sharp methods and
method of the invariant kinetic parameters (ABS) were applied [34]. The paper pointed out that the Achar-
Brindley-Sharp method were more accurate to calculate the kinetic compensation parameters. Values of E
and InA were received for all 13 reaction models from Table 1 with using an Equation 4.

6.65:93.35 mol.%

¥1 25 Cimin p

*— 5 C/min
204 —4—10C/min
v 20 C/min
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-10 4

-20 4
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Ei/ kdmol

Figure 4. The observed compensation effect between the pre-exponential factor
and apparent activation energy for thermal decomposition of copolymer
based on the p-EGF:MAA, M:M, in mol.% — 6.65:93.35 mol.%, at various heating rates
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Figure 5. The observed compensation effect between pre-exponential factor
and apparent activation energy for thermal decomposition of copolymer
based on the p-EGF:MAA, M;:M; in mol.% — 89.98:10.02 mol.%, at various heating rates
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Figures 4-5 illustrate a correlation between InA; and E; obtained by the compensation effect (CE) with
using the Achar-Brindley-Sharp (ABS) method. It was observed that correlation coefficient is close to unity
during the using all models (R = 0.99). As a result, it was indicated a good correlation between all parameters
regardless of the models used. As expected, the data have a good correlation between all straight lines for all
heating rates. Compensation parameters are presented in Tables 2-3.

Table 2

Compensation effect parameters for thermal decomposition of copolymer based on the p-EGF:MAA, M;:M,
in mol.% — 6.65:93.35 mol.% at four different heating rates

B (°C/min) a b" R
2.5 0.1887 —7.8780 0.9993
5 0.1853 —7.2247 0.9992
10 0.1822 —6.5555 0.9992
20 0.1787 —5.8623 0.9991

Table 3

Compensation effect parameters of thermal decomposition of copolymer based on p-EGF:MAA,

Mi:M,in mol.% — 89.98:10.02 mol.% at four different heating rates

B (°C/min) a b" R
2.5 0.1922 —7.8805 0.9993
5 0.1899 —7.4579 0.9993
10 0.1858 —6.5204 0.9992
20 0.1834 —5.8592 0.9992

Figure 6 shows a graph of compensation parameters for copolymers based on p-EGF:MAA, M::M in
mol.% — 6.65:93.35 mol.% and p-EGF:MAA, M;:M; in mol.% — 89.98:10.02 mol.%.

-5,5
Equation y=a+b'
® Intercept 36,19766 + 2,08601
60 l\\ \_ Slope -229,61365 + 11,10426
] e 2 \_ Resquare (COD) 099534
\ 5
Y
65 b S
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© \ N
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b*

Figure 6. Graph of the correlation ratio of a* and b*

The kinetic parameters for copolymer base on p-EGF:MAA were obtained from a slope and line inter-
section of E and InA. Figure 6 illustrates that activation energy is close to values obtained by the Flynn-Wall-
Ozawa, Friedman and Kissinger-Akahira-Sunose methods. They were E =202 kJ/mol, E = 229 kJ/mol for
p-EGF:MAA, M;:M; in mol.% — 6.65:93.35 mol.% and M1:M2 in mol.% — 89.98:10.02 mol.%, respec-
tively.

Using the obtained values of Ei and Ai, the dependence of g(a) on a was plotted in the integral form
with using an equation (6) (Fig. 7).
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— —p-EGF 6.65:93.35 mol.%
— p-EGF 89.98:10.02 mol.% 1

g(a)
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Figure 7. Theoretical curves of g(a) on o for some kinetic models and experimental plot
for kinetic model D3 for thermal decomposition of copolymers based on p-EGF:M:M,
in mol.% — 6.65:93.35 mol.% and M1:M2 in mol.% — 89.98:10.02 mol.%, at various heating rates

Figure 7 demonstrates the most appropriate model with a shape as a three-dimensional diffusion (D3).

Thermodynamic parameters

To accurately understand the mechanism of thermal decomposition of the studied copolymers, the
changes in entropy (AS), Gibbs free energy (AG) and enthalpy (AH) were calculated. The obtained values
were summarized in Tables 4-5.

Table 4
Thermodynamic parameters of thermal decomposition of copolymer
based on p-EGF:MAA, M;:M, in mol.% — 6.65:93.35 mol.%
B °C/min AG kJ/mol AH kJ/mol AS J/mol*K
2.5 317.38 207.33 —-297,26
5 296.78 185.88 -299,53
10 287.00 175.68 -300,69
20 320.87 210.31 —-298,63
Table 5

Thermodynamic parameters of thermal decomposition of copolymer
based on p-EGF:MAA, M1:M2 in mol.% - 89.98:10.02 mol.%

B °C/min AG kJ/mol AH kJ/mol AS J/mol-K
2.5 312.61 204.46 —300.56
5 329.05 221.02 -300.207
10 316.37 207.91 -301.419
20 327.20 218.79 —-301.293

The thermodynamic characteristic change of Gibbs energy (AG), activation entropy (AS) and enthal-
py (AH) were calculated with using the obtained values of activation energy. A positive value of the Gibbs
energy AG pointed out infeasibility of the spontancous decomposition. A negative value of AS stated a re-
duction of random effects at the gas-solid interface and a decrease in the degree of freedom of substances in
the thermal decomposition.

Conclusions

The thermal decomposition of a copolymer based on polyethylene glycol fumarate with methacrylic
acid was investigated in this paper. Decomposition was observed in different ways with various ratios of the
polyester resin in a copolymer composition. Thus, decomposition was much later for copolymer with a large
amount of polyester resin. As a result, the activation energy values had higher values.
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A good convergence was found in the kinetic parameters of a copolymer obtained by the Flynn-Wall-
Ozawa, Kissinger-Akahira-Sunose and Friedman methods. As a result, the received data on activation energy
had the similar values at various heating rates.Thus, the process of mass loss intensified with an increase in
the heating rate. It was correctly for all non-isothermal processes. The copolymer kinetic triplets were
determined and showed good convergence with using methods of the Achar-Brindley-Sharp and invariant
kinetic parameters. Graphs of dependence g(a) for various transformation degrees showed a satisfactory fit
between the experimental curves and theoretical ones. As a result, the reaction model of two copolymers
described with the D3 model was determined.
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Investigation of the Influence of UV-Irradiation on Thermal Stability of Binary
Systems on the Basis of Polyethylene Glycol Fumarate with Some Vinyl Monomers

This work is devoted to the investigation of continuous exposure to UV-irradiation on thermal stability of
polymeric base of sealants. The copolymers of polyethylene glycol fumarate with acrylic and methacrylic ac-
ids, and acrylamide of the composition of “unsaturated polyester: vinyl monomer” ~35:65 mass.% (corre-
spondingly) were chosen as the polymer base. The samples were analyzed on microscope to the presence of
microcracks as a result of exposure to UV-irradiation on them. The studied samples were evaluated visually
on color change and the appearance of turbidity. Thermal stability of the studied polymeric base was deter-
mined by establishing the temperature of the start of thermal deformation by thermogravimetry before and af-
ter the process of UV-irradiation within 21 days. It was established that for the polymeric base with acryla-
mide in its content the temperature of the start of thermal deformation had reduced after exposure to UV-
irradiation. In contrary, for the polymeric bases with acrylic and methacrylic acids in their composition the
above said thermal index almost had not changed after affecting with UV-irradiation on the samples.

Keywords: polymer base, sealants, UV-irradiation, thermal deformation, unsaturated polyesters, polyethylene
glycol fumarate.

Introduction

Investigation of the processes of ageing of the materials when influencing various external factors on
them is a complex research and practical task and its solution defines the safety and quality parameter of the
use of a building [1-2]. When accelerating the process of operation of construction objects there are not only
special requirements to the materials, but there is also the task of providing the reliance of their use within
long period of time in natural conditions. In this regard it is necessary to know not only the properties of the
materials, but also it is important to predict their change under the effect of negative external factors [3-7].

Sealing materials (the sealants) are used in a various area of technique and construction providing work-
ing capacity of structural elements in technique, waterproof compartments, also they define the durability of
stiches of inter-wall panels, building blocks and so on [8-11]. In comparison with other classes of polymeric
stuffing materials the sealants are used not only as the goods ready to use, but in the forms of fluid-flow and
paste-like masses. The sealing materials are spread using rather simple technological operations in the areas
of stiches, backlashes, junctures and are poured to the cracks. After technological curing time the sealants
form relatively hard and elastic substance and drop into resin-like state. The polymeric film formed seal the
holes and cracks hermetically and, in some cases, acts as a glue. The sealants are irreplaceable in sinking the
sanitaryware products, in filling-in the stitches inside buildings with high level of humidity, where other
types of constructional materials become quickly inapplicable. In housebuilding they are used for filling-in
external stitches and cracks in foundations, walls, ceilings, for processing the junctures, holes and cracks in-
side the rooms. In the rooms with high level of humidity they are used for waterproofing the stitches and
junctions. They provide the impermeability in the conditions of drops of pressure, changeable temperatures,
loads and they are one of the pointers of reliability of thermo-, water- and vapor-proofing. Thus, the stability
of sealants defines the consistency of work and durability of sealing sews in various constructions [10, 11].

The most promising compounds for the development of sealing materials are the solutions of unsaturat-
ed polyesters in different monomers of vinyl row [12], which preserve needed fluidity in wide range of con-
centrations. As a result of having reactive double bond the unsaturated polyesters are the most important rep-
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resentatives of polymeric reactive oligomers which are able to react with many monomers forming the cured
reaction products [13]. High indices of stability to the influence of external medium, simplicity of prepara-
tion and operation, good compatibility with other components (mechanical fillers and pigments) and availa-
bility, low primecost and ecological safety make the unsaturated polyesters more preferable co-reagent when
obtaining a polymeric base of sealing materials.

Considering the characteristics of sealants are defined by the properties of fillers used as well as the ini-
tial polymeric base, the study of the behavior of latter after ageing in natural conditions is of an applied sig-
nificance.

In this work a continuous effect of UV-irradiation on thermal stability of polymeric base of the sealants
was studied. The copolymers of polyethylene glycol fumarate (p-EGF) with acrylic (AA) and
methacrylic (MAA) acids and acrylamide (AAm) were chosen as polymeric bases.

Experimental

The reagents used in this work are ethylene glycol, acrylic and methacrylic acids, acrylamide, benzoyl
peroxide, dimethylaniline (“Sigma-Aldrich”), fumaric acid (“Vekon”), aluminum chloride (“Reachem”). All
of them were used without additional purification.

Initial polyester, i.e. polyethylene glycol fumarate was obtained by condensation polymerization of eth-
ylene glycol with fumaric acid according to the procedure given in [14, 15] at a temperature of 150-160 °C
in the presence of catalyst — aluminum chloride.

The objects studied — binary systems of p-EGF with AA, MAA and AAm of composi-
tion ~35:65 mass.% were obtained by radical copolymerization in the presence of optimized binary initiating
system of “cold” curing (initiator (benzoyl peroxide, BP) : promoter (dimethylaniline, DMA) of the follow-
ing ratio 1 %:0.15 % calculated from initial monomer mass) at a temperature of 20°C [16, 17]. Schematically
the synthesis of the copolymers of p-EGF with AA, MAA and AAm is presented in Figure 1.
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where R; — H, CH; groups; R, — H, NH, groups; R, — the radical of initiator
Figure 1. The scheme of polymerization of p-EGF with the monomers of vinyl row

This ratio was chosen on the basis of previous studies of the rheological properties of these binary sys-
tems. Thus, the most important parameters of sealing compositions are such parameters as the density and
viscosity of the initial solutions, as well as the time of their gelatinization and curing. According to [16, 17],
it was found that with an increase in the content of p-EGF, those indicators grew significantly. In particular,
the dynamic viscosity of p-EGF-AA solutions rise with an increase of the amount of p-EGF from 35 to
45 mass.%, respectively, from 37.6 to 182.3 mPa-s. This also applies to density, where this indicator varies
from 1.1562 to 2.069 g/cm®. The time of gelatinization and curing of these binary systems also changes.
Thus, in particular, for the p-EGF-AA system with a composition of ~35:65 mass.%, these meanings are
equal to 55 and 90 min., respectively, while for the p-EGF-AA ratio of ~45:55 mass.%, they are 69 and
188 min. In view of this, the ratio of comonomers ~35:65 mass.% was chosen as an optimal.
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Obtained reaction products were identified using IR-spectroscopy. The analysis of IR-spectra points on
the presence of characteristic bands which appear within the interval of 1570-1590 cm™, which correspond
to some quantity of non-reacted unsaturated double bonds of p-EGF. The presence of absorption bands at
1724 cm™ and 3425 cm™ in the IR-spectra of the copolymers of p-EGF with carboxylic acids confirms the
presence of -COOH groups. There are also the absorption bands at 2859 cm™ and 2915 cm*, which are
characteristic for the methylene groups of MAA. The presence of the peak within the range of 1910-
1950 cm*is typical for amide group —NH, (Fig. 2):
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Figure 2. IR-spectra of unsaturated polyester—vinyl monomer

For the study of the influence of UV-irradiation on the samples of binary systems of p-EGF with AA,
MAA and AAm of the composition of ~35:65 mass.% was carried out according to all-Union State Standard
32317-2012 [18] on the device Weiss UV3 of the firm Weiss Technik (Germany). It is a camera isolated
from external lighting which allows studying the irradiation of plate like samples with UV-light with the
wavelengths 290 and 450 nm [19].

When studying the effect of UV-irradiation on tested samples the platelets of various thicknesses rang-
ing from 1 to 5 mm (the platelets of each thickness were prepared three times for carrying out parallel tests
which provided obtaining reliable results) were prepared. During the study the irradiation intensity was con-
stant. So, the experiment was carried out within 3 weeks (21 days) in total. Estimation of the states of the
samples after irradiation was made visually i.e. the change of color and the presence of microcracks were
observed. In order to establish the thermal stability of the tested samples, their thermograms were analyzed
and the temperature of thermal deformation was determined [20] within the temperature interval of 30—
200°C. The end of the process takes place when the copolymer decomposes completely at a temperature
of ~550-600 °C.

Estimation of form and shape of the samples after exposure of UV-irradiation on them was done visual-
ly and then using binocular-type microscope MicroOptix MX50 (Micro Optix, Austria).

The study of thermal properties of the samples (TGA) before and after exposure to UV-irradiation was
done on a device for the synchronic thermal analysis Labsys Evolution TG-DTA/DSC (“Setaram”) in dy-
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namic regimen within the temperature range of 30-600 °C. Calibration of the equipment for
thermogravimetry and heat current was made on CaCO; and in standards correspondingly [21]. Finely
ground platelet samples after influencing with UV-irradiation and the samples of binary systems of p-EGF
with AA, MAA and AAm which were not undergone to the exposure of UV-irradiation were heated in an
aluminum crucible at a heating rate of 10 °C/min in nitrogen atmosphere at a flow rate of 30 ml/min. The
sample’s mass was ~1 g.

Results and Discussion

At present time the sealing materials on the basis of polymers play an important role almost in all fields
of industry. The main volume of sealants is consumed for building and car-construction. So, the use of seal-
ing materials allows increasing the energy-efficiency of different enterprises, including the ones working in
aggressive conditions. The sealants find application in solving wide range of household problems, such as,
sealing the sanitaryware. Sealing materials are of great importance in building sector as a result of improving
the operational properties of construction objects, such as, heat- and vapor-isolation, waterproofing and so
on.

However, during the process of operation of constructing materials they undergo to the influence of var-
ious negative factors, amongst which is UV-irradiation. While exposure to UV-irradiation within long period
of time there is the change in the structure of the material and in its basic physicochemical characteristics, i.e.
the photo-ageing of the product. This process is accompanied by the structural damage of polymer, appear-
ance of the cracks (on the surface and within the thickness of the material), growing turbid of the surface and
so on. Ageing causes the deterioration of the mechanical characteristics of the materials which is taken into
account when calculating the building constructions by corresponding coefficients of the working condi-
tions [22].

There are usually two types of processes take place when ageing the polymers which have reactive
double bond. These are destruction and crosslinking of macromolecules. The destruction processes which
take place when the product ages after affecting by UV-irradiation is called “photodestruction” [23].

With the aim of establishing the effect of UV-irradiation on binary systems of p-EGF with AA, MAA
and AAm of the composition of ~35:65 mass.% the samples were analyzed visually to the change of color
and appearance of turbidity. Further, a microscopic analysis on presence of microcracks on the surfaces of
the samples after exposure to irradiation was done. The results of the studies obtained after visual and micro-
scopic analyses are presented in Table.

Table
The effect of UV-irradiation on the copolymers of p-EGF with AA, MAA and AAm
of the composition of ~35:65 mass.%
Unsaturated polyester | Vinyl monomer | Color change, turbidity The presence of Other changes

microcracks, bubbles

AA — — -
Negligible yellowish
p-EGF MAA tincture - -
AAM a 3 Strong hardening, the loss

of flexibility

On the basis of experimental data obtained the attention should be paid to the exposure of UV-
irradiation on binary system of p-EGF with AAm. In particular, the plates prepared from the copolymers of
p-EGF-AAm hardened very much and had some roughness on their surfaces as a result of prolonged expo-
sure to UV-irradiation. In this case no change in color was observed for the given samples of p-EGF-AAm of
different thicknesses, however the plates lost their flexibility completely turning into rigid framework mate-
rial, which can be explained by the formation of additional crosslinks within the macromolecule due to the
formation of hydrogen bonds during their partial photoinitiation [24]. It is worth noting that this kind of so-
lidifying may cause some difficulties when further operation of the sealants which are made using this poly-
meric base.

Analyzing the state of plates of p-EGF with MAA after prolonged exposure to UV-irradiation it was
found out that all of the samples of different thickness acquired yellowish tincture. In this case the surfaces
of plates did not grow dull and did not become tarnish. Also, it was expectable that the color of the plates
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with smaller thickness (1-2 mm) changed significantly in comparison with the samples with wider thickness.
Taking into account that the surfaces of the copolymers either undergo cracking or erode completely very
often under the exposure to UV-irradiation, in this particular case the appearing of the microcracks and other
deformations on the surface of plates were not observed by microscopic analysis.

When analyzing the samples of p-EGF with AA visual changes either in color, or appearing the bubbles
or turbidity were not noticed. The presence of microcracks on their surfaces was also not observed.

Further for instrumental analysis of thermal stability of the studied binary systems on the basis of
p-EGF with AA, MAA and AAm a TGA was done to establish the temperature of start of thermal defor-
mation before and after exposure to UV-light within 21 days. Analysis of obtained thermograms has shown a
decrease of thermal stability of the sample of p-EGF-AAm after UV-irradiation. At the same time, there
were no significant changes in temperature coefficient of the start of thermal deformation of the samples of
p-EGF with AA and MAA. So, in particular, analyzing the graphs in Figure 3 (a—c) it is necessary to note
that the temperature of the start of thermal decomposition of the copolymer of p-EGF-AAm before irradia-
tion was 134 °C, whereas after exposure to UV-light it fell to 85 °C (Fig. 3 a). Similarly, the results for the
other binary systems were recorded. So, the start of thermal decomposition of the copolymers of p-EGF-AA
before and after exposure to UV-irradiation was at the following points: 146 °C and 132 °C (Fig. 3 b) ac-
cordingly, and for p-EGF-MAA these values were equal to 172 °C and 151 °C (Fig. 3 ¢):
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Figure 3. TG and DTG curves of the copolymers of p-EGF-vinyl monomer
of various composition at a heating rate of 10 °C/min before and after UV-irradiation

Thus, in spite of the hardening the samples of p-EGF with acrylamide after influence of UV-light on
them the temperature of the start of thermal deformation reduced considerably before and after irradiation. It
is explained by the formation of additional crosslinks via hydrogen bonds which are formed during partial
photoirradiation of macromolecules and are relatively fragile and can be easily decomposed under the influ-
ence of high temperature [23, 24].

So, on the basis of thermogravimetric analysis [25] a conclusion about decrease of thermal stability of
synthesized copolymers based on p-EGF with AAm after the exposure to UV-irradiation can be made. Ac-
cordingly, the use of these copolymers as polymeric base for obtaining the sealants has strictly limited oppor-
tunities: in particular, they can be used in the places where they are not influenced by extensive UV-
irradiation. Concerning the binary system of p-EGF-MAA it is necessary to note the possibility of its appli-
cation for obtaining the sealants, however the use of the latter may be limited because of the change of their
color as a result of the exposure to UV-irradiation on them. In comparison with the above said binary sys-
tems the copolymers of p-EGF with AA have shown the best physicochemical indices, including thermal
stability after the radiation with UV-light. The results obtained allow us to say about preferable use of binary
system of p-EGF-AA as a polymeric base of sealing materials.

Conclusions

The studies of thermal stability as a result of prolonged exposure to UV-irradiation on binary systems of
p-EGF with AA, MAA and AAm of the composition of ~35:65 mass.% have shown high indices of
thermostability for the copolymers of this unsaturated polyester with carboxylic acids after UV-irradiation
within the range of 132-151 °C. In case of analyzing the temperature of the start of thermal deformation of
the copolymer on the basis of p-EGF with AAm the reduce of this index before and after exposure of UV-
irradiation on the samples from 134 to 85 °C was established; this limits the possibility of its application as a
polymeric base of sealants.

The negative consequences of exposure to UV rays on copolymers of p-EGF with AAm should also in-
clude a change in their physicochemical parameters, expressed in the loss of flexibility and strong hardening.
It should be noted that copolymers of p-EGF with carboxylic acids, AA and MAA, do not undergo such
changes.

Thus, as a result of the experiments the conclusions can be made about preferable choice of binary sys-
tems of p-EGF with AA and MAA for obtaining the sealing materials on their basis.
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Biodegradable Polyethylene-Based Composites
Filled with Cellulose Micro- and Nanoparticles

Composite materials filled with cellulose particles (microcrystalline cellulose and nanocellulose) have good
prospects for use in various fields. Microcrystalline cellulose (MCC) and nanocellulose (NC) were isolated by
chemical and physical methods and investigated. Composite materials based on polyethylene (PE) were ob-
tained using MCC and NC as fillers (5-20 wt.%) and maleic anhydride grafted low molecular weight poly-
ethylene (MA-g-LMPE) as a compatibilizer. The structure and morphology of the composites and fillers were
characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction, thermal analysis (TA),
transmission electron microscopy (TEM), atomic force microscopy (AFM), and the strength properties were
determined by tensile testing. An increase in the crystallinity index and mechanical strength of composites at
low filler contents (up to 5 wt.%) was revealed. The size of the cellulose particles significantly affects the
structure and properties of composites. Although the general picture of the effect of fillers on the crystalline
structure and mechanical properties is similar, the addition of NC had a greater effect than MCC. The results
of this study showed the possibility of using MCC and NC as reinforcement materials in composites, and they
have biodegradable properties.

Keywords: cellulose microparticles, nanoparticles; polyethylene, composites, mechanical properties, biodeg-
radability.

Introduction

Composite materials based on synthetic polymers reinforced with natural polymers, due to their unique
physical, mechanical and operational characteristics, are widely used in various engineering fields [1-3].
Adding fillers based on natural polymers to synthetic polymers creates new materials with specific proper-
ties, including biodegradability after their end-of-life [4—6]. Micro- and nanoparticles of cellulose have good
prospects in terms of their use as fillers for the preparation of composite materials due to their low density,
large surface area, high mechanical properties, low toxicity, biodegradability, and renewability as raw mate-
rials [7-12]. Cellulose and its derivative-containing composites have been prepared and investigated for a
wide range of vinyl polymers [13], including polycaprolactone, polyhydroxyalkanoate [14], polylactic
acid [15], thermoplastic starch [16], polyacrylamide [17] and others.

The structure of polymer composites is determined not only by mixing conditions, but also by the dis-
persion of the polymer filler, which retains its particle shape during mixing, and the uniformity of its distri-
bution in the polymer matrix. The effect of dispersed filler particles on the crystallization process of polyole-
fin was studied, and it was found that there are numerous crystallization centres on the filler surface, on
which polymer crystallites grow; as a result, the crystallinity index increases [18, 19]. Filler particles are
stiffer and harder than matrix materials, so they reinforce the polymer matrix. The filler addition into the
polypropylene/polyethylene (PP/PE) polymer matrix increases the strength and stiffness, but reduces the
elasticity of the materials [20, 21]. To eliminate the negative effect of the filler on the elasticity of polymer
composites, functionalization of both polyolefin (insertion of hydrophilic groups) [22, 23] or fillers (insertion
of hydrophobic groups) [24—26] has been suggested, and the addition of elastomers [27, 28] or compatibiliz-
ers [29, 30] could be used. Compatibilizers consisting of polar and nonpolar parts are located in the interfa-
cial region, increasing the interaction between the nonpolar polymer and the polar filler and contributing to a
uniform distribution of the filler.
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The size and shape of the filler particles significantly affect the physical and mechanical properties of
composites. Composites containing highly dispersed fillers are stronger and less viscous [31]. Moreover, ob-
long filler particles are stronger reinforcing agents for the polymer matrix than spherical particles [32].

The addition of functional groups into the structure of cellulose reduces its thermal stability. The proc-
ess of partial esterification of cellulose occurs as cellulose nanoparticles are formed by acid hydrolysis with
highly concentrated solutions of sulfuric acid [33]. At the same time, the presence of sulfate groups in the
nanocellulose composition leads to lower temperature thermal stability [34, 35], which makes it difficult to
use nanocellulose in high-temperature processes. Therefore, we used a hydrochloric acid solution to extract
cellulose nanoparticles.

In the present work, polymer composites based on polyethylene filled with cellulose micro- and
nanoparticles were obtained and their structure and properties were studied.

Experimental

Chemicals and Materials

The following chemicals and materials were used: sodium hydroxide (NaOH, 99 %), hydrogen perox-
ide (H,0O,, 60 %), nitric acid (HNOjz, 65 %) and hydrochloric acid (HCI, 37 %) purchased from Fortek Ltd.,
Tashkent, Uzbekistan. Low-density polyethylene (PE, produced by JV “Shurtan Gas Chemical Complex”
Comp. Limit., Uzbekistan) was used as a polymer matrix in compounds. Low-molecular-weight polyethyl-
ene (LMPE) with a number-average molecular weight (Mn) of 1000-2000 was supplied by JV “Uz-Kor Gas
Chemical” Co. Ltd., Uzbekistan. Benzoyl peroxide (BP, 75 %), a free radical initiator, maleic anhy-
dride (MA, 98 %), a monomer, styrene (99 %), a chain transfer agent, acetone (99.5 %), a wash solution for
the products and xylene (90 %), a solvent for the initiator, were purchased from Sigma—Aldrich, USA.

Cotton Cellulose Extraction

Cotton cellulose (CC) was extracted by heating cotton linter in a 1 M sodium hydroxide solution at
120 °C for 2 h to remove hemicellulose and lignin, as reported previously [36]. It was washed with distilled
water to a neutral pH solution and bleached at 120 °C for 2 h using 4 % hydrogen peroxide. The bleached
fibres were filtered, and washed several times with distilled water, and dried at 100 °C for 4 h. CC had a de-
gree of polymerization (DP) of 1200, and was used to prepare MCC.

MCC Extraction

MCC was extracted from CC by acid hydrolysis [36]. 50 g of CC was placed in a glass container and
hydrolysed with 500 mL of a 4 % aqueous nitric acid solution at a boiling temperature of 100-105 °C for
2 h. The hot acid mixture was poured into 2.5 L of cold water, and the mixture was vigorously stirred with a
spatula and allowed to stand overnight. The MCC obtained by this process was filtered, washed with distilled
water until a neutral pH value, filtered, and dried at 100 °C for 4 h. The MCC was used to obtain nanoparti-
cles of cellulose.

NC Isolation

NC was isolated using a reported protocol with modification [37]: the MCC (20 g) was hydrolysed with
a hydrochloric acid solution (400 mL, 4N) at 70 °C for 60 min. The suspension was diluted 10-fold with cold
water (5 °C), centrifuged, and dialysed until a neutral pH value, and the aqueous suspension was dispersed
via ultrasonication for 1 h and homogenization for 1 h. Finally, the sample was freeze-dried.

Synthesis of compatibilizer (MA-g-LMPE)

The compatibilizer (MA-g-LMPE) was synthesized by reacting LMPE with MA according to a pub-
lished method with slight modification [38]. The experiment was performed in a three-neck 250 mL round-
bottom flask with a magnetic stirrer, a nitrogen inlet, and a thermometer. In a typical experiment, the reaction
flask was heated in an oil bath to melt the LMPE. When the LMPE was melted completely, selected amounts
of MAH and styrene were added to the flask. When the system reached homogeneity, the initiator was dis-
solved in xylene and added to the reaction flask. A small nitrogen flow passed through the flask during the
whole reaction process. After the specified time, the reaction was stopped, and the grafted copolymer was
precipitated in acetone. The precipitate was washed with acetone and filtered repeatedly to remove unreacted
MAMH, then dried in a vacuum oven at 60 °C to a constant weight. The compatibilizer was used as an agent to
improve the compatibility of the PE and natural fillers (MCC, NC).

Composites Preparation

Compounding

Composites were prepared by high-temperature shear deformation on a rotary laboratory mixer (Bra-
bender) at 190+2 °C. The mixture was ground for 20 min at 50 rpm. The ratios of natural fillers (MCC, NC)
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to PE used in this study were (5+95), (10+90) and (20+80) wt.%. The compatibilizer MA-g-LMPE was also
added at 5 wt.% based on the weight of PE. Both PE and MA-g- LMPE were first melted at 170 °C, then the
fillers (MCC, NC) were added.

Forming composite samples

The composites were placed in a hot compression moulding machine (Zamak, Poland) to form quad-
rangle-shaped composites to be used in mechanical testing. The composite samples were preheated in the
mould at 180 °C for 3 min to ensure complete melting at atmospheric pressure. Then a pressure of 6 bars was
applied to the mould and held for 5 min under constant temperature and pressure to form composites. After
that, the forms were chilled and removed. In each tensile test, 1.5 g of sample was used to form a composite
sheet with dimensions of 10 mm (width) x 75 mm (length) x 2 mm (thickness).

Characterization Methods

FTIR

The structure of samples was determined by the FTIR spectrometer “Inventio-S” (Bruker). FTIR spec-
tra were recorded in the transmission mode in 400-4000 cm ™ wavenumber range with a resolution of 2 cm™
and 32 scans at a temperature of 25 °C. The OPUS software was applied to determine the peaks at specific
points. The samples were pressed in pellets under pressure 300 MPa containing 1 mg of the compound to be
analyzed and 100 mg of potassium bromide.

Wide-angle X-ray diffraction

XRD studies were carried out according to a previously published method with a slight modifica-
tion [39] on a XRD Miniflex 600 (Rigaku, Japan) with monochromatic CuKa radiation isolated by a nickel
filter with a wavelength of 1.5418 A at 40 kV and a current of 15 mA. The spectrum was recorded in the in-
terval 20 = 5°-40°. The data processing of experimental diffraction patterns, peak deconvolution, describing
the peaks used by Miller indices, peak shape, and the basis for the amorphous contribution were conducted
using the “SmartLab Studio IT” software and PDF-2 (2020 Powder diffraction file, ICDD) data base.

The crystallite size, T (A), was calculated by the Scherrer equation [40, 41]:

K-A
B-cos’

where K — the correction factor (0.9); A — the wavelength of the X-ray radiation (1.5418 A); p — the full
width at half maximum of the diffraction peak in radians; 6 — the diffraction angle of the peak.

The crystal index (Crl) (%) was calculated by the following equation:

Crl :"I_—'a.loo,

t

where I, — the total intensity; I, — the amorphous intensity.

Thermal Analysis

Thermal analysis of the samples was recorded on a STA TG-DTA/DSC “Start-1600” (Linseis) by heat-
ing ~5 mg of samples at 10 °C/min in air atmosphere from ambient temperature to 700 °C. The results ob-
tained by the TA method were used to calculate the crystallinity index of the polymer in composites [42],
which was calculated based on the analysis of the DSC curves:

_ AH_
Le WAH? '

where y. — the crystallinity index; AH,, — the enthalpy of the composite melting; w — the mass fraction of
polymer in the composite; AH,,° — the enthalpy of the melting of neat polymer (x=100 %).

TEM

Transmission electron microscopy studies were performed using PEM-100 equipment with a high ac-
celerating voltage of 80 kV and a magnification of 104 times. The samples were prepared by the suspension
method, and the studied samples were applied to a supporting film with carbon tinting after the sample was
dried and contrasted with joint evaporation of platinum and carbon (in percentages of 85:15) at an angle
of 45°,

AFM

Structural studies were also performed using an Agilent 5500 atomic force microscope (Agilent). Sili-
con cantilevers with a stiffness of 9.5 N/m? and a frequency of 145 kHz were used. The maximum AFM
scanning area (x+y+z) is 25+25+1 pm. Calculations of particle size distribution by width and length were
carried out using MountainsMap Premium Software, Version 6.2 (USA).
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Optical Microscopy

The surface of the composites was observed by “BA 210 Digital” (Motic) optical microscope.

Sorption Measurements

The sorption measurements were carried out using a McBain balance with quartz spirals of 1 mg/mm
sensitivity in the relative humidity (P/Ps) range 0.10-1.0 at 25 °C until sorption equilibrium was established.
The change in sample mass during the sorption process was observed using a KM-8 cathetometer.

Mechanical properties of composites

Measurements of the mechanical properties (tensile strength (o) and elongation (L)) of the composites
were performed using an AG-X plus tensile tester (Shimadzu) according to standard methods at a
50 mm/min crosshead speed.

Statistical analysis

All experimental data were collected in triplicates and data expressed as average + standard deviation.
Data were compared using a one-way ANOVA with post-Bonferroni test using Graph-
Pad Prism 5.04 (GraphPad Software Inc.)

Results and Discussion

FTIR studies (Fig. 1) showed that the spectra of NC and MCC are characteristic of cellulose; however,
the intensities of the NC spectra were higher. Valence vibrations of the hydroxyl groups involved in intermo-
lecular and intramolecular hydrogen bonds appeared at approximately 3400 cm™. Valence vibrations of the
C-H bonds in the methylene groups of cellulose appeared in the region of 2895 cm™, vibrations of adsorbed
water molecules appeared in the region of 1635 cm™. The absorption bands in the regions of 1420 cm™,
1335-1375 cm™, 1202 cm™, and 1075-1060 cm™ corresponded to the strain vibrations of -H, -CH,, -OH, and
-CO and the valence vibrations of the C-O pyranose ring.

1.5

Absorbance Units

1.0

0.5

T T T
2000 1500 1000 500
1

T T T
3500 3000 2500

Wavenumber, cm™

Figure 1. FTIR spectra of NC and MCC

The X-ray diffraction study showed that acid hydrolysis led to an increase in the crystallinity index of
NC associated with the removal of the amorphous cellulose structure. Four crystal reflexes were observed at
approximately 26=14.65°, 16.35°, 22,61° and 35.07° corresponding to the (10-1), (101), (002) and (040)
planes (Fig. 2). The results of X-ray analysis show that during acid hydrolysis, the interplanar distance de-
creased, and the crystal reflexes shifted towards larger values. The unit cell size of NC was lower than that of
MCC (Table 1).

Table 1
Structural parameters of NC and MCC
MCC | NC
Options Crystalline Reflexes
10-1 101 002 10-1 101 002
Position of the maximum 26, (deg.) 14.48 15.94 22.56 14.65 16.35 22.61
Interlunar spacing d, (A) 6.11 5.55 3.94 6.04 5.42 3.93
Crystallite size I, (A) 50.4 53.9 66.5 45.2 43.8 66.3
Crystallinity index, % 86 92
Elementary cell size, a+b+c (A) 8.65+10.36+7.91 8.34+10.23+7.90
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Figure 2. X-ray diffraction patterns of MCC and NC

TEM and AFM studies have shown that NC particles are in the form of whiskers with a particle size of
50-300 nm in length and 10-40 nm in width (Fig. 3 a, b). The particle size distribution ranged from 110 to
145 nm in length and 25-30 nm in width (Fig. 3 c, d).
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Figure 3. TEM (a) and AFM (b) images of NC and particle size distribution by width (c) and length (d)

Sorption studies using low molecular weight liquids (water and ethanol) were carried out for the NC
and MCC, and the parameters of the capillary-porous structure of the samples were calculated based on iso-
therms of water vapour sorption (Fig. 4, Table 2).
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Figure 4. Isotherms of water (a) and ethanol (b) vapour sorption by MCC and NC

It was found that X, Sg, and W, of NC compared to MCC are lower in the case of water sorption and
higher in the case of ethanol sorption. This is probably due to capillary condensation of water molecules on
the polymer surface, since these parameters were calculated at 100 % relative humidity.

Table 2
Parameters of the capillary-porous structure
Indicator NC | MCC NC | MCC
Water sorption, % Sorption of ethanol, %
Xm: 9/9 0.0052 0.0069 0.0034 0.0022
Sqp, M°/g 18.28 24.44 12.21 7.38
W, Cm3/g 0.011 0.019 0.029 0.025
Mo A, 12.04 15.55 47.5 68.69

Note: Result presented as mean +0.04 % standard deviation, n = 3.

When filler is mixed with a synthetic polymer at the micro- and nanoscale, the components of the mix-
ture form an interpenetrating mesh structure, which provides the filled polymer with the effect of additional
degradation. It is known that filler can accumulate in the less ordered regions of the polymer structure.
PE/filler composites at different ratios were investigated by FTIR and X-ray to establish the effect of the

filler on the structure of PE.

FTIR spectra (Fig. 5) contain absorption bands at 2922 and 2850 cm™ corresponding to the asymmetric
and symmetric valence vibrations of CH, groups. The absorption bands of scissor and pendulum deformation
vibrations of CH, groups occur at 1466 and 720 cm™. The absorption band corresponding to the region of
approximately 750-700 cm™ characterizes the crystalline phase of PE, while there is only one strong absorp-
tion band at 720 cm™ in the amorphous phase [43, 44].
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Figure 5. FTIR spectra of composites with different filler contents, wt.%: PE/MCC — 5, 10, 20 and PE/NC — 5, 10, 20
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Characteristic cellulose bands are present in the 1017-1206 cm™ range. The insertion of MCC and NC
into PE leads to a shift of the 888 cm™ band to the region of 853-861 cm™. It was also observed that some
changes in the 1300-900 cm™ region occur during heat treatment. This result seems to indicate the formation
of PE with cellulose, inclusion compounds and H-complexes. The curves of the samples differ in the inten-
sity of the characteristic bands at 1019, 1242, 1373, 1740 cm ™ and in the appearance of a new broad peak in
the region of 3300-3500 cm™, which corresponds to the valence vibrations of OH-groups. More intense
peaks were observed in the spectra of the PE/NC than in the spectra of the PE/MCC.

Two crystalline maximums of PE were observed in the X-ray diffraction patterns at 22° and 24.5°, cor-
responding to reflections (110) and (200) related to orthorhombic structure (Fig. 6). In addition, for all sam-
ples, one can observe a crystalline reflex relating to cellulose in the region of (200) corresponding to
plane (110), and at high filler contents (20 %), weakly expressed reflexes relating to cellulose shifted at
15.5°, 17.2° corresponding to planes (101) and (10-1). Additionally, a decrease in the intensity of the PE
crystal maximum at 24.5° and the appearance of a new crystal maximum related to cellulose in the region of
23.2° corresponding to the (10-2) plane were observed in the patterns of the same samples.
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Figure 6. X-ray diffraction patterns of composites with different filler contents, wt.%:
PE/MCC — 5, 10, 20 and PE/NC — 5, 10, 20

The results showed that the crystallinity index values of all polymer composites differed from the y of
neat PE (Fig. 7).
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Figure. 7. Dependence of the crystallinity index of the composites on the filler content
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The crystallinity was extremely dependent on the filler content and reached a maximum at a filler con-
tent of 5 wt.%. The presence of fillers up to this concentration led to the increase in the PE matrix values as
an artificial seed for structure formation [45]. The reason for this behaviour may be the interphase phenom-
ena that occur at the polymer-filler interface and the appearance of interfacial layers with characteristics that
changed due to interfacial interactions.

An increase in the filler content in the range of 5-10 % led to a decrease in the crystallinity index. Most
likely, an increased amount of filler contributed to their convergence; when they began to coagulate, the
small particles aggregated into larger particles, while the specific surface area of the fillers decreased
sharply, and, as a result, the active interactions of PE with the fillers decreased, and the fillers gradually be-
gan to have a lesser effect on the structure. A further increase in the amount of fillers up to 20 % somewhat
suppressed the crystallization process and increased the number of defects in the crystallites and the amor-
phization of PE.

The dependence of the PE crystal lamella thickness on the filler content is shown in Figure 8. The
thickness was calculated using Scherrer’s formula by measuring the width at half the height of the high-
intensity X-ray band corresponding to the reflections from the crystallographic planes (110).
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Figure 8. Dependence of lamella thickness on the filler content

As can be seen in Figure 8, the presence of fillers up to 5 % led to a decrease in the size of the crystal-
lites because in these concentration intervals, there were many solid filler particles serving as artificial seed
crystals for structure formation, as mentioned above. As a result, numerous crystallites formed, and their
sizes were relatively smaller than that of neat PE. Despite a decrease in the thickness of the crystalline la-
mella at 5 % filler content, the PE crystallinity index reached its maximum value (Fig. 6) due to an increase
in the total number of crystalline formations, the predominant number of which was crystallites grown on the
artificial seed crystals. As a result, the crystallites, smaller dimensions of which enabled them to undergo
denser packing in the amorphous structure, contributed to the increasing density of the final material. This
reasoning is true if the growing crystalline formations filled the available amorphous space as much as pos-
sible when the growth of crystallites slowed upon meeting similar neighbouring formations.

A decrease in the y values and the growth of the crystallites were observed in the range of filler content
of 5-10 % (Fig. 7 and 8). A further increase in filler content up to 10-20 % partially suppressed the mobility
of the PE macromolecules and the crystallization process, resulting in both a reduction in the crystallinity
index and a decrease in crystallite size. The densities of fillers were different (pnc>>pwmcc), and the denser
filler particles had a more active effect on structure formation in the PE (Fig. 7).

Table 3
Crystallinity index () and asymmetry index (AI) of PE and composites
PE/NC ratio, % X %o Al PE/MCC ratio, % X% %o Al
100:0 29 0,17 100:0 29 0,17
95:5 40 0,17 95:5 43 0,17
90:10 34 0,19 90:10 34 0,20
80:20 38 0,19 80:20 36 0,21
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The thermal stability of a composite material is a desirable property in many applications. The thermal
expansion of cellulose reinforced polyethylene composites has been studied using wood and fibrous cellulose
as fillers [46, 47]. The viscose fibers and the MCC decreased the coefficients of the linear thermal expansion
of the high density polyethylene (HDPE) matrix in the flow direction [48]. The effect of fillers on the crystal-
line structure of PE was also studied by thermal analysis. Calculations based on thermal analysis data
showed that the values of the crystallinity index of all polymer composites were appreciably higher than the
¢ of neat PE (Table 3). The melting peak of the crystallizing polymer reflected the crystallite size distribution
to some extent. The asymmetry of the melting peak was used to calculate indicators of the polymer crystal
structure [49].

Similar results were obtained; the structure and properties of high density polyethylene-based compos-
ite films with different natural fillers (cellulose, soybean meal, and pellets) were studied [46]. Some in-
creases in the crystallinity index and the proportion of perfect crystallites for HDPE with increasing filler
content were noted. These increases occurred because the fillers acted as seed crystals in the crystal forma-
tion by forming films. We assumed that the reason for the increase in the crystallinity index was not only the
presence of solid filler particles, but also the conditions of the polymer mixing process at a high tempera-
ture (180 °C). In this case, the dispersion component of the PE mixtures reflects the crystalline phase under
the influence of the thermal field as it underwent modifying changes similar to those of the morphemes ob-
served during the thermal treatment of the crystallizing polymers.

The crystallinity index values obtained by X-ray and thermal analyses do not coincide because these
methods are based on the study of completely different physical and chemical phenomena. The crystallinity
index of a polymer determined from X-ray data represents the total amount of ordered (crystalline) polymer
areas that contribute to the coherent scattering of X-rays. When determining the crystallinity index by ther-
mal analysis, the proportion of polymer macromolecules that are capable of absorbing energy during thermal
influence and moving from an ordered to a disordered (molten) state is taken into account. However, it was
noted that the general picture of the effect of fillers on the crystal structure of polyethylene remained consis-
tent.

Optical studies have shown that filler particles can be observed in microphotographs and that their size
depends on the filler. NC particles are small and needle-shaped, while MCC particles are larger.

Mechanical studies of the composites showed that filler content up to 5 % increased the strength of the
composites (Fig. 9). This result is consistent with the X-ray results. Small additions of fillers that serve as
structure formers contributed to the refinement of the spherulitic structure, changing the packing density of
the structural elements of the spherules and the ordering of the structure of the crystallizing polymer. Appar-
ently, these factors can increase the strength of the crystallizing polymer when small content filler is dis-
persed throughout the polymer matrix.

Tensile strength, kgf/cm?
o
[~}

NC

110
100 MCC
0 5 10 20
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Figure 9. Mechanical characteristics of PE/MCC and PE/NC composites

As the filler content increased, a significant amount of filler particles accumulated in the polymer ma-
trix, which no longer contributed to structure formation, and the amorphous regions stiffened. This behaviour

102 Eurasian Journal of Chemistry. 2023. No. 2(110)



Biodegradable Polyethylene-Based Composites Filled with ...

led to a sharp decrease in the deformation strength of the polymers with high filler contents and to brittle
fracture [50].

The ability of composite materials based on polyolefin and natural fillers to be degraded and assimilated
by microorganisms depends on a number of characteristics of the polymer matrix and filler, as well as the
structure of the whole material. Polymer composite materials are released into the environment and exposed
to physical, chemical, and biological factors [51, 52]. The properties of polymers, including their strength,
colour, and shape, are irreversibly changed by degradation or ageing. The final stage of ageing is the me-
chanical destruction of the materials (fragmentation). Microorganisms play the main role in biological deg-
radation. The biological degradation of composites by microorganisms includes several stages [53, 54]. The
first stage of biodegradation of a synthetic polymer begins with adsorption of microorganisms on its surface;
the surface hydrophility must increase for the penetration of a microorganism into the polymer structure. To
test the surface hydrophility, the samples were placed in different media: water and sodium chloride solution.

A nonmonotonic change in mass was observed for all samples because the fractions with low molecular
weights were washed out from the surface layers on the first day, and then the process stabilized. Some sam-
ples behaved differently based on their compositions, exhibiting sharp washout of surface layers in the first
several days, followed by swelling and penetration of the solvent into the intermolecular space. The degree
of polymer weight reduction depends on the percentage of soluble components, the particle size of the filler
and the availability of the filler in the polymer matrix.

The change in the mechanical properties of the samples over time after composting in special humus
was studied (Table 4).

Table 4
Physical-mechanical properties (tensile strain and elongation)
of composites before and after burial in soil for 90 days
Before burial in soil After burial in soil for 90 days
Sample Filler content, % Tensile strange, o Tensile strange, C o
Kef/cm? Elongation, % Kef/om? Elongation, %

5 140 175 122 125
PE/NC 10 130 135 113 105
20 110 100 99 85
5 136 110 121 92
PE/MCC 10 118 60 109 52
20 104 45 91 38

Note: Result presented as mean +0.3 % standard deviation, n =5

As can be seen in Table 4, the mechanical strength of composites aged in the soil decreased after a cer-
tain time, and the greater the filler content was, the lower the strength. A decrease in the strength characteris-
tics of composites enabled us to assume partial destruction of the structures of the composites; such degrada-
tion was probably connected with the initial stages of biodegradation of natural fillers in composites. The
studies of the physical and mechanical properties of the composites clearly demonstrate qualitative changes
in the structure of the composites during biodegradation. Changes occurring in the materials under the influ-
ence of degradation in the soil include changes in colour, loss of mass, biological fouling of the composites,
and mechanical destruction.

Conclusions

A comparative study on the structures of MCC and NC was carried out, and the changes in structural
characteristics were shown upon transition from microparticles to nanoparticles. Composites based on poly-
ethylene filled with different contents of cellulose micro- and nanoparticles were obtained. The structure of
the composition was studied by infrared spectroscopy, X-ray structure and thermal analyses, and the change
in structure depended on the type and amount of the filler. The role of small (up to 5 wt.%) contents of poly-
saccharides on the structure formation of polyethylene has been revealed. It was shown that an increase in
the presence of natural additives (up to 20 wt.%) leads to a decrease in the degree of polyethylene ordering,
which also affects the mechanical properties of the composite. Preliminary data showed the propensity of the
obtained compositions to biodegrade.
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New Samarium Oxotellurites: Synthesis and Characteristic

We synthesized samarium oxotellurites SmMMTeO,s (M — Mg, Ba) by the method of ceramic technology
with solid-phase interaction (800-1200 °C) of Sm,03 and TeO, oxides with MgCO; and BaCO; carbonates.
The compounds were characterized by X-ray and electrophysics methods. It has been established that the syn-
thesized compounds crystallize in the tetragonal syngony with the following crystallographic characteristics:
SMMgTeO,5 — a = 12.226; ¢ = 5.783 A, Voyycon = 864.38 A%, Z = 4, pay. = 2.876, ppyen. = (2.874+0.002) grem’®;
SmBaTeO,s — a = 12.717; ¢ = 6.1324, VOycen=991.62A% Z = 4, pyay. = 3.264, ppyen. = (3.260+0.004) g-em’®;
for both tellurites oo = B = y = 90°. The experimental and calculated values of 2 Th and d-sp, X-ray and
pycnometric densities, as well as theoretical and experimental values of unit cell volumes are agreed satisfac-
torily. Thus, we can confirm correctness and reliability of the results of indexing X-ray patterns of new sa-
marium oxotellurites. We found that increase in the ionic radii from Mg to Ba increases the lattice parameters
of the synthesized oxotellurites. Oxotellurites are crystallized in the structural types of distorted
perovskite P,,3,,. Based on the given study samarium oxotellurites can have semiconductor and ferroelectric
properties.

Keywords: samarium oxotellurites, synthesis, crystallographic characteristics of the compounds, permittivity,
resistance.

Introduction

The research object is complex oxides with the perovskite structure ABO3; and A,BO, (where A is REE
and/or AEM; B is Cu, Ti, Cr, Mn, Fe, Co, Ni). It is connected with the possibility of their potential
application in various fields of technology. In particular, perovskite oxides are widely used in
electrocatalysis [1] and heterogeneous catalysis [2] owing to the low cost, simplicity of the synthesis process,
and extraordinary ability to combine a wide range of substituting and alloying elements to modulate their
properties. The oxygen sublattice is resistant to oxidizing environments and high temperatures, high
electrical conductivity and mobility. Consequently, these materials are used as CO, laser cathodes, fuel cell
electrodes, oxygen membranes, magnetoresistors and exhaust gas after burning catalysts.

Active researches are carried out to obtain materials with the required properties. The traditional way to
modify the properties of inorganic compounds is to vary their composition by partial substitution of
components in different sublattices. One of the approaches is based on the concept of the stereochemical
effect of lone electron pairs of p-cations in medium oxidation states (1, Se'V, Te", As", sb", Bi"", Pb", TI',
etc.). It often results to the appearance of acentric and microporous structures [3]. In this work [4] we have
predicted possible polytypes of the maximum degree of order. As well as we have discussed the crystal
chemical relationships between rare earth oxyhalides and lone pair ions.

In this aspect, oxocompounds of tellurium with rare earth elements are of particular interest for
research. This interest is caused because tellurium has a stereochemically active lone pair of electrons, and
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also tellurium oxo compounds have semiconductor, ferroelectric properties and are nonlinear optical
materials [5, 6]. In this regard, the purpose of this work is the synthesis and study of the X-ray and
electrophysical properties of new phases — samarium oxotellurites of the composition SmMMTeO,5 (M —
Mg, Ba).

Experimental

Solid-phase synthesis of compounds was carried out by the ceramic technology method (800-1200 °C)
with the interaction of oxides Sm,0; (special purity) and TeO, (chemically pure) with carbonates MgCOs,,
BaCO; (analytical grade) in stoichiometric ratios according to the method published earlier in this work [6].

X-ray diffraction patterns of the synthesized compounds using an Empyrean powder diffractometer
(PANalytical) have been obtained. Data collection was performed using the Data Collector version 7.7 h. We
decrypted X-ray patterns and identified phases using a specialized computer program H'Pert HighScore Plus,
which provides automated quantitative phase analysis, including measurement, processing, and obtaining
results, using all currently accepted analytical models. The phase composition was identified using the
Crystallography Open Database and PDF-2. The pycnometric density has been determined according to the
procedure [7]. Indifferent liquid was toluene.

We carried out the study of electrical properties — permittivity and resistance in the range of 293-
483 K by measuring the electrical capacitance of the samples on an LCR-800 instrument (Taiwan) at an op-
erating frequency of 1; 5 and 10 kHz continuously in dry air in thermostatic mode with holding time at each
fixed temperature. The preparation of samples and their study were carried out according to the method pub-
lished earlier in this work [8].

Results and Discussion
Diffraction patterns of SmMMTeO, s tellurites are shown in Figure 1.

Counts

SmMgTeOus

SmBaTeOqs

. ;.hllh_.)ﬁ:# R
h 1

30 an

Pesition [ 2Thetal Copper (Cul)

Figure 1. X-ray diffraction patterns of SmMMTeQ, s tellurites
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Table 1 shows the results of X-ray indexing of the compounds.

Table 1

The results of indexing X-ray patterns of new samarium tellurites
SmMMTeO,s (M — Mg, Ba)

h [k[I1] 2Th.([°] [ 2Th. (@[] | d-sp.(c)[A] [ d-sp.(0) [A]
SmMgTeO4_5
1 11]1 18.4354 18.3813 4.808763 4.822810
3 01]0 21.7942 21.7940 4.074674 4.074707
1 0] 2 31.7540 31.7421 2.815693 2.816724
4 211 36.3194 36.4737 2.471547 2.461447
5 01]0 36.7308 36.6132 2.444805 2.452383
2 2|2 37.3710 37.3907 2.404382 2.403161
5 110 37.4850 37.5239 2.397328 2.394932
3 0] 2 38.1144 38.1731 2.359178 2.355685
3 1|2 38.8456 38.8713 2.316432 2.314963
5 011 40.0023 39.9413 2.252079 2.255378
4 1|2 43.6769 43.6857 2.070748 2.070349
2 213 51.8630 51.7294 1.761502 1.765740
6 0] 2 55.0857 55.1806 1.665830 1.663189
6 4 |1 56.5239 56.5130 1.626808 1.627096
4 213 58.5173 58.2330 1.576050 1.583064
6 510 58.9659 59.0455 1.565126 1.563204
7 311 59.7391 59.4480 1.546702 1.553577
7 0] 2 62.0236 62.2384 1.495103 1.490458
6 6|0 64.6473 64.6549 1.440615 1.440466
9 011 71.2599 71.2336 1.322293 1.322716
4 114 72.6615 72.7986 1.300202 1.298091
9 310 73.4271 73.4631 1.288525 1.287981
8 512 81.2899 81.3631 1.182583 1.181705
10| 3 |0 82.2795 82.4266 1.170849 1.169132
5 4 | 4 83.8338 83.8293 1.153052 1.153103
11 | 1 |1 90.2486 90.0962 1.087012 1.088454
10 | 4 | 2 93.6117 93.5834 1.056595 1.056841
SmBaTeO, 5
4 0|0 28.0191 28.0241 3.181951 3.181394
0 0] 2 29.1527 29.0980 3.060747 3.066380
3 310 29.7568 29.8754 2.999972 2.988340
1 0] 2 30.0031 30.2772 2.975909 2.949582
4 211 34.7326 34.4057 2.580740 2.604513
4 2|2 43.3801 43.3450 2.084222 2.085833
2 213 48.9760 48.9492 1.858368 1.859323
3 113 50.0795 49.9677 1.819974 1.823786
4 113 53.8114 53.7995 1.702229 1.702578
8 0|0 57.9159 57.9695 1.590976 1.589631
7 0] 2 59.0446 58.8784 1.563227 1.567243
5 512 59.5328 59.3122 1.551568 1.556812
8 211 61.9532 62.0848 1.496632 1.493776
6 013 63.1755 63.0113 1.470586 1.474024
8 511 71.5574 71.4936 1.317525 1.318543
5 114 72.3722 72.5596 1.304685 1.301777
7 7|2 81.0590 81.1581 1.185369 1.184171
8 7|2 87.3902 87.4452 1.115049 1.114489
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According to Table 1 and Table 2, the experimental and calculated values of 2Th. and d-sp. and the val-
ues of X-ray and pycnometric densities agreed satisfactorily with each other. That confirms the reliability
and correctness of the indexing results.

Theoretical cell volumes of the synthesized tellurites were determined using the data on the cell vol-
umes of the oxides contained in them according to the scheme:

Voun.cell SmNITeO4.5 = 05 Voun.cell SmZOS + Voun.cell Teoz + Voun.cell MO (M - Mg, Ba)- (1)

The correctness of the indexing of X-ray diffraction patterns of the synthesized tellurites is also
confirmed by the satisfactory agreement between the values calculated for the unit cell volumes of tellurites
from the sum of the unit cell volumes of the initial samarium, magnesium (barium) and tellurium oxides
borrowed from using the Crystallography Open Database [9] with the calculated cell volumes of the
compounds from radiographic data. Thus, for SMMgTeOys, VOuncai= 896.415 A® (from the sum of V°,, cen Of
oxides) and 864.38 AS (from indexing data), and for SmBaTeQys5, VOuncei= 987.790 AS (from the sum of
VOuncen 0xides) and 991.62 A® (from indexing data).

It was found that with increasing ionic radii from Mg to Ba, the elementary cell volumes of the
synthesized tellurites increase. Based on the indexing of X-ray diffraction patterns of the studied tellurites,
we established that SmMgTeO,5 and SmBaTeO,5s compounds crystallize in the tetragonal syngony with
lattice parameters, which are presented in Table 2.

Table 2

Crystallographic characteristics of SmMMTeO,4 s compounds

Type of Lattice parameters, A Density, g-cm”

Compound syngony a ¢ | Vel & Z  |o. By, degree. xray. pycn.
SmMMQTeO, 5 tetragonal 12,226 | 5.783 864.38 4 90 2.876 2.874+0.002
SmBaTeO,s tetragonal 12,717 | 6.132 991.62 4 90 3.264 3.260+0.004

On the basis of H'Pert HighScore Plus we compared X-ray diffraction patterns of the synthesized
tellurites with the X-ray parameters [I/lo, d] of the starting materials and with possible tellurites of this
system. It was revealed that the diffraction patterns of new tellurites have no analogs with them. These data
further confirm that the synthesized tellurites are new compounds.

The data of X-ray studies show that the synthesized tellurites crystallize in the structural type of
distorted perovskite P,3.. Therefore, it can be assumed that these compounds can have semiconductor and
ferroelectric properties.

As a rule, the temperature dependence of electrophysical properties is observed in ceramic
ferroelectrics. For this purpose, we studied the temperature dependences of the permittivity and resistance of
the synthesized tellurites in the range of 293-483 K according to the procedure [8].

The value of the permittivity at each temperature was determined by the formula:

e = C/C,, 2
where C,= E, s/d — the capacitance of the capacitor without the test substance (air).

The dielectric constant of a standard substance, barium titanate BaTiO3 has been measured at frequen-
cies of 1; 5 and 10 kHz for the reliability of the obtained data. The experimental value of the permittivity of
BaTiO; at 293 K at a frequency of 1 kHz, equal to 1296, satisfactorily agrees with its recommended value of
1400 + 250 [10]. In addition, the observed changes in the electrical conductivity of BaTiO; at 383 K at all
frequencies are also consistent with its transition from the perovskite cubic P,3,, phase to the tetragonal (po-
lar) ferroelectric phase with sp.gr. P4Amm [10].

Increase in the operating frequency from 1 kHz to 10 kHz, only leads to some decrease in resistance and
practically does not affect the dielectric constant of the connection. Therefore, we present the results of ex-
periments only at a frequency of 1 kHz.

The results of experimental data on the study of the electrical properties of the compounds are shown in
Table 3 and in Figures 2 and 3.
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Temperature dependence of the electrical properties of tellurites of SmMMTeO, 5

T,K C,nF Ohm IgR € Ige
SmMgTeOy5
293 0.0085 370500 5.57 61 1.79
303 0.00851 444700 5.65 61 1.79
313 0.00857 485200 5.69 62 1.79
323 0.00845 225300 5.35 61 1.78
333 0.00774 1917000 6.28 56 1.75
343 0.00767 1656000 6.22 55 1.74
353 0.00745 1228000 6.09 54 1.73
363 0.00735 804900 5.91 53 1.72
373 0.00726 670300 5.83 52 1.72
383 0.00724 521000 5.72 52 1.72
393 0.00717 185100 5.27 52 1.71
403 0.00722 210700 5.32 52 1.72
413 0.00725 264700 5.42 52 1.72
423 0.00726 199700 5.30 52 1.72
433 0.00727 176300 5.25 52 1.72
443 0.00729 228400 5.36 52 1.72
453 0.00734 120800 5.08 53 1.72
463 0.00735 134400 5.13 53 1.72
473 0.0073 191700 5.28 53 1.72
483 0.0074 225700 5.35 53 1.73
SmBaTeO, 5
293 0.0189 146600 5.17 54 1.74
303 0.01875 93480 4.97 54 1.73
313 0.01901 282500 5.45 55 1.74
323 0.02301 1591000 6.20 66 1.82
333 0.0335 2700000 6.43 96 1.98
343 0.07076 2635000 6.42 204 2.31
353 0.12886 2129000 6.33 371 257
363 0.15916 1946000 6.29 458 2.66
373 0.03888 2620000 6.42 112 2.05
383 0.021105 736600 5.87 61 1.78
393 0.0197 220800 5.34 57 1.75
403 0.01967 1733000 6.24 57 1.75
413 0.01968 61580 4.79 57 1.75
423 0.01983 56940 4.76 57 1.76
433 0.01986 61680 4.79 57 1.76
443 0.02002 113200 5.05 58 1.76
453 0.02001 75830 4.88 58 1.76
463 0.02014 73200 4.86 58 1.76
473 0.02018 57020 4.76 58 1.76
483 0.02028 56020 4.75 58 1.77
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Figure 2. Temperature dependences of resistance Figure 3. Temperature dependences of dielectric
permittivity

An analysis of the data in Table 3 and Figures 2 and 3 shows that with increasing temperature,
significant changes in the electrophysical characteristics of tellurites were found, and, as is typical for
ceramic materials, such changes occur in a certain temperature range.

SmMgTeQ,s. The dielectric constant is low. The resistances of SmMMgTeQ,s in the interval 293-313 K
and 323-333 K increase in the same way as in metals, respectively. The resistance in the range of 293-313 K
increases. The rise is observed in the range of 313-323 K, at which the resistance declines with a minimum
at 323 K. Then, at 333-393 K, the resistance decreases again (electrical conductivity increases), i.e.
semiconductor conductivity appears.

The calculation of the band gap (AE) of the test compound was determined by the formula:

AE=— 2T g R 3)
0.43(T,-T,) "R,
where k — the Boltzmann constant, equal to 8.6173303-10"° eV-K™"; R; and R, — resistances at temperatures
T, and T,, respectively. The band gap (AE) calculated by formula (3) for SmMgTeO, s tellurite in the range of
333-393 K is 1.04 eV and can be attributed to narrow-probe semiconductors. In the range 443-483 K we ob-
serve variable conductivity. As the frequency increases, the resistance decreases.

SmBaTeO,s. This compound in the range of 303-333 K exhibits metal-like tendency, and at 333—
363 K, as well as at 373-393 K and at 443-483 K — semiconductor conductivity. In the range 433-483 K
we observe variable conductivity. The band gap (AE) calculated by formula (3) for SmBaTeQ,s tellurite is
equal to 1.65 eV within 333-363 K, and 2.27 eV within 443-483 K. The tellurite can be attributed to a nar-
row-probe semiconductor.

Studies of the temperature dependence of the permittivity and resistance of double samarium tellurites
have shown that these compounds can have semiconductor and ferroelectric properties. As a rule, the
temperature dependence of electrophysical properties is observed in ceramic ferroelectrics. The observed
anomalous jumps on the curves of the temperature dependence of the resistance of the compounds indicate
Type 1l phase transitions, conditioned by the semiconductor and ferroelectric properties of the new double
samarium tellurites [11-13]. It is known that an abrupt transition is accompanied by a structure that provides an
anomalously fast three-dimensional diffusion of cations [14]. Therefore we can state that these compounds
have phase transitions. The curves of the temperature dependence of the permittivity of SmBaTeQ,s (Fig. 3)
has a A — shaped form, which corresponds, according to [15], a ferroelectric phase transition. It is known that
the ferroelectric transition temperature (Curie temperature — T,) for barium titanate BaTiO; is 406 K, and for
polycrystalline ceramics of the perovskite group is in the range of 453-573 K [16]. This fact indirectly indicates
that barium tellurite SmBaTeQ, 5 undergoes a ferroelectric phase transition.

Conclusions

For the first time, samarium oxotellurites SmMMgTeO,s and SmBaTeO,s were synthesized using the
ceramic technology method. Syngony types, unit cell parameters, X-ray and pycnometric densities were
determined by X-ray phase analysis method. It was found that with an increase in the ionic radii from Mg to
Ba, the lattice parameters of the synthesized tellurites increase.
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We studied the temperature dependences of the permittivity and resistance of tellurites in the
temperature range 293-483 K and calculated the band gap of the compounds.

Tellurites crystallize in the structural types of distorted perovskite Py, 3, and exhibit semiconductor and
ferroelectric properties.

The results obtained can be used for predicting, synthesizing and studying new derivatives of tellurium
and rare earth elements and are of interest for electronic technology. The synthesized samarium oxo tellurites
can find application in the field of creating materials with ferroelectric properties.

References

1 Li, X, Zhao, H,, Liang, J., Luo, Y., Chen, G., Shi, X., ... & Sun, X. (2021). A-site perovskite oxides: an emerging functional
material ~ for  electrocatalysis and photocatalysis. Journal of Materials Chemistry A, 9(11), 6650-6670.
https://doi.org/10.1039/d0ta09756j

2 Zhu, J., Li, H.,, Zhong, L., Xiao, P., Xu, X., Yang, X., ... & Li, J. (2014). Perovskite oxides: preparation, characterizations,
and applications in heterogeneous catalysis. ACS Catalysis, 4(9), 2917-2940. https://doi.org/10.1021/cs5006069

3 Charkin, D.O., Grishaev, V.Y., Volkov, S.N. et al. (2020). Synthesis and Structure of New Rare Earth Cadmium Tellurite
Halides. Russ. J. Inorg. Chem., 65, 466—471. https://doi.org/10.1134/S0036023620040038

4 Charkin, D.O., Volkov, S.N., Grishaev, V.Y, Dolgikh, V.A., Kuznetsov, A.N., Deyneko, D.V., ... & Aksenov, S.M. (2023).
A new family of rare earth—strontium tellurite chlorides, SrLn, (TeO3),Clg (Ln= Ce, Nd, Sm): Synthesis, crystal structures, possible
polytypism, and  crystal-chemical relationships. ~ Journal  of  Solid  State  Chemistry, 320, 123822.
https://doi.org/10.1016/j.jssc.2022.123822

5 Orgel, L.E. (1959). The stereochemistry of B subgroup metals. Part Il. The inert pair. Journal of the Chemical Society (Re-
sumed), 3815. https://doi.org/10.1039/jr9590003815

6 Bekturganova, A. Zh., Sagintayeva, Zh.l., Rustembekov, K.T., Kasenova, Sh.B., Kasenov, B.K. & Stoyev, M. (2017). Sintez
i rentgenograficheskoe issledovanie novykh nikelito-telluritov La,MNiTeO; (M — Mg, Ca, Sr, Ba) [Synthesis and X-ray study of
new nickelite-tellurites La,MNiTeO; (M — Mg, Ca, Sr, Ba)]. lzvestiia Natsionalnoi akademii nauk Respubliki Kazakhstan. Seriia
Khimiia i tekhnologiia — Proceedings of the National Academy of Sciences of the Republic of Kazakhstan. Chemistry and
Technology Series, 2, 422, 99-103 [in Russian].

7 Kivilis, S.S. (1959). Tekhnika izmerenii plotnosti zhidkostei i tverdykh tel [Technique for measuring the density of liquids and
solids]. Moscow: Standargiz [in Russian].

8 Rustembekov, K.T., Dyusekeyeva, A.T., Sharipova, Z.M. & Zhumadilov, Ye.K. (2009). Rentgenograficheskie,
termodinamicheskie i elektrofizicheskie svoistva dvoinogo tellurita natriia-tsinka [X-ray, thermodynamic and electrophysical
properties of double sodium-zinc tellurite]. lzvestiia TPU — Bulletin of the Tomsk Polytechnic University. 315, 3, 16-19 [in Rus-
sian].

9 Crystallography Open Database [http://www.crystallography.net/cod/result.php]

10 Venevtsev, Yu. N., Politova, Ye. D. & Ivanov, S. A. (1985). Segnetoelektriki i antisegnetoelektriki semeistva titanata bariia
[Ferroelectric and antiferroelectrics of the barium titanate family]. Moscow: Khimiia [in Russian].

11 Ok, K.M. & Halasyamani, P.S. (2005). Mixed-metal tellurites: synthesis, structure, and characterization of Na; 4JNb3;Te; 9015
and NaNb;Te;O4¢. Inorganic chemistry, 44(11), 3919-3925.

12 Rustembekov, K. T. & Bekturganova, A. Z. (2017). X-ray diffraction and thermodynamic characteristics for tellurite of the
composition Li,CeTeOs. Russian Journal of Physical Chemistry A, 91, 622-626. https://doi.org/10.1134/SO036024417040252

13 Rustembekov, K. T., Kasenov, B. K., Bekturganova, A. Z. & Kasymova, M. S. (2019). Thermodynamic and Electrophysical
Properties of La,SrNiTeO;. Russian Journal of Physical chemistry A, 93(9), 1657-1661.
https://doi.org/10.1134/SO036024419090206

14 Tretyakov, Yu.D. & Putlyayev, V.I. (2006). Vvedenie v khimiiu tverdofaznykh materialov [Introduction to the chemistry of
solid-phase materials]. Moscow: Nauka [in Russian].

15 Strukov, B.A. & Levantyuk, A.P. (1983). Fizicheskie osnovy segnetoelektricheskikh yavlenii v kristallakh [Physical basis of
ferroelectric phenomena in crystals]. Moscow: Nauka [in Russian].

16 Khimicheskaia entsiklopediia [Chemical Encyclopedia] (1995). Moscow: Bolshaia Rossiiskaia Entsiklopediia, 4, 308 [in
Russian].

Information about authors”

Toibek, Aitolkyn Ablaikyzy — PhD student, Karagandy University of the name of academician
E.A. Buketov, Universitetskaya street, 28, 100024, Karaganda, Kazakhstan; e-mail: aitoka 95@mail.ru;
https://orcid.org/0000-0002-8616-5257;

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 113


https://doi.org/10.1039/d0ta09756j
https://doi.org/10.1021/cs500606g
https://doi.org/10.1134/S0036023620040038
https://doi.org/10.1016/j.jssc.2022.123822
https://doi.org/10.1039/jr9590003815
https://doi.org/10.1134/SOO36024417040252
https://doi.org/10.1134/SOO36024419090206
mailto:aitoka_95@mail.ru
https://orcid.org/0000-0002-8616-5257

A.A. Toibek, K.T. Rustembekov et al.

Rustembekov, Kenzhebek Tusupovich (corresponding author) — Academician of Kazakhstan Na-
tional Academy of Natural Sciences, Doctor of Chemical Sciences, Professor, Karagandy University of the
name of academician E.A. Buketov, Universitetskaya street, 28, 100024, Karaganda, Kazakhstan; e-mail:
rustembekov_kt@mail.ru; https://orcid.org/0000-0003-0853-523X;

Fomin, Vitaly Nikolaevich — Candidate of Chemical Science, Head, Laboratory of the engineering
profile “Physical and chemical methods of research”, Karagandy University of the name of academician
E.A. Buketov, Universitetskaya street, 28, 100024, Karaganda, Kazakhstan; e-mail:
vitaliynikolaevich.fomin@mail.ru; https://orcid.org/0000-0002-2182-2885;

Kaikenov, Dauletkhan Asanovich — PhD, Leading Researcher, Laboratory of the engineering profile
“Physical and chemical methods of research”, Karagandy University of the name of academician
E.A. Buketov, Universitetskaya street, 28, 100024, Karaganda, Kazakhstan; e-mail: krg.daykai@mail.ru;
https://orcid.org/0000-0003-4621-7603

*The author's name is presented in the order: Last Name, First and Middle Names.

114 Eurasian Journal of Chemistry. 2023. No. 2(110)


mailto:rustembekov_kt@mail.ru
https://orcid.org/0000-0003-0853-523X
mailto:vitaliynikolaevich.fomin@mail.ru
https://orcid.org/0000-0002-2182-2885
mailto:krg.daykai@mail.ru
https://orcid.org/0000-0003-4621-7603

How to Cite: Chouchane, T., Boukari, A., Khireddine, O., Chibani, S., & Chouchane, S. (2023) Cu(ll) Removal from Aqueous Me-
dium Using Blast Furnace Slag (BFS) as an Effective Adsorbent. Eurasian Journal of Chemistry, 110(2), 115-130.
https://doi.org/10.31489/2959-0663/2-23-3

CHEMICAL TECHNOLOGY

Article Received: 11 January 2023 | Revised: 04 May 2023 |
Accepted: 10 May 2023 | Published online: 29 May 2023

UDC 544.7+543.5 https://doi.org/10.31489/2959-0663/2-23-3

Toufik Chouchane'* @, Atmane Boukari*, Ouahida Khireddine® ©,
Sana Chibani' @, Sabiha Chouchane?

!Research Center in Industrial Technologies CRTI, Algiers, Algeria;
2Faculty of Sciences, Badji Mokhtar Annaba University, Annaba, Algeria
(*Corresponding author 5 e-mail: t.chouchane@crti.dz)

Cu(ll) Removal from Aqueous Medium Using Blast Furnace Slag (BFS)
as an Effective Adsorbent

The copper adsorption by blast furnace slag (BFS) in an aqueous medium was considered based on the influ-
encing parameters, namely the agitation speed, pH, temperature, the particle size of the solid, and the initial
concentration. Physicochemical studies have shown that BFS is consisted mainly from SiO,, CaO, Al,O3, and
MgO with a specific surface area of 238 m%g. Under the optimum parameters, the maximum adsorption
amount at equilibrium (140 min) corresponds to 45.16 mg/g. Exploration of adsorption isotherms revealed
that the Langmuir model is more consistent with the experimental data. The values of the Freundlich (n) and
Langmuir (RL) parameters indicate that the adsorption is favorable. On the other hand, the values of Temkin
(bt) and Redlich-Peterson (g) parameters show that adsorption is physical. Pseudo-second order of the adsorp-
tion process was confirmed using a kinetic study. Moreover, the diffusional study specified that the transfer
of copper from the solution to BFS is successively controlled by external and intraparticle diffusion. The
thermodynamic parameters showed that the adsorption of Cu(ll) on BFS was feasible, spontaneous, exother-
mic, and less entropic. The desorption phenomenon has revealed that BFS can be reused for three consecutive
cycles.

Keywords: blast furnace slag, copper, adsorption in batch mode, adsorption isotherm, adsorption kinetics, de-
sorption, depollution.

Introduction

Water pollution by metal ions is one of the most undesirable environmental problems in the world that
requires immediate solutions [1-4]. Indeed, with the multiplication of inhabitants, the expansion of urbaniza-
tion, and the development of industries, natural water sites have become discharges of toxic industrial pollu-
tants [5, 6]. For this reason, it is necessary to proceed with the elimination of toxic elements from water
through reliable, efficient, and rigorous treatments such as membrane technology [7], chemical precipita-
tion [8], ion-exchange [9] and adsorption [10]. Among these used processes, the adsorption phenomenon is
often considered as the most optimal, since it is effective, easy to implement and less expensive [11, 12].

In this context, we set out to develop a simple and effective process of depollution by adsorption phe-
nomenon. Blast furnace slag from the steel complex El-Hadjar Annaba, Algeria was chosen as a low-cost
adsorbent. Besides, copper was chosen as the metal pollutant.
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BFS is a by-product of the metallurgical steel industry resulting from the production of cast iron in blast
furnaces. The annual production of slag in the world is very high, which constitutes a serious ecological
problem and a loss of important financial resources [13].

According to the literature, slag and its derivatives as effective adsorbents have been the subject of
many studies, especially in cases of the adsorption of metal ions [14, 15], phosphorus [16, 17] and
dyes [18, 19]. Copper is reputed as a dangerous and toxic element, due to the fact that it accumulates over
time and, in addition, is not biodegradable [20]. These parameters represent a significant risk factor for hu-
mans and their environment [21]. Therefore, its removal is inevitable and more than necessary. The presence
of various adsorbents used in the process of copper removal in an aqueous medium is noted in the literature,
namely carbon-based adsorbents [22], clay minerals [23], and agricultural adsorbents [24].

The main purpose of this study is the valorization of blast furnace slag in the field of adsorption of met-
al ions in solution. The slag treatment, the kinetic study, the adsorbate/adsorbent interaction, the nature of the
process, and the desorption capacity will contribute to the evaluation of BFS as an adsorbent.

Analysis by XRF and XRD were used for the physicochemical characterization of the adsorbent. BET
method was applied to measure the specific surface of BFS. The effect of various parameters, such as contact
time, stirring speed, pH, temperature, particle size, and initial concentration, was examined to optimize the
adsorption process. Adsorption isotherms were described by the Freundlich, Langmuir, Temkin, and
Redlich-Peterson models. The adsorption kinetics was represented by the models of Lagergren and
Blanchard. Also, the copper ions' transfer from the solution to the adsorbent was examined by determining
the stages controlling the adsorption process. The thermodynamic study was undertaken to clarify the nature
of the adsorption process as a function of temperature change.

Experimental

Blast furnace slag treatment

The samples of the considered slag were treated according to the process presented by Chouchane et
al. [25]. This treatment was realized according to the following steps:

— Washing BF slag with distilled water;

— Air drying of samples for 48 hours;

— Grinding and sieving of samples to specific particle sizes, 200, 300, 400 and 500 pum;

— Separation of samples by diameter size;

— Washing with distilled water and stoving at 105 °C of each batch;

— Storage in plastic boxes.

Analytic methods

The copper ions were determined by atomic absorption spectrometry (Perkin Elmer 3110). The pH of
the solution was measured with a pH meter (Ericsson). The characterization of the solid samples was carried
out by X-ray fluorescence (Siemens SRS 3000), and scanning electron microscope combined with energy
dispersive analysis (Zeiss EVO MAZ25). The specific surface of the solid samples was measured using the
Brunauer, Emmett and Teller model (BET model).

Experimental protocol

Several discontinuous mode tests were applied to study the nature of the copper adsorption phenome-
non on the BF slag. The adsorption process was carried out by adding 1 g of prepared BFS to a 1 liter aque-
ous solution containing copper ions. Copper solutions were prepared from copper nitrate (Cu(NO3),-3H,0)
then dissolved in bidistilled water. Mixing of the solution was provided by a multi-speed stirrer. The temper-
ature of the solution was controlled by a thermometer and adjusted using a water bath. The kinetics of copper
elimination was determined by taking 5 ml samples every 20 minutes with a pipette, and these samples were
filtered through filter paper. The kinetics of copper elimination were examined according to the protocol
proposed by Chouchane et al. [25].

The determining parameters used in this adsorption process are the initial concentration (Co, mg/l), the
agitation speed (Vaq, rpm), the hydrogen potential (pH), the temperature (T, °C), and the particle size (Js,
um). Moreover, the solution volume (V, L) is 1 liter and the solid mass (M, g) is 1 g throughout the study.
The experimental conditions used are as follows:

— Equilibrium time, Co = 30 mg/L; Vaq= 100 rpm; pH = 4.7; T = 20 °C; Js =400 um;
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— Effect of agitation speed, Co= 30 mg/L; V. .= 50, 100, 150, 200 rpm; pH = 4.7; T = 20 °C;
Os = 400 pm;

— Effect of initial pH, Co = 30mg/L; Vag= 150 rpm; pH = 2; 3.9, 4.7, 5.2; T= 20 °C; Js = 400 umy;

— Effect of temperature, Co= 30 mg/L; V4= 150 rpm; pH = 4. 20, 40, 50 °C; Js =400 pm;

— Effect of particles size, Co.= 30mg/L; Vag= 150 rpm; pH = 4.7, T = 20 °C; Js = 200, 300, 400,
500 pm;

— Effect of initial concentration, Co, 10-100 mg/L; Vg = 150 rpm; pH = 4,7; T = 20 °C; Js = 300 um.

The copper adsorption efficiency was calculated using Equation 1

%R:CO_Cexloo, 1)
0
where C, — the initial concentration solution (mg/L); C. — the concentration of the solution at equilibri-
um (mg/L).
Desorption

The desorption process was performed using 10 g of the saturated BFS. The BFS collected by filter pa-
per was washed, dried, and baked at 105 °C. Regeneration of saturated slag was accomplished using distilled
water and different eluents, namely sulfuric acid (0.1N), nitric acid (0.1N), and hydrochloric acid (0.1N).
Desorption was performed with stirring (100rpm) at room temperature. The efficiency of the desorption pro-
cess was evaluated using Equation 2:

Desorption rate = s 100
Qads , (2)
where g.4s — the adsorbed quantity at equilibrium (mg/g) for cycle I; g.gs — the desorbed quantity at equilib-
rium (mg/g) of each cycle.
The experimental protocol for copper desorption from saturated BFS was applied according to the ap-
proach carried out by Chouchane et al. [25].

Results and Discussion

Characterization of BF slag

According to our previous work [25] and subsequent recent analyses, BFS consists of silica (37.16 %),
lime (40.11 %), alumina (14.34 %), magnesium oxide (5.34 %), and a low percentage of oxides. Indeed, the
results of the analyses carried out by XRF, XRD, and SEM-XDE specified that BFS consists mainly of SiO,,
Ca0, Al,O3, and MgO. These studies also revealed the presence of a small amount of oxides, namely Fe,0s,
MnO, K0, and Na,O, as shown in Table 1 and Figures 1 and 2. BFS grains were found to be conchoidal in
shape, with a wide grain size distribution, smooth surfaces of the grain edges visible, and no visible porous
structure in the images shown in Figure 3. According to the research results the specific surface was shown
to be 238 m*.g™.
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Figure 1. Diffractogram of BFS sample [25] Figure 2. EDX results
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Figure 3. SEM images of BFS

Contact time effect

In the adsorption process, the contact time effect is a determining factor because it informs us about the
equilibrium time and the stages of pollutant removal. The kinetic study of the copper adsorption on BFS
showed that equilibrium is reached after 140 minutes of stirring under specific experimental condi-
tions (Fig. 4). Indeed, the adsorbed amount becomes constant (C./C, = constant) after 140 minutes of stirring.
This effect is regenerated due to the progressive reduction of active adsorption sites until total saturation of
the adsorbent [26]. This finding prompted us to take 140 min as equilibrium contact time.

Table 1
Composition of blast furnace slag (BFS) [25]
Substance % mass
CaO 40.11
AlLO; 14.34
SiO, 37.16
MgO 5.34
Fe,04 1.91
MnO 0.69
K,0 0.28
Na,O 0.37
35 4 A —e—50tr/min
35 - —e— 100tr/min
—a— 150tr/min
30 X —— 200tr/min
- 25 -
2 3 o]
8 E 15 |
Jb)
© 10
0 - L - L - L - L - L :‘ O U U T :
0 100 200 300 400 500 0 50 100 150
t. min t. min
Figure 4. Contact time effect Figure. 5. Effect of agitation speed
Agitation speed effect

Agitation of the solution is an extremely decisive operation in adsorption processes. In fact, it favors the

diffusion of the adsorbate toward the solid [27, 28]. Stirring speeds utilized were 50, 100, 150, and 200 rpm,
respectively (Fig. 5).
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Figure 5 shows that the amount of copper adsorbed by BFS gradually increased with increasing stirring
speed until it reached 150 rpm. However, fluctuations in the value of the residual concentration after 80
minutes of agitation were noticed at 200 rpm. These fluctuations are probably caused by copper desorption
from the BFS after strong agitation [29]. Based on this outcome, we conclude that the solution stirring con-
tributed effectively to the diffusion of copper ions from the solution into the adsorbent, which gives it an im-
portant role in external diffusion [30]. In addition, we identified 150 rpm as the optimal agitation speed.

Effect of initial solution pH

The pH of the medium is a significant element in this process, since it affects both the shape of the ions
and the surface of the adsorbent [31]. Several media were used during these experimental tests, namely pH 2,
pH 3.9, pH 4.7, and pH 5.2 (Fig. 6).

Experimental data showed that Cu(ll) adsorption is unfavourable at pH 2 (Fig. 6). This phenomenon is
explained by the presence of H" protons, which obstruct the adequate transfer of Cu(ll) ions from the solu-
tion to the adsorbent [32]. Moreover, a change in pH from 2 to 4.7 had a positive effect on the adsorption
process [33], where we observed that the residual concentration at equilibrium decreased from 19.87 mg/L to
4.35 and the removal rate increased from 33.7 % to 85.5 %.

For solutions at pH 5.2, the values of the capacity and adsorption rate are less important and regressed
from 25.67 to 18.11 mg/g and from 85.5 to 60.36 % respectively. This result could be explained by the fact
that precipitation dominates the removal of the copper and adsorption has an almost negligible effect [34]. It
is important to note that the pH threshold for Cu?* speciation into hydroxides is approximately 5.0-5.5 [35].

—+—pH=2 —=—pH=39 A

T —e— 2(0°
35 —&—pH=4.7 —%— pH=5.2 35 —0—4802
1 -
=S >
g S
8 S
0 t t t t t + —» 0 } } } } } } —>
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
t. min t. min
Figure 6. Effect of initial pH Figure 7. Effect of temperature

Effect of Temperature

The temperature of the solution is an important characteristic in the adsorption process, since it makes a
huge contribution to the fixation of metals on the surface of a solid [36]. For this purpose, the effect of tem-
perature on the Cu(ll) adsorption process on BFS was studied (Fig. 7).

The experimental data revealed that the temperature has an inversely proportional effect on the Cu(ll)
adsorption process and this phenomenon is more favorable at 20 °C (Fig. 7). This result allowed us to predict
that the copper adsorption on BFS in solution is exothermic [37]. The inefficiency of the copper adsorption
process as temperature rises is most likely due to the destruction of active binding adsorption sites [38] or the
reduction in attractive Cu(l1)/BFS bonds [39]. Furthermore, evaporation of the solution can occur at high
temperatures, which affects the concentration of Cu(ll) ions in the solution.

Effect of the granulometry of the solid

The granulometry of the adsorbent has a significant effect on the rate of ion transfer from the adsorbate
to the solid [40]. In this perspective, we proceeded to evaluate the effect of particle size on copper adsorption
using different diameters, namely 200, 300, 400, and 500 um (Fig. 8).

From the Kinetic study, it was observed that copper adsorption is better for particles with sizes corre-
sponding to 300 um and begins to weaken with increasing particle size. Indeed, the adsorption yield de-
creased from 91.73 % to 85.5 % and then to 70.5 % as the size of the particles widened. An increase in parti-
cle size led to a narrowing of the specific surface area, which in turn led to a decrease in the adsorption ca-
pacity of the solid [41, 42]. The experimental results also showed that the copper adsorption on the BFS with
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a diameter of 200 um is estimated as unfavourable (Fig. 8). This repercussion could probably be clarified by
the appearance of the coalescence phenomenon [43].

Effect of the initial solution concentration

The elimination of copper on BFS under the effect of the initial concentration [10-100 mg/L] was stud-
ied under our experimental conditions, namely V,q = 150 rpm; pH =4.7; ©@ =300 um, T = 20 °C. Maximum
adsorption capacity at equilibrium was calculated using Equation 3:

C=C v, 3)
m

where C, — the initial solution concentration (mg/L); C. — the solution concentration at equilibrium
(mg/L); m — the adsorbent mass (1 g); V — the solution volume (V =1L).

The dependence of the adsorbed capacity (ge) on the initial concentration (Cp) is shown in Figure 9. As
can be seen in Figure 9, the adsorbed amount increased in proportion the initial concentration up to a certain
amount (C, =80 mg/L), after which the adsorbed amount remained constant. Indeed, with an increase in the
concentration of the initial solution, the probability of BFS/Cu(ll) contact rises, which contributes to an in-
crease in the adsorbed amount. But once the adsorption sites are saturated, the increase in the initial concen-
tration could not affect the adsorption process [44, 45]. The amount adsorbed (qe) at the saturation level is
45.16 mg/g, which represents the maximum capacity adsorbed by 1 g of BFS.

Based on these results, we concluded that the sorption rate is controlled by the initial concentration,
which varies from 10 to 80 mg/L. On the other hand, the maximum amount adsorbed per gram of BFS is
45.16 mg/g.

e

A —e— ©=200pum
7T —e— ©=300um 4
—&— ®=400pm I
30 X —%— ®=500um 50
o 25 40 +
2 20
£ = 30 |
8 151 E
10 + s A7
54 10 +
0 t t t t t t t > 0 ' ' ' ' >
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100
t. min C,. mg/L
Figure 8. Effect of the granulometry of the solid Figure 9. Effect of initial concentration

Adsorption isotherms

In order to study the correlation between adsorbent and adsorbate and determine the best adopted
presentation for the experimental data, we applied the adequate adsorption isotherms, namely
Freundlich [46], Langmuir [47], Temkin [48] and Redlich-Peterson [49]. Their empirical formulas are given
by Equations 4-7, respectively.

Inqezlnk+%InCe; (4)
C_lgo, L. -
qe qmax qmaxb

0. =B InA +B;InC,; (6)
Ingzglnce—lnkR, @)

e

where g, — the adsorbed capacity at equilibrium (mg/g); C, — the concentration of solution at equilibrium
(mg/L); q,., — the maximum adsorbed capacity (mg/g); b — the thermodynamic constant of the adsorption
equilibrium (L'mg™); ke and 1/n — the Freundlich constants related to adsorption and affinity; A, —
Temkin isotherm equilibrium binding constant (L/g); by — Temkin isotherm constant; R — the universal gas
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constant (8.314 J/K-mol); T — the temperature (298K); Br — the constant related to heat of sorption
(KJ-kmol™"); k, — the intercept (L/g); g — the Redlich-Peterson isotherm constants.

The parameter values of the Freundlich, Langmuir, Temkin, and Redlich-Peterson models are grouped
in Table 2. The presentations of these models are sequentially shown in Figures 10 to 13.

As can be seen from the data presented in Table 2, the Langmuir's model is best suited for this process.
Indeed, the correlation coefficient of the Langmuir model (R?-0.99) is higher than those of all other consid-
ered models. Moreover, the adsorbed capacity measured from the Langmuir model was closest to the exper-
imental adsorption value.

Based on these results, it was confirmed that the adsorption process takes place on a homogeneous
monolayer surface. This leads us to specify that all active sites of adsorption have similar interactions with
copper [47].

Figure 14 shows that the adsorption isotherm is L-type, undergoes a fast phase in the low concentration
range, is followed by a medium-weak phase, and ends with a phase constant (the appearance of a long hori-
zontal plateau). This identification provides information about the formation of a monolayer [6, 26]. In the
same context, Chouchane et al. [25] reported that the adsorption of nickel on the blast furnace slag was ac-
complished on a homogeneous monolayer. Zahar, M.M.S., Muhammad, S.N. et al. also stated in [50] that the
manganese sorption in solution on steel slag occurred on a homogeneous monolayer layer.
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Figure 10. Presentation of the Freundlich model Figure 11. Presentation of the Langmuir model
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Figure 12. Presentation of the Temkin model Figure 13. Presentation of the Redlich-Peterson model

According to the value of the Temkin model parameter (b, =0.261), we conclude that the adsorption of
copper on BFS in solution is physical [25]. On the other hand, the parameter values of the Freundlich (n = 3.7)
and Redlich-Peterson (g = 0.68) models confirm that this adsorption process is favorable [1, 20, 44, 49].

The quality of the adsorption process can also be defined by the Equilibrium parameter of Langmuir
equation R.. The R_ qualifies the adsorption process as favorable if it is between 0-1 (0 < R.< 1), unfavora-
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ble if it is greater than 1 (R_ > 1) and linear if it is equal to 1 (R_ = 1) [51]. This ratio was calculated as fol-
lows (Equation 8):
1
R = 8
b 14+Cph ®)
where R — the Ratio indicates the quality of the adsorption; B — the Langmuir isotherm constant; C, — the
initial solution concentration.

As can be seen from Figure 15, the R, value decreases from 0.18 to 0.02 as C, increases. This result al-
so confirmed the favorable nature of copper adsorption by BFS.

Table 2
Isotherm parameters for adsorption of copper by BF slag
Models Parameters
} O€exs, MQ/g Ke, (mg-g)(ml'mgH)™" n R®
Freundlich 4516 0.183 3.25 0.836
. JC€exps mg/g Omaxs mg/g B, L'mg-l R2
Langmuir 4516 4631 0.437 0.997
. O€exs, MQ/g As, Lig by, KJ'mol* R’
Temkin 4516 1.06 0.214 0.944
inho O€exps mg/g g kg, L/g R2
Redlich-Peterson 4516 0.651 17.77 0.993
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Figure 14. Presentation of the Freundlich model Figure 15. Presentation of the Langmuir model

Adsorption Kinetics

The kinetic study is a significant step in the solid-liquid adsorption process because it facilitates the un-
derstanding of the adsorption rate and the behavior of the adsorbents compared to the adsorbates at time t
and at equilibrium [52]. The pseudo first and pseudo-second orders were determined under optimal condi-
tions by the frequently used kinetic models, namely the Lagergren and Blanchard models, respectively.

The Lagergren relationship [53] was formulated to illustrate sorption Kinetics in a liquid-solid environ-
ment. Its relation is represented by Equation 9:

log(d, —q) =—kt+logq, 9)

Blanchard's model [54] was formulated to describe the pseudo-second order of the adsorption process.
It is represented by Equation 10:

t 1 t
—= +— (10)
q kg d
where g, — the adsorbed capacity at equilibrium (mg/g); q — the adsorbed capacity at time t (mg/g); k,
— the constant of Lagergren model (min™); k, — the constant of Blanchard model (g/mg-min);

t — the time of adsorption process (min).
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The parameters of the Lagergren and Blanchard models are represented in Table 3. These two models
are shown graphically in Figures 16 and 17.

From the literature, the Lagergren and Blanchard models are satisfied (if the R? correlation coefficients
are greater than 0.9, and the experimental and calculated adsorption capacities are close [34, 35, 55, 56].

As can be seen in Table 3, the correlation coefficient of the Blanchard model (0.988) is higher than that
of the Lagergren model (0.912), and the experimental adsorption capacity (45.16 mg/g) was close to that cal-
culated per the Blanchard equation (45.88 mg/g). This result indicates the existence of a proportionality be-
tween the adsorption active sites and the adsorbed copper ions, which is compatible with the pseudo-second-
order model. The pseudo-first-order model with the lowest regression (R*= 0.912) indicates that adsorption
can occur on a monolayer surface, which reaffirms our previous results, namely that the Langmuir model is
best suited to the process of copper adsorption on slag [57].
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Figure 16 Pseudo-first order kinetic Figure 17 Pseudo-second order kinetic

Based on these results, it was concluded that the Blanchard model is best suited to describe the kinetics
of copper adsorption on BFS. In the same context, Xue et al. [34] reported that copper removal from basic
oxygen furnace slag follows pseudo-second order kinetics. Chouchane et al. [25] also indicated that the ad-
sorption of nickel on the slag at different temperatures follows the kinetics of the pseudo-second order.

In order to study the mechanism of the transfer of copper ions from the solution to the surface of the
BFS, we tried to identify the limiting stages of this phenomenon, namely the external and the Intraparticle
diffusion.

External diffusion is represented by Equation 11 [58]:

In Ce = kextt +Cext ! (11)
where C, — the concentration of solution at equilibrium (mg/L); t — the time measured in minute; k,,, —
the diffusion constant (min™); C.. — the intercept (In(mg/L).

According to the bibliography, copper adsorption is controlled by external diffusion if the plot of the
function InC, = f (t) is linear and also if the correlation coefficient is greater than 0.9 [35, 59]. As can be

seen from Table 5 and Figure 18, the plot is linear and the correlation coefficient exceeds 90 % (R?= 0.99).
This result shows that the adsorption of copper by the blast furnace slag is controlled by external diffusion.
The Weber-Morris model equation (internal diffusion) is represented below (Equation 12) [60]:
q=k, (1) +Cpy, (12)
where q — the quantity adsorbed at time t (mg/g); t — the time measured in minute; k, — the diffusion

rate constant in the pores (mg/m'min”); C,, — the intercept and it's tied to the boundary layer.
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Figure 18. External diffusion kinetic Figure 19. Intra-particle diffusion kinetic

The parameters of Weber-Morris model are presented in Table 3 and the graphic representation is illus-
trated in Figure 19. It is known from previous studies that the adsorption process is controlled by internal

diffusion if the plot of the function g, = f (tl’z) is linear and passes through the origin [1, 26, 61].

As can be seen in Figure 19, the plot of the function g, = f(t”z) is multilinear, but does not pass

through the origin (C+#0), which means that internal diffusion is not the only mechanism controlling copper
adsorption kinetics. Furthermore, multi-linearity argues for the existence of various mechanisms controlling
the adsorption process, which reaffirms our inference that copper adsorption by BFS is controlled by both
external and internal diffusion [25, 62, 63].

Table 3
Kinetic model parameters
Models Parameters

qeexp, mg/g KlaQ! min-l Q€theos mg/g R2

Lagergren 45.16 2.9%107 50.58 0.912
Q€exp: MQ/Q Kp, 9/mg min G€teo, My/g R”

Blanchard 45.16 1.8x107 45.88 0.988
. 0€exp, MA/g Cint k,, mg/g.min R®

Internal diffusion 4516 1197 231 0995
e 0€exp, MA/g Cext K, min™ R’

Internal diffusion 4516 186 002 0998

Thermodynamic study

Under the effect of the temperature of the solution and the conditions of the experiment, a thermody-
namic study was carried out to give a more detail about the character of the copper adsorption process. Pa-
rameters such as free enthalpy variation (AGy), enthalpy change (AH®) and entropy change (AS°) were de-
termined to define the nature of the adsorption process. These variables were determined from the following
equations (Equations 13-15):

AG” =—RT Ink, ; (13)

AG® =AH® —TAS°; (14)
0 0

Ink, =21 x%+ A: (15)

The distribution coefficient ky was calculated from the ratio of the adsorbed quantity to the residual
concentration at equilibrium [59, 64]:

(16)
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where g, — the adsorbed quantity at equilibrium (mg/g); C, — the initial concentration of solution (mg/L);
C., — the residual concentration at equilibrium (mg/L); T — the absolute temperature (K); R — the univer-

sal gas constant; ky — the distribution coefficient (L/g); V — the volume of solution (1 L); M — the mass of
the adsorbent (19).

The plot of the function Ink, = f ('Ii'j at different temperatures is presented in Figure 20. The thermo-

dynamic parameter values are grouped in Table 4.

Initially, it was observed that the adsorption efficiency was inversely proportional to the temperature, as
presented in Figure 7. This result led us to predict that the nature of the adsorption process is exothermic.
Following the thermodynamic study, this prediction was verified by the negative value of AH® displayed in
Table 3 [20, 25, 65].

Table 4 also shows that the values of AG® and AS are negative. Negative values of AG® inform us about
the spontaneity and feasibility of the adsorption process [6, 66, 67]. Furthermore, the negative value of AS’
informs us about the decrease in the randomness of copper adsorption at the solid/solution interface [6, 57,
68]. Indeed, this weakening in randomness is probably due to the structural stability of BFS during the ad-
sorption process.

It was also observed from Table 4 that the absolute value of the Gibbs free energy increased with in-
creasing temperature. This effect indicates that higher temperatures help to increase the driving force of ad-
sorption [69]. It was found from Figure 20 that the distribution coefficient ky decreases with increasing tem-
perature. This result points out that the high-temperature adsorption process is less efficient [59].

3 3,1 3,2 3,3 34 3,5 3,6
1T 103. K

Figure 20. Van’t Hoff plot for copper adsorption

Table 4

Thermodynamic parameters of the copper adsorption on BFS

T,K AG®, ki/mol AH?®, ki/mol AS°, J/molK)
293 -17.45

313 -18.42 -3.13 -8.54
323 -18.92

Desorption study

The desorption of the copper ions from the charged BFS is a very important process since it allows us to
reuse the same adsorbent and avoids the storage of another type of pollution [1, 3]. For this study, we per-
formed desorption of the Cu(ll) adsorbed on the loaded BFS in various solutions.
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The kinetics of Cu(ll) desorption, as well as the effects of the solutions used, are depicted in Figures 21
and 22. Table 5 shows the results of the various cycles used (adsorption and desorption).

Table 5

Adsorption and desorption performance of copper

O€ads» MA/Q O€des, M3/Q Desorption rate, %
Cycle | 45.16 44.19 97.85
Cycle I 42.64 39.93 93.64
Cycle V 38.36 35.11 91.52
Cycle VI 32.18 22.27 69.2
Cycle VII 20.14 7.15 35.5

The results of the experiments revealed that desorption of Cu(ll) from the surface of saturated BFS is
more efficient with 0.1N HCI. Indeed, as can be seen in Figure 22, the desorption rates were 98.91 %,
84.19 %, 70.64 %, and 27.34 % in the presence of HCI, H,SO,4, HNOs, and H,O respectively. Consequently,
hydrochloric acid (HCI, 0.1 N) was retained as the regeneration eluent.

Based on the data in Table 5, it was found that the blast furnace slag as an adsorbent could be exploited
over three consecutive cycles where the adsorption rate is greater than 91 %. However, a glaring regression
was displayed for the last two cycles. This alteration is certainly caused by the loss of mass and/or the deteri-
oration of the surface of the adsorbent used [26, 58, 69].

Conclusions

In general, based on the results of the study, it can be concluded that the adsorption of copper on the
blast furnace slag is feasible and favorable with a yield of 91.7 %. The physicochemical analysis indicated
that blast furnace slag mainly consists of lime, silica, alumina, and magnesium oxide, with a moderately high
specific surface (238 m*/g). Experimental data showed that the maximum adsorption capacity is 45.16 mg/g
after 140 minutes under the optimal conditions, namely: V=150 rpm; pH = 4,7; &Js =300 um, T = 20 °C,
Ms= 1 g. Modeling of the experimental data revealed that the copper adsorption process is more consistent
with Langmuir's model (R*= 0.99). Adsorption is best described by the pseudo-second order kinetics model,
with a correlation coefficient of 0.99. The adsorption mechanism was studied, and it was discovered that the
adsorption process is physical, with copper diffusion from solution toward the adsorbent controlled by exter-
nal and internal diffusion in sequential order. The thermodynamic study demonstrated that the adsorption
process is feasible, exothermic, spontaneous, and has less entropy. The executed desorption process indicated
that the BFS can be effectively regenerated over three consecutive cycles in the presence of hydrochloric
acid (HCI, 0.1 N) as an eluent. Based on the data obtained, it can be concluded that adsorption on the BFS
will be an effective outcome in toxic metal elimination processes.
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Preparation of Poly(Ethylene Terephthalate) Track-Etched Membranes
for the Separation of Water-Oil Emulsions

Rapid industrial growth in the petrochemical, pharmaceutical, metallurgical and food industries, as well as
stormwater that accumulates pollution from the roadway and the territories of motor transport enterprises, gas
stations, car washes and other municipal services have led to the formation of a large amount of oily
wastewater. Oil-containing wastewater is a multicomponent, multiphase water system and, as a rule, is in a
state stabilized by various factors, which greatly complicates their processing. Pollution of water sources with
oil-containing compounds leads to negative consequences for both living organisms and human health.
Therefore, the need to treat oily wastewater is an urgent problem. In this article, poly(ethylene terephthalate)
track-etched membranes (PET TeMs) with pore diameters of ~ 5.1 um and pore density of 1106 pore/cm?
were modified by formation of polyelectrolyte complexes of PET TeMs surface with poly(allylamine)
(PAAmM) and tested for oil-water separation by using hexadecane/water (at pH=2) and chloroform/water (at
pH=2) emulsions. Fourier-transform infrared (FTIR) spectroscopy, scanning electron microscope (SEM), en-
ergy dispersive X-ray (EDX) analysis, contact angle measurements were used for membrane characterization.
The efficiency of oil-water separation was evaluated by flux measurements. Results showed separation per-
formance of 267 mL/m?s for hexadecane/water (pH=2) and 100 mL/m*'s for chloroform/water (pH=2) at
vacuum pressure of 700 mbar.

Keywords: track-etched membranes, oily wastewater, poly(allylamine), hexadecane, chloroform,
poly(ethylene terephthalate), water treatment, separation.

Introduction

At present, due to the growth of industrial production, environmental pollution is significantly increas-
ing, as a result, there is a deterioration in the condition of objects of domestic and drinking water use [1-5].
The most common pollution of water bodies (oceans, seas, lakes, rivers, groundwater, glaciers) is oil and its
products, such as gasoline, kerosene, oils, fuel oil, etc. In water bodies, oil and oil products create various
forms of pollution, such as oil film floating on the water, oil products dissolved or emulsified in water, heavy
fractions settled to the bottom, products adsorbed by the bottom soil or the shore of a reservoir. The negative
consequences of pollution are showed in various mechanisms of exposure and damage to living organisms,
including humans [6-8]. Contaminated industrial oily wastewater can also form explosive and flammable
gases and mixtures or toxic substances, therefore, various methods are used to treat and neutralize them [9—
11].

Such methods as coagulation [12, 13], flocculation [14, 15], flotation [16, 17], sorption [18], electro-
magnetic separation [19, 20] can be used to solve the problem of wastewater treatment from oil pollution.
Currently, membrane separation methods (ultrafiltration, reverse and direct osmosis) are the most promising
for the purification of water-oil emulsions, due to their high energy efficiency, selectivity, and economy [21—
24]. Various types of membranes can be used, while track-etched membranes (TeMs) are poorly understood.
However, the small thickness, non-tortuosity of pores, extremely narrow pore size distribution, and con-
trolled pore geometry per unit area make them promising for use in the process of separating oil-in-water
emulsions [25-29]. In addition to the use of TeMs in water filtration, they can be used in microelectronics,
bio- and nanotechnologies (for example, as a means of delivering medicines), medicine, pharmaceutical,
food and perfume industries, chemical industry, ecology and other fields [29-31].
Polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polypropylene (PP) membranes are mainly

© 2023 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 131


https://doi.org/10.31489/2959-0663/2-23-5
mailto:a.yeszhanov@inp.kz
https://orcid.org/0000-0002-1328-8678
https://orcid.org/0000-0002-0766-2803
https://orcid.org/0000-0001-5731-1115
https://orcid.org/0000-0002-3894-6366
https://orcid.org/0000-0003-2992-1375

A.B. Yeszhanov, I.V. Korolkov et al.

used to separate oil-water emulsions, however, the use of polyethylene terephthalate (PET) TeMs has been
little studied [32-35].

Since the surface of PET TeMs has semi-hydrophobic properties, it is necessary to increase
hydrophilicity for effective separation of water-oil emulsions [36, 37]. Polyallylamine (PAAmM) is a hydro-
philic monomer that can be used to separate oil-in-water emulsions. In addition, polyallylamine is available
and has not been previously studied for surface modification of PET TeMs. For this purpose, the
hydrophilization of oxidized PET TeMs by polyallylamine was studied in this article.

Previously, we have shown that PET TeMs modified by photoinitiated graft polymerization of stearyl
methacrylate [38], as well as by soaking in a trichlorooctylsilane solution [39], performed well in the separa-
tion of oil-water emulsion. In this paper, we studied a simpler and more energy efficient method of modify-
ing PET TeMs to obtain a pH-responsive surface by soaking in a (poly)allylamine (PAAmM) solution for use
in the separation of chloroform/water (pH=2) and hexadecane/water (pH=2) systems in various ratios.

Experimental

Materials

Sodium hydroxide, benzophenone, N’N-dimethylformamide, 2-propanol, poly(allylamine hydrochlo-
ride), methanol, ethanol, chloroform, hexadecane were purchased from Sigma-Aldrich. Deionized water
(18.2 MQ) was used in all experiments.

Preparation of track-etched membranes (TeMs)

The PET TeMs were prepared as described below. lon tracks on PET films were generated by irradia-
tion with Kr ions using the accelerator DC-60 (Astana branch of Institute of Nuclear Physics) with an energy
of 1.75 MeV/nucleon and ion fluences 1-10° ion/cm?. Then the membranes were processed by photosensiti-
zation for 30 min on both sides and were chemically treated in 2.2M NaOH solution at certain periods of
time. After chemical etching in a 2.2 M NaOH solution at 85 °C, membranes with a pore diameter of
~5.1 pm were obtained.

Pre-oxidation of PET track-etched membranes in HO,/UV system

PET TeMs were oxidized in a solution of 0.3 M H,0, at pH=3 (HCI). Oxidation was carried out for
180 min under UV lamps (190W). After the oxidation, samples were washed in deionized water and
dried [25].

Preparation of poly(allylamine) solution

0.6 g of polyallylamine hydrochloride was neutralized by reaction with 0.224 g of NaOH in 10 ml of
methanol. The reaction kept for 24 h at 60 °C. Then solution was separated from the precipitate and 40 ml of
ethanol was added. Then, oxidized PET TeMs were kept in a 6 % poly(allylamine) solution for 6h. After
that, before determining the contact angle (CA), the samples were additionally kept in a solution of pH=2
and pH=9 for 30 min.

Methods of characterization

For identification of chemical groups before and after modification, FTIR spectra were recorded using
FTIR spectrometer InfraLUM® FT-08 with an ATR accessory. The measurements were carried out in the
range from 400 to 4000 cm™, 32 scans with 2 cm™ resolution at a temperature of 21-25 °C.

The water and hexadecane contact angles were measured by using Digital Microscope with 1000x
magnification by the sessile drop method at room temperature. Before measuring the contact angle, the sam-
ples were soaked for 30 minutes at a certain value of pH. The average drop volumes of water at different pH
was 15 ul, the average value of the CA was obtained by measuring the sample in a few different positions.

Hitachi TM3030 scanning electron microscope with a Bruker XFlash MIN SVE microanalysis system
at an accelerating voltage of 15 kV was used to study the membrane morphology and elemental composition
of the surface before and after modification.

The gas permeability test was used to evaluate the effective pore sizes of the membranes at a pressure
drop of 20 kPa according to the method described in [40].

A burst strength procedure was performed to evaluate the mechanical properties of oxidized and modi-
fied PET TeMs. Burst strength was evaluated at pressure that damages a circular sample of 1 cm?® surface
area. Burst strength is 0.28 MPa for pristine PET TeMs with pore diameter of ~5.1 um, and there is a slight
decrease to 0.20 MPa after modification with PAAm.

Performance of modified membranes in oil-water separation

The separation of water-oil mixtures with modified PET TeMs was carried out by filtration according to
the scheme presented in our previous works [38, 39].
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The performance of the obtained membranes was tested out as follows. First, the modified PET TeMs
were kept in a pH=2 solution for 30 minutes. Then, the samples were dried and fixed in a vacuum filtration
unit. Chloroform and hexadecane at pH=2 were dispersed in a volume of 20 ml in the different ratios (chlo-
roform/water (pH2) = 1:50 and 1:100 (vol.), hexadecane/water (pH2) = 1:50 and 1:100 (vol.)) using an IKA
T18 digital ULTRA-TURRAX disperser at a speed of ~ 22000 rpm. Next, the mixture was poured into a
glass funnel, a hose was connected from the IKA VACSTAR Control vacuum pump, setting the desired
pressure value. Next, the filtration of the mixture was observed by recording the time at which the liquid
passes through the pores of the membrane.

The performance (Q) of the filtered water-oil mixture was calculated by Equation (1):

\
Q=57 )

where Q — the performance (ml/s-cm?); S — the filtration area of sample (cm?); V — the volume of solution
(ml); T — the filtration time (s).
The separation efficiency (R, %) was calculated using Equation (2):

R:%-lOO%, )

1
where V, — the volume of water collected after separation; V; — the volume of water in water-in-oil emul-
sion before separation.

Results and Discussion

To separate “oil-in-water” type of emulsion, it is necessary to obtain membranes with a surface that can
pass water and retain an organic medium. With this aim, we proposed a simple method for the formation of a
polyelectrolyte complex by negatively charged pre-oxidized PET membrane surface contained carboxylic
and hydroxylic groups and polyallylamine. One part of the amino groups of polyallylamine interacts with the
membrane surface, and the other part can be ionized by soaking in solutions with acidic pH. For example,
after soaking in pH=2, NH, groups are converted into charged NH;" groups, which make the membrane sur-
face hydrophilic, since the charged groups have a dipole.

Figure 1 shows the contact angle (CA) values for water and hexadecane, measured for oxidized PET
TeMs and modified PET TeMs-PAAm at different pH value (before measurement, the membranes were
soaked in water with the appropriate pH).

Contact angle of water and hexadecane After modification with PAH
with oxidized PET TeMs, (PET TeMs-PAAM) (6 %),
pH=7 Hexadecane pH=7 Hexadecane
-‘- A i —
44°+4 - 68°+4 13°+£5
Contact angle of pH = 2 solution and hexadecane PET Contact angle of pH = 9 solution and hexadecane PET
TeMs-PAAM (6 %), TeMs-PAAmM (6 %),

pH=2 (HCI) Hexadecane pH=9 (NaOH) Hexadecane

59°+11 29°+5 72045 ' 21°45

Figure 1 Contact angle of water, hexadecane, solutions pH =2 and pH =9
of the oxidized and modified PET TeMs-PAAmM

As can be seen in Figure 1, the oxidized PET TeMs have water CA of 44°, however, hexadecane im-
mediately passed through the pores of the membranes and this membrane cannot be used for water-oil sepa-
ration, while PET TeMs-PAAm at pH=7 showed water CA of 68° and hexadecane of 13°, at pH=2 water CA
is 59° and hexadecane of 29°. In this case, a drop of water passes through the pores of the membranes, while
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a drop of hexadecane does not pass. This indicates that such membranes can be used to separate water-oil
mixtures.

The FTIR spectra of the pristine PET TeMs contain absorption peaks at 2972 cm™ (aromatic C-H),
2910 cm™ (aliphatic C-H), 1716 cm™ (C=0), 1471 cm™ (CH, vibr.), 1410 cm™ (CH vibr.), 1341 cm™ (CHy),
1246 cm™ (stretching vibrations of C(O)-O bonds), 1019 cm™ (CCC ring), 970 cm™ (O-CH,) [41]. The pres-
ence of polyallylamine on the surface causes the appearance of peaks at ~2924 cm™ and ~980 cm™ related to
the —CH group, at ~3400 cm™ and 1624 cm™ related to the amino groups —NH, and —NH (Fig. 2).
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Figure 2. FTIR spectra of oxidized and modified PET TeMs-PAAm in the ranges of:

550-1800 cm™ (a), 2500-3500 cm™ (b), 900-1000 cm™ (c), 3000-3550 cm™ (d), 1500-1700 cm™ (e)
EDX spectra of the surface of modified PET TeMs-PAAm are shown in Figure 3.
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Figure 3. EDX spectra of modified PET TeMs-PAAm (6 %)

Figure 3 shows, that there is a uniform coverage of nitrogen (from PAAmM) on the membrane surface.
The presence of carbon and oxygen on the surface refers to PET TeMs. It should be noted that the gold con-
tent is present due to vacuum deposition prior to SEM analysis. Elemental analysis showed that the average
content of nitrogen was ~6.4 %.

Table shows that the effective pore diameter decreases slightly after modification. This is probably due
to the formation of a polyallylamine layer on the surface and inner pore walls of PET TeMs.

Table
Characteristics of the pristine (oxidized) and modified PET TeMs-PAAmM

Sample CA (pH=2),° CA (hexadecane), ° Effective pore diameter, nm
PET TeMs ox. 44°+4 N 5061219
PET TeMs-PAAM (6 %) 68°+4 13°15 4860+16
PET TeMs-PAAM (6 %) o .
(after soaking at pH = 2) 9%l 29°%5 481049
PET TeMs-PAAM (6 %) o .
(after soaking at pH = 9) 7255 20°%5 4806=15

The results of performance of modified PET TeMs-PAAm using chloroform-water (pH=2) solu-
tion (1:50), hexadecane-water (pH=2; 1:100) emulsions are shown in Figure 4. Since the hexade-
cane/water (pH=2) emulsion is more viscous, their ratio was greater than when using a mixture of chloro-
form/water (pH=2; 1:100 to 1:50). This resulted in greater performance of the hexadecane/water (pH=2)
emulsion compared to chloroform/water (pH=2) at different pressures. At a pressure of 700 mbar, the aver-
age performance of chloroform/water (pH=2) was 100 ml/s-cm?, and the mixture of hexade-
cane/water (pH=2) was 267 ml/s-cm?. The performance was studied over 10 cycles, the surface stability of
the modified layer of the membrane was observed. The degree of separation in almost all cases was more
than 98 % and only slight decrease in flux was detected. Moreover, CA was controlled after each cycle of
separation, which showed changes in CA within the standard error. Thus, a simple and effective method for
the modification of PET TeMs with a pH-responsive surface has been developed, which can be successfully
applied to separate oil-water emulsions.

150 - ﬁh\s%r)oform/pH = 2 solution A 400 - (Ff:gg)ecanelpH = 2 solution B
+v 900 mbar =900 mgar
—®— 800 mbar
—&— 800 mb:
1204 4 700 E[ 3004 +Z?0 mbar
A A a . ~ ~a A
NE — A n A . g a_ ~_ . .
i 907 &
€ ‘2004
5 60 . o —° oo - ° E . . . . o« —*
(TR L L4
100 1
304 = = g = = 3
= 8 = s = —=8
0 T T T T T T T T | 0 T T T T T T T T |
0o 1 2 3 4 5 6 7 8 9 0o 1 2 3 4 5 6 7 8 9

Number of cycles Number of cycles

Figure 4. The fluxes of modified PET TeMs-PAAm with pore density 1-10° for chlorofom/pH=2 solution (1:50)
and hexadecane/pH=2 solution (1:100) oil-water emulsions after each cycle at different pressure

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 135



A.B. Yeszhanov, I.V. Korolkov et al.

Conclusions

In this study, we presented the results of modification of PET TeMs by soaking in poly(allylamine) so-
lution. The effect of pH solutions and monomer concentrations providing the highest contact angle for hexa-
decane was studied. PET TeMs with pore diameters 5.1 pum (1-10° pore density) were tested in oil-water
emulsion separation by using hexadecane/water (pH=2; 1:100) and chloroform/water (pH=2; 1:50) as a
model emulsions. Membranes showed that the average performance of chloroform/water (pH=2) was
100 ml/s-cm?, and the mixture of hexadecane/water (pH=2) was 267 ml/s-cm®.
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Determination of Optimal Conditions for Catalytic Hydrogenation
of Oil Sludge (Atasu-Alashankou)

The optimal conditions of catalytic hydrogenation of oil sludge (Atasu-Alashankou) and the change in the
kinematic viscosity of the fraction to 350°C from the studied factors using the method of probabilistic-
deterministic planning were experimentally determined. During the hydrogenation process of oil sludge, the
maximum total yield of light fractions reached 62.1 %, and the kinematic viscosity decreased from 2.2 to
1.2mm?%s. It was established the initial hydrogen pressure and the amount of added nanocatalyst
microsilicate with cobalt (catalyst 1) have the greatest influence on the yield of the middle fraction from oil
sludge under experimental conditions. It was shown that catalyst 1 increases the yield of diesel fraction com-
ponents during the hydrogenation process of oil sludge. For the first time, we established the individual and
group chemical composition of the fraction up to 350°C before and after processing. The use of nanocatalyst 1
in amounts of 1.2-1.5 % led to an increase in the yield of the fraction up to 350°C and diesel fraction compo-
nents. This is due to the yield of paraffinic hydrocarbons increasing from 57.6 (initial fraction) to 80.7 %, as
well as a decrease in aromatic hydrocarbons from 14.1 to 12.9 % and polycyclic aromatic hydrocarbons
from 9.56 to 4.3 %.

Keywords: optimization, oil sludge, catalyst, microsilicate, cobalt, nickel, viscosity, hydrogenation, optimiza-
tion, correlation, matrix.

Introduction

Oil-producing and oil-refining manufactories, as well as oil transported through pipelines, are sources
of environmental pollution. Oil-containing waste called oil sludge, the most common type of industrial
waste. For every ton of oil produced, 7 tons of sludge are generated [1-2]. Its approximate composition is:
water (from 30 to 80 %), oil products (from 10 to 50 %), and solid inclusions (from 1 to 40 %) [1-2]. The
organic part of the waste in oil sludge is distributed as follows: 7-10 % are oil hydrocarbons, 5-10 % are in
an emulsified and dissolved state, and the remaining hydrocarbons are on the surface of the oil sludge in the
form of a film [1-2]. The inorganic part of the oil sludge contains silicon and iron oxides (sand, corrosion
products), a small amount (less than 1 %) of aluminum, sodium, and zinc [3].

Currently, known technologies for oil sludge processing contain physical, mechanical, and biological
methods [4]. However, none of the listed methods are efficient in processing and disposal of oil sludge and
still causing damage to the environment. We propose a combined method for oil sludge processing, which
includes preliminary fractionation in order to remove mechanical impurities and solid inclusions, followed
by catalytic hydrogenation of the obtained wide fraction.

The oil-containing sludge (Atasu-Alashankou), which formed during the transportation of Kazakh oil
through the pipelines, contains drilling mud, used oil, emulsified solid particles, and crude oil. In the studies [5—
6], the results of the optimal conditions determination for electro-hydraulic treatment of oil are given.

Literature analysis showed there is no data available for catalytic hydrogenation of oil sludge.
Previously, the optimal conditions for electrohydraulic treatment of oil sludge were determined in [5-6]. The
data obtained in [5-6] were used for the process of hydrogenation of a wide fraction of oil sludge in the
presence of a nanocatalyst.

The purpose of the work is to determine the dominant factors (temperature, initial hydrogen pressure,
duration of the experiment, number of nanocatalysts added) for the yield and quality of the individual
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chemical composition of the target hydrogenate during destructive hydrogenation of a wide fraction of oil
sludge.

The literature does not contain data on the use of factor planning of the experiment to study the process
of catalytic hydrogenation of oil sludge and the determination of parameters for hydrogenation of oil sludge,
which makes this study relevant.

Experimental

The object of research for experimental work in order to determine the optimal conditions and kinetic
parameters of oil sludge hydrogenation was the raw material obtained during the transportation of oil through
the pipelines of the KazTransOil company in the West Kazakhstan oil fields of the Republic of Kazakhstan.
The physicochemical characteristics of the oil sludge (Atasu-Alashankoou) and the method of synthesis of
the nanocatalyst are presented in [6].

Physical and chemical characteristics of oil sludge (Atasu-Alashankou): density — 0.87 g/cm?®, viscosi-
ty — 30 cSt, ash content A — 0.36 %, C — 72.3 %, H — 11.1 %, N — 0.1 %, O — 16.1 %. The atomic ra-
tio of hydrogen to carbon in oil sludge is 1.8.

The microsilicate is used as a carrier and catalyst — a product of the Karaganda silicon plant Tau-
Ken.temir LLP.

The individual and quantitative chemical composition of the starting microsilicate was determined by
X-ray spectral analysis. Content of components, %: SiO, — 95.5; TiO, — 0.02; Al,0;3 — <0.95; Fe,0; —
<1.0; CaO — 0.5; MgO — 0.4; MnO — 0.04; P,0s — 0.06; KO — <0.1; Na,O0 — 0.3.

The starting microsilicate was pre-ground, then samples with a particle size of 0.1 mm were taken by
sieve analysis. The initial microsilicate was leached using a 20 % hydrochloric acid solution to remove alkali
and alkaline earth metals. Chemical composition of the initial microsilicate after leaching by X-ray — spec-
tral analysis is following, %: SiO, — 97.439; TiO, — 0.023; Al,O; — <0.95; Fe,O; — <1.0; CaO — 0.414;
MgO — 0.304; MnO — 0.033; P,0s — 0.057; K,0 — <0.1; Na,0 — 0.276.

The given data demonstrate the chemical composition of the starting microsilicate and after leaching
changed almost slightly.

For the preparation of nanocatalysts, we used the method of impregnating the catalyst support with the
active substance followed by calcination. Impregnation was carried out by immersing the support (leached
microsilicate) in a 1.5% salt solution of Ni(NOs),"6H,O and Co(NO3),'6H,0. Impregnated sup-
port (microsilicate) with solutions of nickel nitrate and cobalt nitrate of microsilicate (20 g) was heated for
2 hours at 80-90 °C temperature, and the prepared samples were dried at 105 °C temperature for 2 hours.
Then, the obtained catalysts were calcined in a muffle furnace at 650 °C temperature for 2 hours. 2 catalyst
samples were prepared to study the effect on thermal decomposition of nickel oxide, cobalt oxide and iron
oxide: Sample 1 (microsilicate + Co 1.5 % + oil sludge, particle size 0.1 mm), Sample 2 (microsilicate + Ni
1.5 % + oil sludge, particle size 0.1 mm). Previously, we carried out work [7] with a nanocatalyst obtained
by the impregnation method; the particle size of the starting microsilicate and prepared catalyst samples was
established using a laser Nano-S90 particle size detector.

After the oil sludge processing, the hydrogenate was fractionated up to 350 °C. The individual and
group chemical composition of the fraction up to 350 °C was determined by the chromato-mass-
spectrometry on the HP 5890/5972 MSD device (Agilent, USA).

Identification of substances was performed by the NIST98 mass spectral database.

Chromatography conditions:

Column: DB-5, 30 m x 0.2 mm x 0.5um.

Carrier-gas: helium, 0.8 ml/min.

Thermostat: 50 °C — 4 min;

50-150 °C — 10 °C/min

150-300 °C — 20 °C/min

300 °C — 4 min

Atomizer: 250 °C

Atomizer: 200 °C

The determination of the kinematic viscosity of the fraction up to 350 °C, obtained in the process of hy-
drogenation of oil sludge of the studied samples was carried out at a temperature of 30 °C by the automatic
viscometer SYD-265B-1 (P.R. China).
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Results and Discussion

A probability-deterministic design of experiment has been used in order to determine the optimal
conditions for the hydrogenation of oil sludge [5]. The dependence of the yield of the middle fraction and the
changes in the kinematic viscosity of the wide fraction in of oil sludge on the studied factors usually is
nonlinear. Hence, it is more rational to use design methods that are based on the Protodyakonov-Malyshev
nonlinear multiple correlation to process statistical data [8-10]. The authors [8-10] proposed an empirical
formula for multiple nonlinear correlations in the form of a power one less than the number of partial
functions:

PY,
Y, = IY_ln—l '

, ®

where Yr,ig — the total average of all considered values of the generalized function; Y, — generalized func-
tions of X1, X2... factors; Y; — partial function; n — number of partial functions (factors); P, — product of

all the partial functions.

Experimental work was conducted in order to develop a mathematical model of the process of catalytic
hydrogenation of oil sludge using a matrix of the design of experiment compiled by the Protod'yakonov-
Malyshov method [8-12]. The obtained results were processed by the probabilistic-deterministic design of
experiment program (PDDoE) [10-12]. The sequence of program operations is reduced to finding the partial
dependence of the yield of the middle fraction and the change in the viscosity of the middle fraction obtained
from the oil sludge.

As a result equations of the multiple correlation R [8-9] and tr coefficient [8-9] have been obtained.
The selected intervals and levels of changes in factors, the matrix of the design of experiment of oil sludge
hydrogenation are given in Tables 1 and 2.

Table 1
Levels and intervals of the variation of the studied factors
Levels
Factors 1 5 3 7

X1, amount of the catalyst 1 added to the oil sludge (catalyst 1 — microcatalyst
coated with 1.5 % Co) 0.001 | 10 15 2.0
X, initial hydrogen pressure, P=MPa 0.0 3.0 4.0 5.0
X3, temperature, T °C 350 370 390 410
X, duration, min 0.0 3.0 45 60
X5, amount of the catalyst 2 added to the oil sludge (catalyst 2 — microcatalyst
coated with 1.5 % Ni) 2.0 15 10 ) 0001

Table 2
Matrix of the 5-factor 4-level design of experiment
Yexp,
Ve e kinematic . Yo
No X, e Xs X, X fylel_d of the ylel_d of the viscosity of the kinematic viscosity of
raction up to | fraction up to fraction up to the fraction up t20
350 °C, % 350 °C, % 350 °C, mm*s 350 °C, mm*s
1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 32.2 34.4 1.38 1.38
2 2 2 2 2 1 68.4 61.4 1.34 1.34
3 3 3 3 3 1 62.05 66.4 1.335 1.33
4 4 4 4 4 1 74.8 71.4 1.37 1.37
5 1 2 3 4 2 72.13 63.58 1.33 1.34
6 2 1 4 3 2 64.85 62.12 1.44 1.51
7 3 4 1 2 2 55.64 49.96 1.29 1.25
8 4 3 2 1 2 48.12 50.86 1.291 1.25
9 1 3 4 2 3 48.72 58.93 1.345 1.37
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Continuation of Table 2

1 2 3 4 5 6 7 8 9 10

10 2 4 3 1 3 48.54 50.78 1.26 1.21
11 3 1 2 4 3 61.36 66.68 1.28 1.24
12 4 2 1 3 3 51.29 50.40 1.4 1.46
13 1 4 2 3 4 51.63 50.33 1.18 1.14
14 2 3 1 4 4 48.22 53.58 1.25 1.23
15 3 2 4 1 4 64.87 59.36 1.42 1.50
16 4 1 3 2 4 61.76 62.83 1.29 1.27

Table 3 and 4 show the calculated values of the partial functions for the yield of the fraction up to
350 °C from oil sludge in the process of hydrogenation and the viscosity changes caused by various condi-
tions of the process.

Table 3
Calculated values of the partial functions for Yp
. Levels Total
Functions 1 > 3 1 average R t
Y, =-3.192%° + 10.615x + 51.005 51.17 | 57.5025 | 60.98 59.005 57.164 0.95 13.6
Y,=-0.5993x° + 3.0321x + 55.444 55.44 59.22 57.874 55.66 57.05 0.99 69.64
Y; = 0.266x — 43.911 46.83 | 57.37 | 6112 | 63.32 57.164 0.88 5.6
Y, = 55.619x" 9% 4843 | 5863 | 57.455 | 64.14 57.164 0.8594 | 6.63
Y = 3.4762x% — 4.756x + 56.214 56.2 57.48 | 5951 | 60.61 58.45 0.48 0.87
Table 4
Calculated values of the partial functions for Yp
Levels Significance
Functions 1 5 3 4 Total R .
average
Y,=1.309 + 0.01467X; 1.31 1.32 1.33 1.34 1.325 0.99 441.5879
Y,=-0.01524X%,+ 0.07196X, + 1.3 1.30 1.37 1.35 1.27 1.325 0.98 45,5597
Y; = 6.081*10°X5° — 0.04461X5 + 9.464 1.30 1.27 1.32 1.39 1.325 096 | 22.2321
Y, = 6.122*10'5X427 0.00555X, + 1.413 1.41 1.31 1.26 1.30 1.325 0.95 14.0683
Y5 =1.285 + 0.03549X5 1.35 1.33 1.32 1.28 1.325 0.99 | 3535.1803

As a result of processing the experimental data, partial functions for the catalytic hydrogenation of oil
sludge and the change in viscosity of the middle fraction were obtained. Point graphs are presented in
Figures 1 and 2. They are generalized by the Protoiakonov-Malychev equation. The significance of partial
and generalized dependencies was tested using the coefficient of nonlinear multiple correlation R [8-9] and
its significance t, for the 95 % confidence level [8-9]. It turned out that out of all the partial dependencies,
only 5 (on the amount of added catalyst 2 (Xs)) was insignificant. Therefore, it was not included in the
generalized equation (2).

Y, =57.14"yy yy ;R=070t =50. 2
(1.309+0.01467X, ) +(-0.01524X,* +0.07196 X, +1.3) + (6.08110°° X * —
Y, = ~5.3004; (3)
—~0.04461X, +9.464) + (6.12210° X, —0.00555 X, +1.413) +(1.285+0.03549 X )
R =0.66; t,=3.7.
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Figure 1. Partial dependencies of catalytic hydrogenation of the oil sludge
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Figure 2. Partial dependencies of changes in kinematic viscosity of the fraction up to 350 °C on the various factors
(x, — amount of catalyst 1 added to the oil sludge; x, — initial hydrogen pressure, MPg;
X3 — temperature, T°C; X, — duration, min; xs — amount of catalyst 2 added to the oil sludge)

The generalized equations (2) and (3) were tested for significance by comparing the results of that with
experimental data. The generalized Protodyakonov-Malyshev equations (2), (3) are adequate for all R and t,
response functions. The obtained particular equations can be used both for optimizing the process and for
technological modeling of the process of catalytic hydrogenation of oil sludge in enlarged laboratory condi-
tions. It follows from these data that under experimental conditions the initial hydrogen pressure and the
amount of catalyst 1 added have the greatest effect on the average fraction yield from the oil sludge. The
change in the kinematic viscosity of the middle fraction is affected by the amount of catalyst 1 added to the
oil sludge and the process temperature.

The generalized multivariate equation of fraction yield before 350 °C from oil sludge is
(—3.192x* +10.615x +51.005)(~0.5993x” + 3.0321x + 55.444) @)

(0.266x — 43.911)*(55.619x*%)*57.14° ’
at standard deviation of 1.81 %. The calculation of this equation (4) showed at 410 °C temperature, the
process time was 60 minutes, the amount of nanocatalyst 1 (cobalt-supported microsilicate 1.5 %) to be
added was 2 %; initial hydrogen pressure 5.0 MPa, the amount of nanocatalyst 2 added (nickel-supported
microsilicate 1.5 %) — 2 % is respectively 71.4 %.

The generalized multivariate equation changes in the kinematic viscosity of the middle 350 °C fraction
from oil sludge is
(1.309+0.01467X,)(-0.01524 X ?, +0.07196 X, +1.3)6.081*10°° X,* —0.04461X, +9.464 5)

(6.122*10° X,* —0.00555X , +1.413)*(1.285+0.03549X ) *1.325"

at standard deviation of 0.014 %. Calculation of this equation (5) showed that at 410°C temperature, process
time was 0.0 min, the amount of nanocatalyst 1 (cobalt-supported microsilicate 1.5%) to be added

Y, =

Y, =
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was 1.5 %; initial hydrogen pressure 3.0 MPa, the amount of nanocatalyst 2 added (nickel-supported
microsilicate 1.5 %) — 0.000 % was respectively 1.50 %.

Based on the conducted experimental research, the following optimal conditions have been established:

a) Yield of the middle fraction of oil sludge: amount of added nanocatalyst 1 — 1.2-1.5 %; initial
hydrogen pressure 2.5-3 MPa; temperature 400-410 °C; process duration 50-60 minutes.

b) Change in the kinematic viscosity of the middle fraction obtained from oil sludge: amount of added
nanocatalyst 1 — 0.5 %; initial hydrogen pressure 4.5 MPa; temperature — 370 °C; process duration —
45 minutes; amount of added catalyst 2 — 2.0 %.

During hydrogenation of oil sludge, the maximum total yield of light fractions of 62.1 % and a decrease
in the kinematic viscosity value from 2.2 to 1.2 mm?%s were achieved.

This is explained by changing the content of aromatic hydrocarbons in the initial fraction to 350 °C —
14.08 % (individual chemical composition is presented: toluene — 3.07 % and others), paraffinic
hydrocarbons — 57.6 (individual chemical composition is presented: heptane — 3.02, 1-nonadecene —
1.52 %, decane — 7.59, dodecane — 4.51, heptadecane — 3.19, hexadecane — 2.37, nonane — 5.96,
octadecane — 6.87 and others), unsaturated hydrocarbons — 15.7 % (individual chemical composition is
presented: 1-decene — 1.09, 1-hexadecene — 1.1 and others), naphthenic hydrocarbons — 35.97 %
(individual chemical composition is presented: 1.3-dimethylcyclohexane — 2.57 %, 1-ethyl-3-
methylcyclohexane — 1.25 %, cyclododecane — 0.56 %, cyclohexane, (1-methylpropyl) — 4.89 % and
others), polyaromatic hydrocarbons — 9.56 % (individual chemical composition is presented: naphthalene,
1,4,6-trimethyl — 1.33, naphthalene, 2,7-dimethyl — 2.59 %, naphthalene, decahydro-2-methyl — 1.8 %
and others).

The group and individual chemical composition of the hydrogenate of the fraction with the end of
boiling 350 °C obtained during catalytic hydrogenation from oil sludge is characterized by the following
composition: aromatic hydrocarbons — 12.94 % (individual chemical composition is represented by: tolu-
ene — 1.97 %, benzene, 1-ethyl-3-methyl — 1.68 % and others); paraffinic hydrocarbons — 80.72 %
(individual chemical composition is next: 1-heptadecene — 0.36 %, 2-Bromo dodecane — 0.22 %,
Decane — 9.89 %, Dodecane — 11.47 %, Heptadecane — 5.27 %, Heptane — 2.65 %, Hexadecane —
5.36 % and others); unsaturated hydrocarbons — 9.31 % (individual chemical composition is represented by:
1-Decene, 5-methyl- — 0.19 %, 1-Tridecene — 0.65 %, 2,4-Hexadiene — 2.33 %, 2-Heptene — 0.14 %,
2-Tetradecene — 0.66 %, 3-Dodecene — 1.16 % and others); naphthenic hydrocarbons — 34.48 %
(individual chemical composition is following: Cyclodecane — 0.4 %, Cyclodecane — 1.18 %, 0.33
Cyclododecane, ethyl- — 0.8%, Cyclohexane, (1-methylpropyl)- — 0.12%, Cyclohexane,
(2-methylpropyl)- — 1.36 %, Cyclohexane, 1,1,2,3-tetramethyl- — 0.34 %, Cyclohexane, 1,2,3-tri-
methyl- — 2.18 % and others); polyaromatic hydrocarbons — 4.27 % (individual chemical composition is
represented by: Naphthalene, 1,2,3,4-tetrahydro-6- — 0.25 %, Naphthalene, 1,4-dimethyl- — 0.26 %,
Naphthalene, 2,3,6-trimethyl- — 0.39 %, Naphthalene, 2,7-dimethyl- — 0.84 %, Naphthalene, decahydro-2-
methyl- — 2.58 % and others); iso-Alkanes — 41.19 % (individual chemical composition is presented:
Octane, 2,6-dimethyl- — 0.23 %, Nonane, 4-methyl- — 0.22 %, Nonane, 2,6-dimethyl- — 0.57 %, Decane,
5-methyl- — 0.33 %, Decane, 4-methyl- — 0.18 %, Decane, 2-methyl- — 0.41 %, Heptane, 3-ethyl-2-
methyl- — 0.58 %, Undecane, 2-methyl- — 1.78 %, Undecane, 2,6-dimethyl- — 1.87 %, Tridecane, 2-
methyl- — 1.23 % and others).

The obtained fraction composition of the hydrogenate up to 350 °C shows that the use of the
nanocatalyst 1 in small amounts of 1.2-1.5 % allows increasing the yield of the fraction to 350 °C and
components of the diesel fraction.

Conclusions

Thus, by the use of probabilistic-deterministic design of experiment, optimal conditions for the process
of the oil sludge hydrogenation in the presence of a nanocatalyst (cobalt-coated microsilicate) and the change
in the viscosity of the middle fraction from various factors were determined. In our hydrogenation
conditions, the maximum total yield of light fractions (62.1 %) was achieved. It was established in the
experimental conditions, the initial hydrogen pressure and the amount of added nanocatalyst, cobalt-coated
microsilicate (catalyst 1), have the greatest effect on the yield of the middle fraction from oil sludge. It has
been shown the catalyst 1 also increases the yield of diesel fraction components.
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