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Preface

Advanced polymers, also known as engineering polymers or high-perfor-
mance polymers, are synthetic polymers with exceptional mechanical,
thermal, chemical, and electrical properties (high heat and thermal stability,
frost resistance, hydrophobicity, high dielectric indices, etc.).

The branch of science discussed in this book has a particular applied
objective: the creation of new polymeric materials with improved properties.
The Eighth International Caucasian Symposium on Polymers and Advanced
Materials (ICSP&AMS), which took place at Ivane Javakhishvili Tbilisi
State University, encourages scientists working in polymer chemistry and
advanced materials to present their investigations dedicated to problems and
discoveries in the different fields of polymer chemistry.

This meeting, gathering many participants, has provided a good platform
for academic and industrial scientists to discuss recent advances in the area
of polymers and advanced materials. The symposium was conducted with
the support of Ivane Javakhishvili Tbilisi State University and the Shota
Rustaveli National Foundation of Georgia (Project Ne MG-ISE-23-172).

This volume presents some of the proceedings of the Eight International
Caucasian Symposium on Polymers and Advanced Materials. The sympo-
sium was special because it was dedicated to the memory and 75th birthday
anniversary of its establisher and former organizing committee chairman,
Professor Omar Mukbaniani.

This book, Advanced Topics in Polymer Chemistry and Material Science,
highlights new concepts and achievements in polymer chemistry and chem-
ical engineering. The book presents selected chapters based on the materials
from symposium abstracts that discuss different fields of polymer chemistry.
The chapters provide a survey of the important categories of polymers,
including commodity thermoplastics and fibers, elastomers, thermosets,
engineering, and specialty polymers.
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CHAPTER 1

Cured Glycidyl Ethers with Condensed
Carbon Cycles

IA CHITREKASHVILI, NORA DOKHTURISHVILI,
ETER GAVASHELIDZE, MARINA GURGENISHVILI, NAZI GELASHVIL],
GIVI PAPAVA, and ZURAB TABUKASHVILI

Petre Melikishvili Institute of Physical and Organic Chemistry, Ivane
Javakhishvili Thilisi State University, Thilisi, Georgia

ABSTRACT

The unique properties of epoxy polymers have led to their wide application
in various fields of modern technology. The influence of the structure of
bisphenols on the properties of epoxy polymers is known. The chemical
structure of the hardener also affects the properties of epoxy polymers. As
hardeners, we used acid and amine hardeners of various chemical structures
and the diol component — glycidyl ethers of polycyclic bisphenols synthe-
sized by us.

Since the thermal stability of polymers, in addition to the chemical struc-
ture of bisphenols, also depends on the structure of the hardener used, amine
and acid hardeners of various chemical structures are used to improve the
thermal characteristics of polymers, including thermal resistance and heat
resistance. The influence of the chemical structure of these hardeners on the
properties of epoxy polymers is investigated.

It is shown that the following amine and acid hardeners provide high
heat resistance: pyromellite and methyltetrahydrophthalic anhydrides,
4,4’-diaminodiphenylsulfone, benzidine, 4,4’-diaminodiphenyloxide, and
other aromatic diamines. Polymers obtained by curing these components
of diglycidyl ethers of bisphenols with norbornane-type substituents are
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characterized by high temperature resistance, deforming in the temperature
range of 220-245°C. In all cases, polymers obtained on the basis of these
hardeners decrease in weight by 10% in the temperature range of 340—400°C.

1.1 INTRODUCTION

The term epoxy resin refers to both the uncured and the cured forms of
the resin. Industrial interest and use of these resins reside in both the valu-
able properties of the cured resin, which include good adhesion to many
substrates, relatively high toughness (particularly when rubber modified),
good environmental resistance, high electrical resistivity, low shrinkage,
etc., and the ease with which the curing reaction may be adapted to suit the
fabricating process.

The combination of good processing characteristics and useful properties
has led to the use of epoxy resins in many applications, including adhesives,
in electronics for encapsulation, potting, and printed circuit boards, and in the
aerospace industries as matrices for composites. Epoxy resins—because of
their reactivity that enables them to bond well to fibers and their toughness—
are the thermoset resins that, combined with glass, carbon, or aramid fibers,
produce composite materials with the best properties of most thermosets [1].

The epoxy group is characterized by its reactivity towards both nucleo-
philic and electrophilic species, and it is thus receptive to a wide range of
reagents or curing agents. Such curing agents are of two types: they may be
either catalysts or hardeners [2].

Elucidation of the mechanism of the curing reaction of epoxy resin is
still of great interest for both fundamental and applied chemistry, but the
mechanism of curing has not yet been fully disclosed [3—5]. Epoxy poly-
mers obtained on the basis of various bisphenols have been described in
references [6—13]. The purpose of this work was to study the effect of the
chemical structure of the hardener on the properties of epoxy polymers and
the synthesis of polymers with improved physical, mechanical, and chemical
properties.

It was found that the presence of cyclic groups in the dipole component,
both aromatic and alicyclic, by their nature, largely determines the properties
of the structured polymer, contributing to the growth of thermal parameters
of polymers.

Since the thermal stability of polymers, in addition to the chemical struc-
ture of bisphenols, also depends on the structure of the hardener used, amine
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and acid hardeners of various chemical structures have been used to improve
the thermal properties of polymers. The influence of the chemical structure
of these hardeners on the properties of epoxy polymers was studied.

1.2 EXPERIMENTAL METHODS AND MATERIALS
1.2.1 DETERMINATION OF EPOXY GROUPS

In two conical flasks (250 ml) with lapped stoppers, oligomer attachments
(0.200g) were placed and dissolved in a neutral solvent. In the resulting solu-
tions, 25 ml of 0.2 N HCI solution in absolute acetone was added and left
to stand for 2 hours at room temperature, after which the excess hydrogen
chloride was filtered out with 0.1 N caustic potassium solution in absolute
ethyl alcohol in the presence of phenolphthalein. In parallel, a blank sample
was prepared.
The content of epoxy groups is calculated by the following formula:

_(V,-V,).0,0043.100
g

where V| is the amount of 0.1 N solution of caustic potassium consumed for
titration of a blank sample, ml; V, — the amount of 0.1 N solution of caustic
potassium consumed for titration of a sample with a sample of the substance,
ml; g — the sample of the substance, g; 0.0043 — the number of epoxy groups
corresponding to 1 ml of 0.1 N solution of caustic potassium.

27

1.2.2 CURING OF DIGLYCIDYL ETHERS IN THE PRESENCE OF
HARDENERS

Depending on the type of hardener, the structuring process of glycidyl ethers
was carried out under appropriate temperature conditions. A suspension of
glycidyl ether, heated to its softening temperature, was placed in a polymer-
ization beaker, and a liquid hardener was added to it (the crystalline hardener
was previously melted, thoroughly mixed until a homogeneous mixture was
formed, and placed in a thermal cabinet). The amount of hardener required
for curing is calculated using the following formula. [10].
M

A =—K
43
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where A — is the amount of hardener per 100 g of glycidyl ether; 43 — the
molecular weight of the epoxy group; M — the molecular weight of the hard-
ener; K — is the percent content of epoxy groups in glycidyl ether.

In the presence of anhydride, structuring was carried out at a temperature
of: 120°C — 2 h, 160°C — 3 h, 180°C — 3 h, and 200°C — 10 h.

A reduction in the duration of the anhydride curing process at 200°C
was achieved by introducing 0.1% by weight of triethanolamine into the
composition.

1.3 RESULTS AND DISCUSSION

On the basis of diglycidyl ethers, by curing them, we have obtained epoxy
polymers. Both anhydride and amine-type hardeners were used as hardeners.

During curing, an equimolecular amount of the initial components was
taken. To accelerate the curing process with anhydrides, triethanolamine was
used in an amount of 0.1 wt. part per 100 mass parts of glycidyl ether.

The study of the thermal and heat resistance of the obtained polymers
was carried out by methods of thermomechanical and thermogravimetric
analysis. The results obtained are shown in Table 1.1 and in Figures 1.1a,b
and 1.2a,b.

Thermomechanical and thermogravimetric analysis of polymers showed
that epoxy polymers based on glycidyl ethers of polycyclic bisphenols of the
norbornane type are characterized by high thermal and heat resistance. The
change in the volume of the cord grouping does not significantly affect the
heat resistance of the cured polymers.



TABLE 1.1 Characteristics of Di Glycidyl Ethers Obtained on the Basis of Polycyclic Bisphenols and Epichlorohydrin®

No. Structure of Glycidyl Softening Total Content of Epoxy Groups,% Molecular Weight
Ether Temperature  Chlorine  Cajculated for ~ Found Calculated Found
i o, . . . .
élc):)orld:lng cfg Content,% pjglycidyl Ether for Di glycidyl by End Determined by the
R Ether Groups Ebullioscopic Method
1. /N 55 0.20 21.9 17.0 392 505 495
(1LY Y
L‘/ 2
2. — 75 0.11 20.5 18.5 420 491 490
O~
3. —— N 14.20 18.7 18.1 461 475 420
OLYAEE
4. ,__<f' 45 22.00 16.2 15.8 530 544 590
F 'Jr I - . Y
¢ ‘]—.Ir."\\ J’:::;—U(‘H._— l{:/l.'r{_ |
AP "
5 Fl_,;\]_lj{’;_\_m,r ) 60 0.35 19.9 16.1 432 537 557
SIS A
P 2
6. . ¢ , 05 0.50 18.7 17.4 460 494 480
TN
7. ,=(\' . 50 14.17 17.2 14.9 501 577 600
oL Y
A ,
8. o~ 45 2491 15.1 14.0 570 614 590
v Ve
R W fal

S9[04D) UoQ.Ie) pasuapuol) YIMm SIaY3d [ApIoA[H pain)



TABLE 1.1 (Continued)

No. Structure of Glycidyl Softening Total Content of Epoxy Groups,% Molecular Weight
Ether Temperature Chlorine  Cajculated for Found  Calculated Found
According to  Content,% pjglycidyl Ether for Di glycidyl by End Determined by the
O
Ubbelode, °C Ether Groups Ebullioscopic Method
9. _ " 83 0.41 18.8 14.0 458 614 598
@@ (<\ P
10 PN ,—/ " .15 0.51 17.7 15.3 486 562 530
Y I}rﬂJL“n_' —/ |
Ok
11. — 70 13.47 16.3 13.3 527 646 620
'L’_}' “"(f “|—|‘J} X6, |
\/z \\ -
12. = 55 23.82 11.2 11,2 596 768 740

A—OTH— CH— CH, |
R

(x) Ratio of bisphenol: epichlorohydrin: NaOH =1:10:4, mol. concentration of aqueous NaOH solution — 50%, reaction temperature 95°C,

duration 60 min.
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FIGURE 1.1 Thermomechanical curves of epoxy polymers cured with (a)
methyltetrahydrophthalic anhydride; (b) 4,4-diaminodiphenylsulfone. (The numbers of the
curves correspond to the ordinal numbers of the polymers in Table 1.1).
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FIGURE 1.2 Thermogravimetric curves of epoxy polymers cured with (a)

methyltetrahydrophthalic anhydride; and (b) 4,4-diaminodiphenylsulfone. (The numbers of
the curves correspond to the ordinal numbers of the polymers in Table 1.1).
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The influence of both the nature and structure of the hardener on the
properties of cured polymers was studied. For this purpose, hardeners of
various structures and chemical natures were used to cure the diglycidyl
ether of 4,4'-(hexahydro-4,7-methylenindane-5-ylidene) diphenol. The
obtained results are shown in Figures 1.3 and 1.4.

100
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60

Weight reduction, %

40 -

20+

' I ' T T T ! T ' ' I ' i 1
400 500 600 700 800
Temperature, °C
FIGURE 1.3 Thermogravimetric curves of epoxy polymers based on glycidyl
ether  4,4-hexahydro-4,7-methylenindane-5-ylidene)diphenol. Hardeners: 1 -
methyltetrahydrophthalic anhydride, 2 — maleic anhydride, 3 — pyromellite anhydride.

——
0 100 200 300

As can be seen from the data in the table and figures, epoxy polymers
are characterized by fairly high heat resistance. The only exceptions are
polymers cured with 4,4'-diamino-3,3’-dimethoxydiphenylmethane and
4,4'-diaminodiphenylmethane. Their heat resistance is equal to 155°C. This
is obviously due to the structure of the above-mentioned diamines, namely,
the presence of methoxy and methylene groups in their molecules.

The following hardeners give particularly high results in heat resistance:
4,4'-diaminodiphenylsulfone, pyromellite, methyltetrahydrophthalic, and
malein anhydrides. Polymers obtained by curing glycidyl ethers with these
components begin to deform in the temperature range of 220-310°C. It
should be noted that polymers formed during the curing of glycidyl ethers
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FIGURE 1.4 Thermogravimetric curves of epoxy polymers based on diglycidyl ether

4,4-(hexahydro-4.7-methylenindane-5-ylidene)diphenol. Hardener: 1- aniline fluorene, 2 —
4,4'-diaminodiphenylmethane, 3 — benzidine, 4 — 4,4’-diaminodiphenylsulfone.

with malein anhydride are deformed at high temperatures, which can obvi-
ously be explained by the opening of double bonds in malein anhydride
under the conditions of curing glycidyl ether and the formation of additional
chemical bonds.

Of particular interest was the use of aliphatic silicon-containing diamine
as a hardener. It could be assumed that the presence of siloxane links in the
structured polymer would increase its heat resistance. To this end, we cured
the diglycidyl ether of 4,4'-(hexahydro-4,7-methylenindane-5-ylidene)
diphenol with a,®-bis-(y-aminopropylsiloxy) methylphenyl siloxane.

A mixture of Si-containing diamine and hexamethylenediamine was used
to identify the contribution to increasing the heat resistance of siloxane units.
Experimental data show that a polymer cured with hexamethylenediamine
alone decreases in mass by 10% at 280°C, and by 50% at 355°C. These
indicators, when silicon-containing diamine is used as a hardener, are 320°C
and 480°C, respectively. An increase in the weight fraction of the siloxane
component in the mixture of hardeners leads to an increase in the thermal
stability of polymers (see Table 1.2 and Figure 1.5).
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TABLE 1.2 Properties of Structured Polymers Obtained by Curing the Glycidyl
Ether 4,4'-(Hexahydro-4,7-Methylenindane-5-Ylidene)Diphenol (I) with a Mixture of
Hexamethylenediamine (III) and A,Q-Bis-(I'-Aminopropyldimethylsiloxy) Methylphenyl
Siloxane (II)

The Ratio of the Starting Mass Reduction

S. Materials, Weight % 10% . Temperature,C
No. Deformation, °C
I I I by 10% by 20% by 50%
1 1 0 100 310 280 320 355
2 1 10 90 280 290 330 400
3 1 20 80 270 295 335 400
4 1 30 70 270 300 340 410
5 1 100 0 255 320 375 480
100
X
2
O 80+
©
= |
e
2
+ 60 1
N
je)
[1}]
=
40
20
0 Y T ' T T T y T T T T T v T
0 100 200 300 400 500 600 700
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FIGURE 1.5 Thermogravimetric curves of epoxy polymers based on glycidyl ether
4,4-(hexahydro-4,7-methylenindane-5-ylidene)diphenyl, silicon-containing diamine,
hexamethylenediamine and their mixtures.

The diglycidyl ethers synthesized by us have been tested as binders for
fiberglass. Curing was carried out with 3,3'-dimethoxy and 4,4'-diaminodi-
phenylmethane. From the test results given in Table 1.3, it can be seen that
fiberglass is characterized by good strength indicators.
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TABLE 1.3 Properties of Fiberglass Based on Diglycidyl Ethers Approved by
3,3-Dimethoxy-4,4'-Diaminodiphenylmethane

S.  Structure of Diglycidyl Ether The Amount of  Tensile  Elongation Modulus
No. Hardener (Weight Strength, at Break of
% of the Initial  kgf/cm”> Tensile,°C Elasticity,
Diglycidyl Ether) kgf /em?
1 2 3 4 5 6
1 H, - CH— CH,—0—Ar—O0—CH,—CH - CH, 24 170 7 2.6-10°
A4 \
2 “H, - CH—CHy—0—Ar-0—Cl,— CH - CII 20 160 5 3.1-10°
\¥% \
3 H, - CH=CH,—0— At'0—H,— CH - CH, 20 150 6 2.6:10°
R/ \Va

To reduce the viscosity and increase the viability of the composition
during the winding process, a 25% mixture of alcohol and acetone (1:1 wt.
part.) was added to the composition Fiberglass was used as the basis. The
samples are cured according to the following mode for 2 hours at 60, 80,
100, 120, 140, 160, 180 and 200°C. The polymer yield is 95-98%.

Glycidyl ethers have also been tested for the manufacture of adhesive
compositions with various amine and anhydride-type hardeners. Adhesive
compositions were used for gluing duralumin plates. Varnishes were made on
the basis of glycidyl ethers by adding polyethylene polyamine (PEPA-200) as
a hardener.

The physicomechanical and dielectric properties of the lacquers were
determined, which are given in the experimental part. It turned out that they are
characterized by good adhesion and hardness, as well as high physicomechan-
ical and dielectric parameters (see Tables 1.4 and 1.5). The impact strength for
varnishes after thermal aging at 150°C practically does not change.

TABLE 1.4 Physico-Mechanical Properties of Lacquers Based on Diglycidyl Ethers®

S.  Composition of the Impact Bending Hardness Adhesion Impact Strength After
No. Composition, Mol. ~ Strength, Strength, According Determined  Thermal Aging at 150°C,
kg/em. mm to the by the Lattice kgf/em.
Pendulum Methodin  After 5 After 10 After 17
Device Points Hours Hours Hours
1 LPEPA-200=1:0.60 40 10 0.8 1 20 20 20
2 II: PEPA-200 = 1:0.65 50 8 0.9 2 45 40 35

3 III: PEPA-200 =1:0.7 40 10 0.8 2 20 20 20
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TABLE 1.5 Dielectric Properties of Lacquers Based on Diglycidyl Ethers®

S. Composition of the Dielectric The Tangent Specific Volumetric  Electrical

No. Composition, Mol.  Constant of the Electrical Resistance Strength,
Dielectric at 25°C, Q-cm KV/mm
Loss Angle

1 I: PEPA-200 =1:0.60 1.65 0.111 2.65-10'¢ 74

2 II: PEPA-200 =1:0.65 2.81 0.019 3.95-10'¢ 40

3 II: PEPA-200 =1:0.7 3.09 0.018 3.25-10'¢ 40

In Tables 1.4 and 1.5:
x) PEPA -200 — polyethylene polyamine, mol. wt. 200

- Qupeno )

O—CH,— C{IO-;II?_

®

O—CH,—CH-CH,

e upraneo )

G'(‘

O—CH,— CH - CH

3

M= ({—IYH—CHE—O Q

0

The water and chemical resistance, as well as UV resistance, of the coatings
were studied. Chemical resistance to aggressive media was examined using
a polymer obtained from 4,4'-(hexahydro-4,7-methylenindane-5-ylidene)
diphenol and 4,4'-diaminodiphenylsulfone. The lacquer composition was
prepared in a mixture of solvents (butyl acetate: xylene, volume ratio 7:3).
Varnishes were applied to glass plates by dipping. To achieve the desired
thickness (200—300 um), a 3—4 layer coating was obtained.

The degree of curing of the lacquer compositions, determined by the
content of the insoluble product in the film, was assessed through extraction
with acetone in the Soxhlet apparatus for 12 hours. The chemical resistance
of the coatings was tested at room temperature. The results of the coating
tests are shown in Table 1.6.
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TABLE 1.6 Chemical Resistance of Epoxy Polymer Coating Based on Diglycidyl Ether
4,4'-(hexahydro-4.7-methylenindane-5-ylidene)-Diphenol and 4,4’-Diaminodiphenylsulfone

30% Solution 30% Solution  10% 12% Acetic  Distilled 0.5%

H2S04 HCI Solution Acid Water Solution
HNO, Solution KMnO,
After 30 days

The film has not  Spots on the The film is The film has The film has Spots on

changed film clouded not changed not changed the film
After 60 days

The film has not The film turned  The film The film moved away the film

changed color,  yellow; cracks  turned is slightly from the dissolved

moved away appeared yellow and yellowed glass

from the glass dissolved

From the results obtained, it can be seen that the coatings are resistant
to the action of H,SO, and HCI. A 10% solution of nitric acid is a highly
aggressive medium. The protective effect of coatings in a 12% solution
of acetic acid for 60 days is mainly preserved; the effect of distilled
water is more noticeable. The film is especially low-resistant in KMnO,
solution.

1.4 CONCLUSION

The influence of the chemical structure of hardeners on the properties
of epoxy polymers of bisphenols with substituents for norbornane type
has been studied. It has been shown that the properties of cured epoxy
polymers, especially heat resistance, are affected not only by the struc-
ture of bisphenol but also by the chemical structure of the hardener. The
synthesis of polymers with increased thermal parameters was carried out.
It was found that 4,4'-diaminodiphenylsulphone, benzidine, 4,4'-diamino-
diphenyloxide, and other aromatic diamines give high results in thermal
and heat resistance. Polymers obtained by curing diglycidyl ethers of
polycyclic bisphenols with these hardeners are deformed in the tempera-
ture range of 220-245°C. Among acid hardeners, acid anhydrides, such
as pyromellitic and methyltetrahydrophthalic, are particularly effective.
Polymers obtained using these compounds as hardeners deform in the
temperature range of 220-245°C and decrease in mass by 10% in the
temperature range of 340-400°C.
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CHAPTER 2

Synthesis and Hydrosilylation of
2-Methyl(Ethyl)-1-Propargyl Pyrrole
OKTAY ASKEROV, AYNURA MAMEDOVA, DILBAR NURULLAYEVA,

ILGAR ASKEROV, AND GYULGUN KHANBABAYEVA

Institute of Polymer Materials, Ministry of Science and Education,
Sumgait, Azerbaijan

ABSTRACT

It has been developed the method of the synthesis of unsaturated organo-
silicon pyrroles by the interaction of trialkyl(aryl)hydridsilanes with
2-methyl(ethyl)-1-propargyl pyrrole in the presence of the catalyst — platin
hydrochloric acid — in a medium of absolute benzene (yield 75-80%),
and their properties have been studied. It has been shown that the hydro-
silylation reaction proceeds on a triple bond according to Farmer’s rule,
resulting in the formation of unsaturated organosilicon pyrroles while
preserving the pyrrole ring. These compounds are highly reactive and can
interact with both nucleophilic and electrophilic reagents. In this context,
the synthesis of functionally substituted 2-methyl(ethyl)-1-propargyl
pyrroles, along with their silicon derivatives, and the investigation of
their antimicrobial activity, represents an important area of scientific
and practical research. The composition and structure of the synthesized
unsaturated organosilicon pyrroles have been confirmed by IR and PMR
spectroscopy data.

2.1 INTRODUCTION

It is known from the analysis of native and foreign literature that pyrrole
and its derivatives occur in nature in a free state, and also as fragments
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in the composition of complex natural compounds. However, they are
present in the body when performing the most complex physiological
functions (Filippov, 1985; Lucet, 1998; Smith, 1987; Tsuda, 1999;
Uchida, 1990).

In connection with the above-mentioned information and in continuation
of investigations in the field of synthesis of organosilicon 2-methyl(ethyl)-1-
propargyl pyrrole-containing compounds, the study of the addition reaction
of trialkyl (aryl) hydridsilanes with 2-methyl(ethyl)-1-propargyl pyrrole in
the presence of a catalyst — 0.1 N platin hydrochloric acid or rhodium dicar-
bonyl acetylacetonate — and, thereby, revealing the influence of the nature
of substituents in the multiple bond of the propargyl radical on the yield
and structure of the reaction products is of scientific interest (Flett, 2005;
Nedolya, 2002; Yuryev, 1982).

2.2 EXPERIMENTAL METHODS AND MATERIALS

5.95 g (0.05 mol) of 2-methyl(ethyl)-1-propargyl pyrrole, 30 ml of absolute
benzene, and 5.104 g (0.05 mol) of methyldiethylsilane were loaded into a
three-necked flask equipped with a reflux condenser, a thermometer, and a
drop funnel, and boiled for 26 hours. After distillation of the low-boiling
components, a compound (III) was isolated from the residue by vacuum.
Yield — 16.36 g (74%).

B.p. 107-108°C (1 mm merc. c.), n; 1.4965, di’ 0.8966, MR (found)
76.98, MR (calculated) 71.90. Brutto-formula: C,H,,NSi. Found,%: C
69.90; H 11.01; N 5.95; Si 12.95. Calculated,%: C 70.00; H 11.00; N 6.00;
Si 13.00.

Similarly, the compounds (IV-VIII) have been obtained, and the physical-
chemical constants of which are given in Table 2.1.

Similarly, the compound (IX) has been obtained from 6.65 g (0.05 mol)
of 2-ethyl-1-propargyl pyrrole and 5.95 g (0.05 mol) of methyldiethylsilane.
Yield — 18.33 g (78%).

B.p. 113-114°C (1 mm merc. ¢.), n} 1.4930, di’ 0.8900, MR, (calcu-
lated) 76.61, MR (found) 76.56. Found,%: C 71.74; H 10.28; N 5.96; Si
11.96. Calculated,%: C 71.76; H 10.29; N 5.98; Si 11.99.

Similarly, there have been obtained the compounds (X-XIV), the
physical-chemical constants of which are also given in Table 2.1.
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TABLE 2.1 Physical-Chemical Constants of Unsaturated Organosilicon Pyrroles

No. of Yield, B.p., °C (mm n2 d2° MRD Brutto

Compounds % merec. ¢.) b 4 Calculated Found Formula
I 77 107-108(1) 14965 0.8966 71.98 7190 C,H,NSi
v 75 121-122(1) 14935 0.8960 81.48 8140 C H,Nsi
v 74 125(1) 14905 0.8900 90.58 9050 C,H,Nsi
VI 80 98-99 (1) 1.4925 09100 97.50 9740 C H,Nsi
VIl 82 145-146(1) 15510 1.0200 102.60 10250 C,H,Nsi
VIIT 78 103-104(1)  1.5030 09251 70.09 7005  C,H, Nsi
IX 79 13-114(1) 14930 08900 76.61 76.56 C,H Nsi
X 81 115-116(1) 14820 0.8801 85.11 85.00 C,H,Nsi
XI 83 118-119(1) 14925 0.8902 95.1 9520 C H,Nsi
XII 85 96-97 (1) 1.4900 0.8811 104.63 104.60 C,H, Nsi
XIIT 78 137-138 (1) 1.5640 1.2400 107.01 107.00 C,H,Nsi
XIV 84 102-103 (1)  1.5025 0.9200 74.72 7460 C,H Nsi

2.3 RESULTS AND DISCUSSION

We have developed the method for the synthesis of pyrrole-containing
organosilicon compounds by the interaction of 2-methyl(ethyl)-1-propargyl
pyrrole with trialkyl(aryl)silanes and 0.1 N platin hydrochloric acid as a
catalyst. As a result, one of the two n-bonds (C=C) is opened in the propargyl
radical, and trialkyl(aryl)hydridsilanes are attached to it according to the
following scheme:

“ ”R v Hsi-r, _ HoPIClg “ ”

1 Gy, | coRhoN CH
CH,-C=CH : CH,CH=CHSi{ "
LI I-XIV "
R=CH; (I): Ry’ =C,Hj; (III): C3H; (IV); CyHy (V): CsHyy (VI): CgHs (VII): (Clil—l (VIII);

R=C3H5 UI) 5 R3'=C:H50X): CsHj(X)Z C.|Hg (XI). C5H|] (XII); C()H_q (XHI):(CH:)_;D (XIV

An attempt to hydrosilylated the second m-bond was unsuccessful,
although from the available literature data, one could expect the proceeding
of the hydrosilylation reaction also on the pyrrole ring. The presence of a
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pyrrole ring in the spectrum of the compound (III) is confirmed by the avail-
ability of an absorption band in the field of 3400-3440 cm™ belonging to the
vibration of the pyrrole ring, without affecting the pyrrole cycle in this case
(Gordon, 1976; Kazitsina, 1971; Silverstein, 1977).

The structure of the obtained compounds (I1I-XIV) has been studied by
modern spectral methods. The study of spectra of the compound (IIT) (Figure
2.1) showed that there are the absorption bands in the field of 12511231
cm™ referring to the valence vibrations of C-N bond, and the absorption
band in the field of 1620 cm™ refers to the valence vibration of Si-C- alkyl
bond. The deformation (1358, 1421, 1458 cm™) and valence (2873, 2911,
2951 cm™) vibrations are referred to C-H bond in CH -grouping (Gordon,
1976, Kazitsina, 1971; Silverstein, 1977).

nnn
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FIGURE 2.1 IR spectrum of the compound III.

Thus, under the conditions accepted by us, the hydrosilylation reaction
of 2-methyl(ethyl)-1-propargyl pyrrole with trialkyl(aryl)silanes catalyzed
by rhodium acetylacetonate dicarbonyl or 0.1 N platin hydrochloric acid
proceeds exclusively on the C-C bond of the propargyl radical, resulting
in the formation of unsaturated organosilicon pyrroles, with trialkyl(aryl)
silanes fixed at the peripheral carbon atom.



Synthesis and Hydrosilylation of 2-Methyl(Ethyl)-1-Propargyl Pyrrole 25

2.3.1 DETERMINATION OF ANTIMICROBIAL ACTIVITY OF
UNSATURATED ORGANOSILICON PYRROLES (I-1V)

The antimicrobial activity of unsaturated organosilicon pyrroles of the
following structure has been studied by serial dilutions in a liquid nutrient
medium in relation to gram-positive (Staphylococcus aureus), gram-negative
(Escherichia coli, Pseudomonas aeruginosa) bacteria and yeast-like fungi
(Candida albicans).

O Q'—cﬂ (I [‘ TL ST Q‘—cgm ) E,H—cgﬂs

| ~CH CH | T |
CHCH=CHY) o CH,CH=CHS cngcn=c:n§('“3 CH,CH=CHGi
s (C4Ho) (CoHs), (CsHq)s

CH,

In experiments with bacteria, the meat-peptone agar was used, and
Saburo medium was taken for fungi. The microbial load in all tests was 5-10°
microbial bodies in 1 ml. The seeds were carried out after 10, 20, 30, 40,
60 min. The incubation duration for bacteria was 18-24 h at 38°C, and for
fungi — 1-2 days at 28°C. The minimum suppressive concentration (MSC)
for compounds (I-IV) has been determined. The indices of the antimicrobial
activity of pyrroles (I-IV) are given in the Table 2.2.

TABLE 2.2 Antimicrobial Activity of Unsaturated Organosilicon Pyrroles

Test Cultures Exposure Minimum Suppressive Concentration of Unsaturated
of Seeds, Tested Organosilicon Pyrroles, Mcg/Ml
Min. I 1l i v
Staphylococcus 10 124 250 124 250
aureus 20
Escherichia coli 10 124 250 124 250
20
Pseudomonas 10 124 500
aeruginosa 20 60.0
30 62.5
Candida albicans 10 60.0
30 125
40 62.5
60 60.0

As can be seen from Table 2.2, the compounds I and I1I at MSC 126 mcg/
ml destroy Staphylococcus aureus and Escherichia coli, while the compounds
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IT and IV at the same concentration do not destroy these cultures. Compound
I destroys Candida albicans at MSC 124 mcg/ml, and compounds I, 11, and
IV do so at 62 mcg/ml. Thus, the electron-donor substituents in the radicals
of the initial pyrroles decrease, while electron-acceptor substituents, on the
contrary, increase the antimicrobial activity against Candida albicans.

2.4 CONCLUSION

The addition reaction of trialkyl(aryl) hydrosilanes with 2-methyl(ethyl)-1-
propargyl pyrrole in the presence of Speyer catalyst (0.1 N platinohydro-
chloric acid) or rhodium dicarbonyl acetylacetonate has been investigated.
It has been established that the addition reaction proceeds on the (C=C)
bond of the propargyl radical. It has also been revealed that the yield of the
addition reaction using rhodium dicarbonyl acetylacetonate as a catalyst is
higher than that using the Speyer (platinum) catalyst. It has been revealed
that the unsaturated organosilicon 2-methyl(ethyl)-1-propargyl pyrroles
show significant antimicrobial activity in relation to Escherichia coli and
Pseudomonas aeruginosa.
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CHAPTER 3

Petroleum Sorbents Obtained by
Hybridization of Organic Synthetic and
Inorganic Materials
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ABSTRACT

For the obtaining of porous materials, natural sorbents — perlite, zeolite, and
diatomite — were chosen. Thermal and chemical modification, followed by
hydrophobization of the sorbents, was carried out. The optimal conditions
were determined; amido aldehyde oligomers were synthesized with the aim
of their usage as a matrix in the composition of porous materials charac-
terized by high sorption activity and the ability to float on the surface of
water together with the absorbed compounds. Their removal from the water
surface is possible mechanically. Hybrid porous polymers are characterized
by selectivity, fire resistance, and a wide range of variability of properties
depending on the structure and ratio of initial substances.

3.1 INTRODUCTION

The emergence of the oil industry gave a great push to the develop-
ment of various industrial sectors. Over 2.5 billion tons of crude oil are
produced annually in the world. However, the oil industry has negative
consequences, namely the pollution of the natural environment by oil and
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products of its processing. The intensification of oil extraction, evapora-
tion of hydrocarbons during oil refining, and loss during production and
transportation — all of this makes a significant contribution to the wors-
ening of the ecological situation in the world.

As aresult of pollution, large areas become unsuitable for agricultural use.
The oil entering the soil divides into fractions. At that point, light fractions
of oil gradually evaporate into the atmosphere, and some are mechanically
carried out by water into various water reservoirs. Part of the oil under-
goes chemical and biological oxidation. A source of pollution is also the
wastewaters from petrochemical, oil, and gas industries, as well as surface
runoffs from the adjacent territories. Accidents that occur at oil-producing,
oil-pumping, and oil-refining enterprises become a source of catastrophic
contamination. As a result, a large amount of carcinogenic compounds enters
the atmosphere, causing many animals and plants to die [1, 2]. In this regard,
there is a need to protect the environment from the negative components
of oil. Disposal of oil wastes is one of the priorities for 2023. Research in
this direction will help in solving problems like the rehabilitation of areas
exposed to the negative impact of enterprises with oil-containing wastes and
the prevention of the accumulation of pollution in the future.

Development of modern and effective methods for the removal of oil and
oil products from the surface of water and soil is currently very relevant.
Therefore, every year, more and more methods that can be used to clean the
environment from the harmful effects of oil products are being created. At
the moment, such methods as mechanical (settling, filtration, and centrifugal
removal of water pollutants), chemical (chemical ozonation), biological
methods, as well as methods of physical and chemical orientation (coagula-
tion and flotation) are known.

Numerous studies have shown that the most environmentally friendly,
efficient, and cost-effective treatment is using sorbents. At the same time,
sorbents must have a number of specific indicators: hydrophobicity, the
possibility of regeneration, significant adsorption capacity, floatability, and
chemical and thermal stability. They should also be environmentally friendly
and have a low cost [3].

Sorbents, according to the method of exposure, can be divided into
inorganic, organic (natural), organic mineral, and synthetic. Inorganic
sorbents most often include clays and diatomites, as they are inexpensive
and can be produced in large volumes. Sand is usually used for the sorption
of small area spills. However, according to environmental considerations,
the use of sorbents of this type is inefficient since their oil capacity is
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very low (from 70 to 150%). Moreover, they are unable to retain light
oil fractions such as kerosene, gasoline, and diesel fuels. It is impossible
and pointless to use them for cleaning water, as they sink together with oil
products. Another reason for the inefficiency of inorganic sorbents is their
disposal, which can be carried out by washing them with water containing
surfactants and extractants or by burning them out. However, progress does
not stand still, and getting rid of these shortcomings is on its way [1, 5].

Hence, the development of new, highly effective sorbents with high sorp-
tion ability in respect of petroleum and petroleum products, which do not
sink in water together with the absorbed compounds, and are available due
to the simplicity of production technology and low cost, is one of the urgent
tasks of the study.

Porous sorbents are also effectively used as heat and sound insulation
materials. According to literary data, both organic (fibrous synthetic poly-
mers: polyesters and carbocyclic compounds) and mineral (inorganic) raw
materials—such as talc, calcites, basalt fiber, etc.,—are used in polymeric
compositions. We think it is prospective to use zeolites, diatomite, and
perlite in polymeric compositions. As polymeric matrices in compositions,
phenol-aldehyde oligomers, polyurethanes, polyethylene, polystyrene,
polypropylene, polyamides, polyacrylates, and other classes of polymers are
used. We consider amido-aldehyde oligomers as polymers to be used for the
intended purpose because of their availability and low cost [4—7].

3.2 EXPERIMENTAL METHODS AND MATERIALS

Studies for the selection of natural mineral zeolites were conducted. Natural
sorbents have an advantage in comparison with synthetic sorbents: cost-
effectiveness and availability. However, in terms of effectiveness, purity,
and homogeneity, natural sorbents fall behind synthetic sorbents. From this
point of view, mineral sorbents—sorbents of the silicon series (diatomites),
bentonite clays, and natural zeolites resistant to acids (clinoptilolite, perlite,
etc.)—are of great interest. When choosing natural sorbents, their pore sizes
for complete sorption of substances, as well as their thermal stability (to
ensure that the deformation of the pores does not occur), must be taken into
account. Three main objects were distinguished: natural zeolite, diatomite, and
perlite [8—10]. On the initial stage, the natural sorbent—zeolite—was chosen,
which was resistant to aggressive media (acids) and was thermally stable as
well, a significant factor from the point of view of exploitation parameters.
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The optimal conditions for the thermal modification of the natural sorbent
were determined—heating at 240—-700°C for 6 hours.

Research to determine the optimal conditions for the chemical modifica-
tion of natural zeolite was carried out. Work to obtain the H-form of natural
zeolite (clinoptilolite) was conducted. The natural zeolite was treated with
different concentrations of hydrochloric acid (0.05N; 0.1N; 0.2N; 0.3N) at
25°C. Chemical modification was performed to increase the size and activity
of the zeolite pores. Optimal conditions (temperature, time, concentration of
solutions, and ratio of the components) for the chemical modification of the
zeolite were determined. Several methods of chemical modification were
identified, particularly using acids, ammonium chloride (NH,Cl), potassium
chloride (Kcl), and other compounds.

Experiments in thermal modification of the diatomite were carried out.
Thermal modification of diatomite can be carried out by:

1. Heating at 900—1000°C.
2. Treatment with NaCl and heating at 1000°C.
3. Treatment with SiF, and heating at 1000°C.

To determine the optimal temperature for thermal modification, the diato-
mite was heated for 3 hours at 250, 300, 400, 450, 500, 550, 600, 700, 900,
and 1000°C. During heating up to 250°C, mainly the release of absorbed
water takes place. An increase in temperature leads to the destruction of
organic components and the widening of pores. At 700°C, the size of the
pores reaches its maximum, and the capacity of the modified diatomite pores
increases. It was determined that the introduction of thermally (heating at
700°C) and chemically (using silicon organic compounds) modified perlite
into the polymeric composition sharply improves the properties of the
porous polymer — its density, ability to float, sorption properties, etc. Natural
sorbents — zeolite, diatomite, and perlite — can be used as remedies for
cleaning water polluted with petroleum. Since they are hydrophilic and sink
in water, it is necessary to carry out their hydrophobization. The processes of
hydrophobization of diatomite, perlite, and zeolite were studied. In particular,
hydrophobization of both natural unmodified and thermally modified (at
400°C) diatomite was carried out at 250°C for 6 hours in a silicon medium.

The experiment showed that thermally modified diatomite after
hydrophobization:

1. Does not get wet in water and does not sink.
2. Effectively absorbs oil from the surface of polluted water.
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Diatomite is more prospective sorbent for purification of water-oil emul-
sions. Heated at 450-700°C diatomite acts more effectively in case of low
concentrations of oil (1.0-10° mg/L — 6-10° mg/L). If the concentration of oil
is high the heating at 1000-1200°C diatomite is used.

To obtain polymeric compositions, the complex carbamide-formaldehyde
(a), melamine-formaldehyde (b), and carbamide-melamine-formaldehyde
(c) oligomers were synthesized, which are prospective materials for use as a
matrix in compositions. The synthesis of oligomers was carried out mainly
in aqueous solutions, based on the amide component and formaldehyde:

H[-NH-CO-N-CH, NH-CO-NH,-],0H @)
|
CH,0H

-NH-CH,-),0H (b)

I
NH,

The method provides for the interaction of the amide component (carb-
amide, melamine) and formaldehyde in a water solution under defined
reaction media (pH = 7.5-5) and temperature (30-100°C) conditions.
Correction of the reaction media is carried out using a 10% NaOH solution
and formic acid. The ratio of the resulting components (amide component:
formaldehyde) is 1:1.7, respectively. A water solution of formaldehyde was
used [11-14].

Amide oligomers were obtained by polycondensation in an alloy with
a ratio of the obtained components (carbamide: aldehyde) of 1:1.1, respec-
tively, at 100°C, with a reaction duration of 1 hour.

The composites were prepared from diatomite (both natural and modi-
fied) and amido-aldehyde oligomer (with different percentages) according
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to the technology developed by us: a foaming agent, resorcin, and water
mixture were placed into the utensil. After thorough mixing, 2.5 ml of the
mixture were foamed by an air stream to obtain stable foam. A certain amount
of amido-aldehyde oligomer was added to the foam, with a pre-introduced
specific amount of natural sorbent. Foaming was continued by an air stream
until full effervescence and the formation of stable foam.

It was determined that the properties of the obtained porous hybrid
polymer were affected by the ratio of amide oligomer to diatomite and the
reaction media. The results allowed us to conclude that the optimal mass ratio
of diatomite to amido-aldehyde oligomer for obtaining an effective material
is 0.3:0.7, respectively. Increasing the diatomite amount up to 50% (in rela-
tion to the oligomer) improves heat stability, density, and fire resistance, as
well as physical and mechanical properties. However, further increases in
the ratio result in a deterioration of the material properties.

The effect of pH on the formation of a hybrid polymer was studied. Its
correction makes it possible to obtain materials with the desired properties.
The rapid hardening and the final formation of the exploitation properties of
the material depend on the pH. It should be noted that the materials obtained
on the basis of amido-aldehyde oligomer and diatomite are equal in efficiency
to the expensive materials obtained on the basis of polyurethane. At the same
time, they are 10—12 times cheaper than polyurethane materials.

Together with carbamide-formaldehyde and melamine-formaldehyde
homogeneous polymers, the complex carbamide-hyaline-formaldehyde
polymers were obtained. At the first stage of polymer formation in aqueous
solution, methylol derivatives of melamine were obtained, and then they were
converted to oligomers by heat treatment (100°C) and lowering the pH to
5-6. By interaction of the obtained oligomers and a foaming agent (foaming
agent, 60% H,PO,, resorcin, and H,0), a foam-polymer was obtained, from
which polymers with a porous structure were prepared.

3.3 RESULTS AND DISCUSSION

To study the sorption properties of the polymer, water artificially polluted
with a petroleum product (benzene) was taken. Porous polymers (sorbents)
were placed into the resulting emulsion for a defined time (1, 3, 5, 7, 10
days). The sorbents were hybrid materials derived from carbamide-
formaldehyde oligomers and modified diatomite. Afterward, the extraction
of porous samples (sorbents) from the aqueous medium was performed.
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Using spectral analysis, the concentration of the petroleum product remaining
in the aqueous emulsion was determined.

The study showed that porous composites are characterized by much
higher sorption properties than natural and modified diatomite. Thermally
modified, hydrophobized diatomite almost completely absorbs the petro-
leum product if its concentration does not exceed 6-10° mg/L, and at higher
concentrations — 14-10° mg/L, the amount of petroleum product absorbed
by diatomite decreases. Under these conditions, high sorption properties are
shown by hybrid composites obtained on the basis of the amido-aldehyde
oligomer and containing 30% of natural or modified diatomite. Studies of the
properties of sorbents were carried out using spectral and chromatographic
methods.

Samples of porous polymer with different percentages of diatomite —
20%, 25%, 30%, and 40% — were obtained. The best option was the 25%
content of diatomite. The resulting polymer has high strength and increased
porosity. The obtaining of the polymer occurred in a shorter time than in
other cases.

The influence of various factors (reaction medium, oligomer concentra-
tion, air flow intensity, mixing frequency, amount of natural sorbent, etc.)
on the formation of a hybrid porous polymer was studied. It was established
that the optimal conditions for polymer formation were the following: pH of
the reaction mixture < 7, oligomer concentration — 55%, intensive air flow,
maximum mixing frequency, temperature 20 + 5°C, and content of natural
sorbent — 25%.

The obtained samples of mixed polymer containing different percentages
of diatomite were tested for sorption capacity, the results of which are shown
in the Table 3.1. It has been established that for the improvement of the
sorption properties of a polymer, both thermal and chemical modification of
diatomite are of great importance.

The study showed that if the concentration of petroleum products in
the polluted water is 6-10° mg/L, then a sample of mixed porous polymer
containing 25% thermally and chemically modified diatomite completely
absorbs petroleum products from the surface of the water in five days. In
case of polymer sample containing only thermally (1000°C) modified
diatomite the sorption capacity is well manifested at a low concentration of
contamination with petroleum products 1-10° mg/L=. Work continues. Table
3.1 summarizes the results of sorption by hybrid porous sorbent from the
surface of water polluted with benzene.
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TABLE 3.1 The Results of Sorption by Hybrid Porous Sorbent from the Surface of Water
Polluted with Benzene (Light Fraction of Petroleum)

S.  Samples of Porous Hybrid Sample Weight, G Amount of Absorbed
No. Materials Benzene2x
Before  After g %
Sorption Sorption
Carbamide-formaldehyde polymer  3.24 542 2.18 67
2 Hybrid porous polymer (carbamide- 3.53 6.32 2.79 79

formaldehyde oligomer — 70%,
natural diatomite — 30%)

3 Hybrid porous polymer (carbamide- 4.28 7.85 3.57 83
formaldehyde oligomer — 70%,
modified diatomite — 30%)*

4 Hybrid porous polymer (carbamide- 5.15 8.67 3.53 68
formaldehyde oligomer — 60%,
modified diatomite — 40%)

* — Size of the sample 3x2x1 cm?, p=0,2-0,7g/cm?.

2 — Time of sample contact with benzene — 5 hours (in water-benzene emulsion); amount of
benzene — Sml.

(d=0.879g/cm?, t__. = 800C). Water — 100 ml.
boiling

3 _ Diatomite is thermally modified (900°C) and hydrophobized with
polymethylphenylsiloxane.

3.4 CONCLUSION

Natural sorbents—zeolite, diatomite, and perlite—were selected and
thermally and chemically activated to enhance their properties. Optimal
conditions for thermal modification were established: diatomite was heated
at 1000°C for 3 hours, zeolite at 240—700°C for 6 hours, and perlite at
400-600°C for 3 hours. Chemical modifications included treating zeolite
with 0.1N ammonium chloride, diatomite with SiF, and perlite with silicon
organic compounds. Hydrophobization processes for diatomite, perlite, and
zeolite were also investigated, with hydrophobization of unmodified and
thermally (400°C) modified diatomite conducted at 250°C for 6 hours in a
silicon environment. Amide oligomers were synthesized using a 1:1.7 ratio of
the amide component to formaldehyde, with a formaldehyde water solution.
Additionally, amide oligomers were obtained through polycondensation in a
meltata 1:1.1 molar ratio of carbamide to aldehyde at 100°C, with a reaction
duration of 1 hour. The optimal mass ratio of diatomite to amido-aldehyde
oligomer was found to be 0.3:0.7. Various factors influencing the formation
of hybrid porous polymers were examined, and samples of mixed polymer
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with different percentages of diatomite were tested for sorption ability. The
results indicated that porous composites exhibited significantly higher sorp-
tion properties than either the polymer or natural and modified diatomite
alone.
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ABSTRACT

ABS (acrylonitrile-butadiene-styrene copolymer) based antibacterial
composition materials (CM) were obtained, and their properties were studied
using the copolymer of allyl ester of salicylic acid with methyl methacrylate
as an antibacterial additive. It was determined that the addition of 4, 12, and
20 wt% salicylic acid allyl ester copolymer with methyl methacrylate to the
composition of the ABS composite material practically does not affect its
physical-mechanical properties, but the thermal resistance properties increase
with the amount of the additive. The antimicrobial properties of the obtained
composition materials were studied. Staphylococcus aureus (S. aureus)
from Gram-positive microorganisms, E. coli from Gram-negative bacteria,
blue-green pus bacillus from pigment-forming bacteria (P. aeruginosa), and
C. albicans from the Candida genus were taken as test cultures for their
antifungal and antibacterial properties. MPA (meat-peptone agar) was used
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for the cultivation of bacteria, and Sabouraud nutrient medium was used for
the cultivation of fungi. The experiments showed that no change occurred
in any of the obtained compositions, either visually or microscopically. It
was determined that the obtained polymer composite materials have both
bactericidal and fungicidal properties.

4.1 INTRODUCTION

Polymer materials used in natural climatic conditions are exposed to the
influence of various external factors, including microbiological aggression.
In order to protect polymer materials and products made from them from
microbiological aggression, the development of technology for the prepara-
tion of antimicrobial polymer materials (AMP) is being carried out in several
directions, one of which is the inclusion of natural and synthetic antimicrobial
additives in their composition during the processing of polymer materials
[1].

A number of methods have been proposed for obtaining antimicrobial
composite materials of widely used polymers such as polyethylene, polysty-
rene, and acrylonitrile-butadiene-styrene co-polymers. However, the most
widely used metallic silver powder and its salts are distinguished by their
high antimicrobial properties and non-toxicity. Currently, extensive research
is being conducted in the direction of obtaining new antimicrobial polymer
materials from silver and silver-based preparations, and there is extensive
information in the literature in this field [2—4]. One of the common missing
aspects in almost all of the known works is the technological difficulties
encountered in mixing silver nanoparticles with any amount of polymer in
the preparation of polymer compositions, and the other is the decrease in
efficiency due to the washing away of nanoparticles from the surface during
the operation of such polymers [5-7].

When the oligomers obtained from the polycondensation of guanidine
hydrochloride salts with diamines are added to polymers such as polyeth-
ylene, polypropylene, and polystyrene, composites with high antibacterial
properties are obtained [8]. It should be noted that as a result of the dissolu-
tion of antibacterial oligomeric additives included in the composition of the
products, their antimicrobial properties weaken or completely disappear after
a certain period of time. Another promising direction in obtaining antimicro-
bial materials based on antibacterial additives is the use of water-insoluble
antimicrobial polymers for this purpose. Since these additives have a longer
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shelf life in the product, the quality and exploitation life of the antimicrobial
product is longer. However, the poisonous and toxic nature of these polymers
leads to a decrease in their application areas.

When acrylic and methacrylic esters of salicylic acid are used as antimi-
crobial additives, these additives are gradually hydrolyzed under the influ-
ence of water vapor in the environment. A layer of salicylic acid is formed on
the surface of the polymer, and the surface of the product becomes sterile for
a certain period of time. However, in this case, the formed salicylic acid is
gradually washed away from the surface of the product, which has a negative
effect on its antibacterial properties. At the same time, it should be noted that
in order to use homo- and co-polymers obtained based on methacryloylsali-
cylic acid as an antimicrobial additive, the synthesis technology of methac-
ryloyl salicylate has been improved, the technology for obtaining homo- and
co-polymers has been developed, and PE-based bactericidal and fungicidal
composition materials have been obtained from these co-polymers. [9—-11].

The presented article is devoted to the study of the properties of ABS-
based antibacterial composition materials using the co-polymer formed by
the allyl ester of salicylic acid with methyl methacrylate as an antibacterial
and antifungal additive.

4.2 EXPERIMENTAL METHODS AND MATERIALS

4.2.1 ADSORBENT

Initial substances: a copolymer of salicylic acid allyl ether and methylmeth-
actylate: T = 159°C, T, = 211°C. It is partially soluble in alcohol, acetone,

diethyl ether in all proportions, water and carbon disulfide. This copolymer
was synthesized according to the following scheme [12]:

CH = CHs
N CH,=—C + m gHz C|)=O CH,
_ . | :
C=0 C=0 OCH; ©
| C=0
OCHj OH

OH
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4.2.2 ADSORBATE

4.2.2.1 PREPARATION OF COMPOSITE MATERIALS AND
DETERMINATION OF THEIR PHYSICAL-MECHANICAL PROPERTIES

The acrylonitrile-butadiene-styrene (ABS) composite material used contains
70% ABS co-polymer and 30% calcite mineral (CaCOs), with a viscosity-
flow temperature of 180°C. The initial ABS is soluble in ketone, complex
ether, acetone, methyl ethyl ketone, 1,2-dichloroethane, and ethyl acetate.
To prepare the antibacterial composite materials, ABS and a copolymer
of salicylic acid allyl ether with methyl methacrylate (CPAESAMM) are
mixed and passed through an extruder at 170°C. Subsequently, the mixture
is pressed into a standard sheet form under a pressure of 15 MPa. The
composition of the prepared materials is as follows: CM1 — ABS composite;
CM2 — ABS composite + 4 wt% CPAESAMM; CM3 — ABS composite +
12 wt% CPAESAMM; and CM4 — ABS composite + 20 wt% CPAESAMM.
Ultimate tensile stress (o, MPa) and elongation at break (g, %) were deter-
mined according to GOST 11262—80. The melt flow index of the composites
was determined using the ASTM D1238-10 standard in a CEAST MF50
capillary rheometer (INSTRON, Italy) at 200°C under a load of 2.160 kg.
Thermal analysis of the samples was conducted on a NETZSCH STA 449F3
device (Germany) using DTA and TGA methods, with results processed
by NETZSCH Proteus software. The analysis was performed in a nitrogen
environment from room temperature to 600°C. The antimicrobial properties
of the composition samples were tested by the serial dilution method [13—16]
at the Department of Medical Microbiology and Immunology, Azerbaijan
Medical University.

4.3 RESULTS AND DISCUSSION

4.3.1 EFFECT OF OPERATING PARAMETERS

4.3.1.1 EFFECT OF AMOUNT OF ADSORBENT

When 4, 12, 20 wt% salicylic acid allyl ether and methyl methacrylate
co-polymer are added to the composition of ABS-based CM, their physical-

mechanical properties practically do not change or change very little. The
results obtained from the studies are presented in Figure 4.1.
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FIGURE 4.1 Dependences of elongation at break (a); ultimate tensile strength (b) melt flow
index (c) on the amount of STAIEMMABP (wt%) in ABS CM+ CPAESAMM composite.

Physical-mechanical properties of polymer composite samples are char-
acterized by ultimate tensile strength (c, MPa) and elongation at break (g,%),
which are more sensitive to the structure and composition of composite
materials [17]. Based on the data in Figure 4.1, it can be noted that there
is no significant change in the value of the ultimate tensile strength of the
polymer composition samples. In the elongation at break of the polymer
composition samples, a downward tendency is noticeable with the increase
of the amount of antibacterial additive. The MFI of the composite materials
containing the copolymer of salicylic acid allyl ester with methyl methacry-
late as an antibacterial additive is higher than the corresponding parameter
of the original ABS, and the value of this parameter increases proportionally
with the increase in the amount of the antibacterial additive.

4.3.1.2 THERMO-PHYSICAL PROPERTIES OF ABS-BASED
ANTIBACTERIAL CM

Based on the results of the thermal analysis, a thermogram was constructed
(Figures 4.2 and 4.3), on which the thermal effects and the change in the mass
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of the samples with the increase in the heating temperature were recorded.
The DTA curve of the CM, composition is characterized by the presence
of two endothermic effects corresponding to the temperatures of 332.6 and
433.0°C, and the DTA curve of the CM, composition is characterized by
the presence of two endothermic effects corresponding to the temperatures
of 317.0 and 435.0°C; these processes are accompanied by a loss of weight
of the sample. As can be seen from the TGA curve given in Figure 4.2, the
decomposition of the ABS composition is observed in two stages: it lost
8.04% of the sample mass in the first stage and 83.55% in the second stage.
Decomposition continued up to 600°C, and the residue corresponding to this
temperature was 4.45%.
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FIGURE 4.2 DTA and TGA curves of antibacterial CM,.

Figure 4.3 shows the TGA curve of the ABS composite material
containing 12 wt% CPAESAMM, which is decomposed in 2 stages: lost
4.28% of the sample mass in the first stage, and 87.86% in the second stage.
Decomposition continued up to 600°C, the residue corresponding to this
temperature was 6.33%.
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FIGURE 4.3 DTA and TGA curves of antibacterial CM,.

The thermal stability of the composites was determined based on the T,
T,,, T, temperatures at which the samples lost 10, 20, 50 mass% [18] and
the amount of the residue corresponding to the temperature of 600°C. The
results obtained showed that the heat resistance of the composite material
containing the CPAESAMM antibacterial additive is higher than that of the
initial ABS composition; that is, the thermal stability of the composition with

the antibacterial additive has increased.

4.3.1.3 EFFECT OF ANTIMICROBIAL PROPERTIES

The study of the antimicrobial properties of the synthesized substance was
conducted using the serial dilution method. For this, the following dilutions
of the 1% solution of the new substance — methyl-ethyl ketone (MEK) in
sterile distilled water were performed (1:100, 1:200, 1:400, 1:800), (1, 2,
3, 4). The antimicrobial effect of this substance was studied in comparison
with MEK, ethanol, nitrofuran, and rivanol. Golden staphylococci (S.
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aureus), Gram-negative intestinal bacilli (E. coli), blue-green pus bacilli (P.
aeruginosa) from pigment-forming ones, and C. albicans from the genus
Candida were taken as test cultures. MPA (meat-peptone agar) was used to
cultivate bacteria, and Sabouraud nutrient medium was used to cultivate fungi.
According to the obtained results, it can be said that the newly synthesized
substance has an active antimicrobial effect against bacteria from its solvent.

4.4 CONCLUSION

Antibacterial composite materials based on the co-polymer of allyl ether of
salicylic acid with methyl methacrylate and ABS (acrylonitrile-butadiene-
styrene co-polymer) were obtained.

It was determined that the inclusion of 4-20 wt% (with regard to ABS)
of the co-polymer in the composition does not practically affect its physical-
mechanical indicators, but increasing the amount of the co-polymer leads to
a decrease in the thermal stability of the composition. It has been shown that
the resulting compositions have both bactericidal and fungicidal properties,
and these properties are enhanced by increasing the amount of co-polymer
in the composition.
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Preparation and Optical Investigation of
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ABSTRACT

A new complex, Eu(mnfpd),-2H,O, Eu(mnfpd), dipy, Eu(mnfpd),-Phen,
Eu(mphpd),-2H,0, and Eu(mphpd), Phen, was synthesized incorporating
2-methyl-5-biphenylpentene-1-3,5-dione ~ (mbphpd) and  2-methyl-
5-naphthenpentene-1-3,5-dione (mnfpd) as the primary ligands, along
with phenanthroline (Phen) and dipyridyl (Dipy) as the auxiliary ligands.
Metal polymers and copolymers with styrene and methyl methacrylate
based on the synthesized complexes [Ln(mbphpd),] , [Ln(mbphpd),Phen]
» [Ln(mbphpd).Dipy] , [Ln(mbphpd),MMA] , and [Ln(mbphpd),Styrene]
were obtained by the method of radical homo- and copolymerization. The
complexes were characterized by analytical and spectroscopic techniques,
with special emphasis on photoluminescence properties. The contribution
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of each ligand to the photoluminescence of Eu(IIl) has been analyzed and
discussed. The relationship between complex structure and the intensity of
fluorescence emission was established.

5.1 INTRODUCTION

In recent decades, interest in lanthanide coordination compounds has been
exponential. This is due to both fundamental and applied aspects. The first is
related to the establishment of the relationship between composition, struc-
ture, properties, and structural features, and the second is related to the use
of luminescent coordination compounds as precursors of electroluminescent
materials in organic light-emitting diodes [1-4], liquid crystal displays [5],
sensors [6], molecular thermometers [7, 8], and fluorescent labels in biology
and analytical chemistry [9, 10].

Unfortunately, non-radiative energy losses in compounds known today
lead to the deterioration of luminescent characteristics. For this reason,
the question of targeted synthesis and research of lanthanide-containing
complexes with B-diketones containing unsaturated substituents in chelate
rings arises. The introduction of various substituents into the chelate frag-
ment makes it possible to select optimal ligand systems, which in the future
will enable the achievement of high values of the intensity of 4f-lumines-
cence, both due to the high concentration of emitting centers and due to
the minimization of emission quenching processes. The effective transfer of
energy from organic ligands, which is observed in unsaturated p-diketonates
of lanthanides, allows for a more detailed analysis of the influence of the
composition of the complexes on the luminescent characteristics, the unifor-
mity of the distribution of emitting centers, and the processes of concentra-
tion quenching. Thus, the development of methods for the synthesis of new
coordination compounds of lanthanides with modified B-diketones, which
contain unsaturated substituents in the o-positions of the chelate ring, as
components for creating materials with high luminescent characteristics, is
an urgent task of modern chemical science. It should be noted that the use
of low-molecular-weight complexes has a number of disadvantages due to
the aggregation or crystallization of the latter in the process of obtaining
films. In this regard, it is of interest to create metal-polymer systems based
on monomer complexes. There are several ways to solve this problem:
intercalation of coordination compounds in polymer matrices, homopoly-
merization of metal complexes containing terminal unsaturated fragments,
and copolymerization with industrial monomers.



Preparation and Optical Investigation of Red Luminescent Europium 51

The introduction of emission materials based on lanthanide complexes
and polymers increases their chemical and thermal stability and also opti-
mizes the process of obtaining films of different thicknesses depending on
the composition of the polymer system and the solvent.

Among the coordination compounds of lanthanides as precursors of lumi-
nescent materials, the first positions are occupied by B-diketones because they
form chemically and thermodynamically stable complexes with lanthanide
ions. Classical B-diketonate complexes (acetylacetonates, benzoyl acetylace-
tonates, dipivaloylmethanates, fluorine-substituted compounds) are already
quite well studied, so there is a need for the synthesis of new ligand systems.
Thus, in works [11-13], the coordination chemical and luminescent proper-
ties of carbacylamidophosphates and sulfonylamidophosphates, which are
structural analogs of B-diketones with P,N-heterosubstituted atoms and have
certain advantages, were synthesized and investigated. In particular, the
replacement of carbon atoms with a nitrogen atom excludes high-frequency
C—H oscillations, and the replacement of one of the carbonyl groups with a
phosphoryl group in the ligands leads to a decrease in the vibrational energy
of the fragments coordinated to the Ln** ion, which significantly reduces
the multiphonon quenching of lanthanide luminescence in coordination
compounds [14, 15].

The compounds based on europium and terbium are the most studied
to date, which is due to significantly higher luminescence quantum yields
compared to similar samarium compounds [16, 17].

Earlier studies of B-diketonates of lanthanides with unsaturated substitu-
ents in chelate rings showed that they can be used as precursors of organic
layers in OLED devices (our articles). Detailed studies of polymer and copo-
lymer systems based on them were conducted. Thus, in order to increase the
intensity of luminescence, water molecules in the closest coordination envi-
ronment of the lanthanide ion were replaced by a phenanthroline molecule,
and copolymers with styrene and methyl methacrylate were obtained at
different ratios of complex to industrial monomer (styrene, methyl methac-
rylate). A copolymer with styrene at a complex to styrene ratio of 5:95 was
described earlier [18]. In connection with the manufacturability and higher
thermal stability of copolymers compared to monomers and metal-polymer
complexes, the synthesis and research of copolymers with the same metal
chelate to monomer ratio is of interest.

According to the nature of luminescence, Ln(Ill) can be divided into
two groups: those that exhibit luminescence in the visible region and in
the near-IR range. The set of luminescence wavelengths of each of the
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lanthanide ions is preserved regardless of the choice of ligand. However,
despite this, the choice of ligand is very important: it determines whether
the complex will have effective luminescence, whether the energy transfer
from the ligand to the central ion will be insignificant, whether the complex
will be stable over time when used in real devices, whether it is safe for use
with biological objects, and whether it will be soluble in the chosen solvent,
which dictates the possible application, and so on. Direct photoexcitation
of lanthanide ions is inefficient due to their weak ability to absorb light
from their own transitions inside the 4f shell. This problem can be solved
by transferring excitation energy to lanthanide ions from organic molecules
(so-called “photoantennas”). The choice of ligand is very important because
energy must not only be transferred from the central atom to the ligand but
also transferred back. For high luminescence efficiency of the complex, phos-
phorescence and fluorescence of the ligand should be minimal. Therefore,
when choosing ligands, it is necessary to take into account two factors: — the
energy of the resonance level should be close to, but slightly lower than the
energy of the triplet level, so that the probability of transition from the triplet
level of the ligand to the resonance level of REE is high; — the probability of
non-radiative deactivation of the resonance level should be small compared
to the probability of a radiative transition. At the same time, the difference
between the triplet level of the ligand and the singlet level of the lanthanide
ion should be in the range of 2500-3500 cm™'.

Recently, europium complexes have attracted more interest in organic
light-emitting diodes for their saturated red emission [19, 20]. Also, several
europium complexes have been applied as red emitters in electroluminescent
devices [21-22].

Synthesis and investigation of the properties of polymer compounds,
in particular lanthanum-containing ones, based on macromolecular metal
chelates is one of the new and promising areas of coordination chemistry.
Lanthanum-containing matrices encapsulated in polyvinyl alcohol (PVA)
show better photostability compared to pure complexes, with improved
photoluminescence efficiency [10, 16]. Complexes with excitation energy
transfer deserve the greatest attention, as they allow us to realize sensitized
fluorescence of lanthanides and increase the radiation intensity by several
orders of magnitude. Such compounds include hybrid materials obtained
by grafting lanthanide complexes onto the surface of aerosol or other
silicon-containing compounds; compounds obtained by intercalation of
lanthanide salts in polymer matrices of polyvinylcarbazole (PVK), polysty-
rene (PS), or polymethyl methacrylate (PMMA); copolymers obtained by
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copolymerization of complexes and polymers; and polymeric metal chelates
obtained by polymerization of monomer complexes.

Copolymerization is of great practical importance, as it allows the
purposeful synthesis of polymers with specified properties. By changing
the composition and ratio of monomer units in the copolymer, it is possible
to influence such characteristics of materials as heat resistance, elasticity,
strength, transparency, electrophysical properties, resistance to solvents,
etc. The paper presents the results of the synthesis of ligands, mono- and
heteroligand metal complexes, and Eu(Ill) metallopolymers, as well as their
copolymers with styrene and methyl methacrylate. The composition and
structure of the compounds were determined, and their luminescent proper-
ties, morphology, and dispersion of nanomaterials obtained on their basis
were investigated. The study established the influence of the chemical nature
of ligands and additional ligands on the spectral-luminescence characteris-
tics of lanthanide compounds.

5.2 EXPERIMENTAL METHODS AND MATERIALS
5.2.1 SYNTHESIS OF LIGANDS AND COMPLEXES

Ligands were synthesized according to previously described methods [23].
As starting compounds are chosen B-diketonate ligands (2,5-dimethylhep-
tene-1-3,5-dione (dmhpd), (2,6-dimethyloctene-1-3,5-dione (dmokd),
(2-methyl-5-phenylpentene-1-3,5-dione  (mphpd) (2-methyl-5-biphenyl
pentene-1-3,5-dione (mbphpd) 2-methyl-5-naphthenpentene-1-3,5-dione
(mnfpd) are shown in Figure 5.1.

o~ OO

mbphpd

\:/@dipy ) h
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FIGURE 5.1 The structure of the ligands used in the work.
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The synthesis of Eu(Ill) metal complexes based on 2-methyl-5-biphenyl-
pentene-1-3,5-dione (mbphpd), 2-methyl-5-naphthenpentene-1-3,5-dione
(mnfpd) was carried out by the interaction of aqueous solutions salts of the
corresponding metals with an aqueous solution of the sodium salt of the
ligand at a molar ratio of reagents of 1:3 and a slight excess of the ligand (pH
8-9) at room temperature.

Ln*+ 3NaL — LnL, + 3Na*
Ln (III) = Eu

The resulting precipitates of the complexes were separated from the
mother liquor by centrifugation, washed five times with water, and dried in
a vacuum desiccator over anhydrous CaCl,. The obtained complexes had a
yellow color, which is due to the coloring of the ligand.

5.2.2 SYNTHESIS OF MIXED LIGAND COMPLEXES

The synthesis of the complex, in which phenanthroline (Phen) and dipyridyl
(Dipy) were used as the additional ligands, was carried out in an alcoholic
solution at a ratio of Ln(B-dik),:Phen = 1:1. The solution was left for several
hours until equilibrium was established and complexation was completed.
The precipitate of the complex, which formed after 3—5 hours, was filtered
off and washed with ethanol.

LnL'.nH,0 + L*- LnL'-L* + nH,0
Ln(III) = Eu(III).
L'= mbphpd, mnfpd L?>= phen, dipy

5.2.3 SYNTHESIS OF POLYMERIC MONO- AND MIXED LIGAND
COMPLEXES

Polymeric mono- and mixed-ligand complexes of lanthanides were obtained
by the method of thermally initiated radical polymerization. Polymerization
was carried out at 80°C in a DMF solution with a monomer concentration
(B-dicarbonyl metal complex) of 0.3 mol/dm’ and an AIBN (azobisisobu-
tyronitrile) initiator concentration of 0.003 mol/dm®. The obtained metal-
lopolymers were precipitated from solutions with methanol, reprecipitated
into methanol and then dried at 20°C overnight.
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Copolymers were synthesized by free-radical polymerization in DMF.
The copolymerization was carried out in a 10 wt.% DMF solution of
monomers with AIBN as a free radical initiator (1 wt.% with respect to
the mass of monomers) at 80°C for more than 8 hours in a thermostat. The
copolymerization was conducted at a ratio of metal complex to industrial
monomer (styrene, methyl methacrylate) of 50:50 mass%, respectively. The
polymerization mixture was poured into methanol. The solid precipitate was
filtered, dissolved in DMF, reprecipitated into methanol, and then dried at
20°C overnight. Polymer powders had a yellowish color, and copolymers
with methyl methacrylate had a glassy structure.

5.2.4 PHYSICOCHEMICAL METHODS

The complexes were studied using a number of physicochemical methods,
including thermal analysis, infrared (IR), electronic absorption, diffuse
reflectance, and luminescent spectroscopies.

The method of IR spectroscopy was used to establish the method of
coordination of lanthanide ions to ligands. IR spectra were recorded on a
Spectrum BX II FT-IR spectrophotometer (Rerkin-Elmer) in the range from
400 to 4000 cm™ in a KBr tablet.

The method of electronic absorption spectroscopy (EAS) and diffuse
reflection spectroscopy (DRS) was used to establish the symmetry and struc-
ture of the obtained complexes. EAS and DRS were recorded on a Shimadzu
UV-3600 UV-VIS-IR spectrophotometer in the 250-1500 nm range. Spectra
of excitation, molecular luminescence, and 4f luminescence of Ln(III)
ions in complexes (solid samples and solutions (10-3 M in CHCL,)) were
recorded on a spectrofluorimeter Fluorolog FL 3-22, Horiba Jobin Yvon
(He-lamp 450 W), equipped with an R928P PV array (Hamamatsu, Japan)
for measurements both at room temperature and at 77 K, using an OS 11
light filter with their subsequent adjustment taking into account the radiation
distribution of the xenon lamp and the PV array sensitivity.

Powder microphotographs were taken on a Hitachi H-800 scanning
electron microscope (TEM) and a Tescan Mira 3 LMU scanning electron
microscope (SEM).

The integrated luminescence intensity (I, ) was measured based on the
area under the strip contour. The value of the relative quantum yield @4f
(measurement error = 20%) of the luminescence of lanthanide ions in the
investigated complexes was calculated according to the method.
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5.3 RESULTS AND DISCUSSION

5.3.1 STUDY OF THE COMPOSITION AND STRUCTURE OF
B-DIKETONATE COMPLEXES OF LANTHANIDES

The monomeric mononuclear EuL,.2H,O; polymeric mononuclear—[EuL.] ,
monomeric heteroligand complexes w1th phenanthroline and dipyridyl —
EuL Phen, EuL...Dipy, copolymers [EuL,.MMA] [EuL..Styrene] where L=
2- methyl -5- blphenylpentene 1-3,5-dione (mbphpd), 2-methyl-5-naphthen-
pentene-1-3,5-dione (mnfpd) were synthesized.

The coordination mode of ligands to lanthanide ions was determined by
IR spectroscopy.

The method of IR spectroscopy allows us to establish the method of
coordination of functional groups of ligands to metal ions. B-Diketones are
bidentate ligands, and complex formation with them occurs through the
formation of a covalent bond between the enol oxygen atom and a coordi-
nation bond with the oxygen of the carbonyl group with a metal ion. The
band of valence vibrations of the M-O bond is located in the region of 400
cm™' [23]. The presence of these bands in the IR spectra of the complexes
indicates both complex formation and the covalent nature of the M-O bond.
Low intensity, splitting and overlap of bands v (M-O) and ohel cycle does
not allow to make correlations between the frequency of the connection and
its strength, so they can be used only for the purpose of identifying the given
connection (Table 5.1).

In the IR spectra of the synthesized lanthanide complexes, the bands of
valence vibrations v(CO) and v(CC) are in the range of 1500-1700 cm™,
which indicates chelate coordination of the ligand to the central metal ion. In
addition, in the region of 1620—-1680 cm™!, there is a medium-intensity band
of valence vibrations of the C=C double bond, the high intensity of this band,
or its splitting may be due to the presence of an additional valence vibration
of the C-Ar bond, since in the molecules acetylacetonates, one methyl group
is replaced by a biphenyl or naphthenic group.

TABLE 5.1 Characteristic Oscillation Frequencies (cm™) in the IR Spectra of Some
B-Diketonate Complexes of Lanthanides

Complex n (Ln-O) +dchat. ring (+ n (Ln-N) nas(C-C) ns(C-O) ns(C=C)
Eu (mnfpd),-2H,0 420, 438, 460, 475, 540 1555 1590 1640
Eu (mnfpd),-dipy 415, 440, 450, 472, 556 1556 1600 1660

Eu (mnfpd),-phen 417, 420, 435, 450, 468, 555 1555 1600 1655




Preparation and Optical Investigation of Red Luminescent Europium 57

Valence vibrations of the conjugated system v(C=C-C-O) appear in the
IR spectra of lanthanide complexes in the form of bands at 1560-1600 cm™',
which indicates the formation of the enol form of B-dicarbonyl compounds
stabilized by a hydrogen bond. A set of absorption bands in the range of
1420-1520cm™! characterizes the system of valence v(C=0) and deforma-
tion §(C-H) vibrations. Bands with a frequency of 1420 and 1450 cm™
correspond to the sum v(C-C=C-O) + 6(OH) + 6(C-H) + v(C-CH,) [24]. In
the IR spectra of all compounds there are bands of 996-1068 cm™!, which
are characteristic of deformation vibrations of methyl groups. In the region
937-980 cm™' there are valence vibrations of the bond (C-CH,). In the region
2983-2987 cm™ there are fluctuations of CH and hydrogen bonds [25, 26].

In the region 3060—3400 cm™ for all synthesized complexes there is a broad
band that corresponds to valence vibrations of adsorbed and coordinated water
molecules. The position of this band does not allow for distinguishing the
nature of the water bond in the complex because the formation of hydrogen
bonds and the coordination of water molecules to the metal contribute to
a decrease in the valence vibration frequency v(OH). But in the IR spectra
of B-dicarbonyl complexes, bands of deformation oscillation (MOH) are
observed for all types of bound water at a frequency of 1100 cm™'. The presence
of water molecules coordinated by the metal cation in the composition of the
complex is evidenced by the appearance of vibrational oscillations in the IR
spectra, which are types of deformational oscillations. It was established that
the pendulum oscillations are most sensitive to the nature of the bond between
water molecules and the metal ion: the more covalent the M—O bond, the higher
the frequency of the pendulum oscillations of coordinated water molecules; as
arule, the band of these oscillations is in the region of 600900 cm™, fan oscil-
lations are in the region of 500-600 cm™. In the region of higher frequencies,
the bands 760-780 cm™ correspond to w(C-H) vibrations, and 650-670 cm™
correspond to deformation vibrations of the chelate ring formed by hydrogen
bonds. In the IR spectra of mixed ligand complexes, in addition to the main
bands characteristic of -dicarbonyl fragments, there are bands characteristic of
vibrations of donor ligand molecules and valence vibrations of the M-N bond.
The band of valence vibration of the C-N bond, which for pure phenanthroline
and dipyridyl is observed at 1560 cm™, overlaps with the bands v, _(C===C)
and v_(C===0), since during the coordination of the nitrogen-containing base
there is a displacement of v (C-N) in high-energy region of the spectrum. The
oscillations of the C = N ring of free phenanthroline (1420-1430 cm™) and the
CH bond are shifted in the complexes by 20-30 cm™ due to the coordination of
phenathroline or dipyridyl to the lanthanide, due to the redistribution of electron
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density in the molecule. However, the position of the bands characteristic of
bidentately coordinated dicarbonyl molecules remains unchanged. In the region
of 445-475 cm™ there are bands of Ln-N valence vibration that overlap with
Ln-O vibrations, which additionally indicates the formation of a chemical bond
of the lanthanide ion with the donor molecules of phenathroline and dipyridyl.

In general, the shape and position of the bands in the IR spectra of all
synthesized B-diketonates are similar and indicate the bidentate-cyclic coor-
dination of B-dicarbonyl ligands to the metal cation. The general appearance
of the spectrum and the position of the main characteristic bands of mixed-
ligand complexes are similar to those of monoligand complexes, which
indicates a similarity in structural complexes, namely, the replacement of
water molecules in the nearest coordination environment of the lanthanide
ion by the donor molecule of phenanthroline.

The hydrate composition of the synthesized complexes was determined
by the DTA method. The general appearance of the thermograms and the
temperature interval practically do not differ from the previously studied
complexes Ln(mphpd),-2H,0 Ln(mphpd),-Phen [21, 23, 24]. The mass loss
curves for B-diketonate complexes containing unsaturated substituents in the
a-position for a number of lanthanides practically do not differ. For monoligand
complexes in the region of 120—125°C on the DTA curve, an endo effect with a
mass loss of 3.8-4.1% is observed, which corresponds to the cleavage of two
coordinated water molecules. A weak endo effect in the range of 190-200°C
corresponds to the melting temperature of the complexes; the observed mass
loss is insignificant (up to 2.5%). The exothermic effect at 240°C corresponds
to the cleavage of one ligand molecule (Am = 25-26%), which is typical for
B-diketonate complexes that contain unsaturated substituents in chelate rings.
The process of complete decomposition of the complex begins at 330-340°C.
The total mass loss in the studied temperature range is 65-78%.

Comparing the data of IR spectroscopy and DTA, the schematic structure
of the obtained complexes can be depicted as follows (Figure 5.2):
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FIGURE 5.2 The method of coordination of ligands to the central ion of metals, Ln (III)= Eu.
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The method of electron spectroscopy makes it possible to estimate the
geometry, the coordination number of the central atom, and to establish
the symmetry of the nearest coordination environment of the Ln(IIl) ion
based on the detailed spectra. Taking into account the fact that in some
cases, the composition of the complexes may change upon dissolution, the
diffuse reflection spectra of the synthesized complexes were recorded. For
lanthanides, the symmetry of the coordination polyhedron mainly depends on
the ion-dipole electrostatic interaction. The difference between the energies
in different geometric polyhedra is quite insignificant and is determined by
the packing density. So, for an eight-coordinated complex, the most common
polyhedra are a square antiprism and a dodecahedron.

The shape and position of the bands in the ESD of complexes in the area
of super sensitivity, along with the analysis of literary sources [12—14], allow
us to assume tetragonal symmetry for all synthesized monomeric and metal-
lopolymeric compounds, with the coordination polyhedron being a square
antiprism. The slightly different nature of displacement, splitting, and the
ratio of spectral line intensities is due to the deformation of the coordination
polyhedron. This is attributed to the different geometrical structures of the
starting ligands and the steric difficulties arising from the coordination of an
additional molecule of phenanthroline or dipyridyl.

Thus, changing the substituents in the ligands (biphenyl, naphthenic)
does not lead to a significant change in the geometry of the coordination
polyhedron and the lengths of bonds, not only in the chelate fragment but
also in the Ln-O bond.

5.3.2 LUMINESCENT PROPERTIES OF MONOMERIC AND
COPOLYMER COMPLEXES OF LANTHANIDES

One of the most common compounds tested as precursors of emissive mate-
rials is europium coordination compounds [11, 12, 20, 23]. Previous studies
[27-29] have shown that europium B-diketonate complexes with unsaturated
substituents exhibit high emission intensity. However, when obtaining mate-
rials, it is more appropriate to use polymer or copolymer systems, which is
due to the aggregation of low molecular weight substances on the substrate.
Therefore, europium polymeric coordination compounds were synthesized
on the basis of mbphpd, which showed the best results for mphpd. The
luminescence spectra of all compounds are similar, which indicates a similar
structure of coordination polyhedra. Intense red luminescence is observed
for both complexes. In the luminescence spectra, bands with a maximum in
the region of 612—-616 nm have the greatest intensity, which corresponds to
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an electro-dipole transition °D —’F,.In addition, bands of much lower inten-
sity in the spectra correspond to the °D —'F, (577-578nm) transition, the
magnetic-dipole transition D —'F, (589-593) and the electric-dipole transi-
tions °D —’F, (648-653nm), °D —’F,, (691-700nm). As can be seen from
Figure 5.3(a, b), the maximum intensity of the emission is characteristic of
phenanthroline complexes of europium, both monomeric and metallopoly-
meric. The emission intensity of these complexes does not differ significantly.
This fact can have two reasons: as a result of the polymerization process, the
chain was broken and polymers with a low degree of polymerization were
formed, or in a complex polymer structure, due to the presence of bulky
ligand molecules and a rather bulky substituent in the diketone, the emitting
centers are shielded. This phenomenon causes a decrease in emissions.
However, as can be seen from Figure 5.3b, in the case of europium metal-
lopolymers, the maximum intensity of emission is characteristic of metal
complexes containing aromatic substituents. This fact is due to the optimal
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FIGURE 5.3 Emission spectra of europium complexes with mbphpd (a) and depending on
the nature of the ligand (b).
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difference in the energies of the triplet level of the ligand and the singlet level
of europium. However, the introduction of additional bulky molecules to the
metal complexes still has a negative effect on the emission characteristics.
The confirmation of the negative influence of the steric factor is a significant
decrease in the emission intensity of the copolymer with styrene compared to
the copolymer with methyl methacrylate. Therefore, bulky aromatic substitu-
ents do not act as antennas or luminescence amplifiers in all cases; quite often,
they exhibit a quenching shielding effect. Taking into account the expediency
of using polymeric systems as emission materials, Figure 5.4 (a, b) shows the
spectra of the monoligand metallopolymer and copolymers. As can be seen
from figure 5.4, the shape and position of the emission bands in all compounds
are identical, which indicates a similar structure of the coordination polyhedron,
since luminescence spectroscopy is quite sensitive to changes in symmetry.
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FIGURE 5.4 Emission spectra of europium compounds at 298K (a) and 77 (b).
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The maximum emission intensity is characteristic of the copolymer with
methyl methacrylate (three times higher than that of the monomer complex),
which is practically commensurate with the metallopolymer [Eu(mbphpd)]
(2.5 times higher than that of the monomer). Since the emission intensity is
only a qualitative characteristic, it is appropriate to compare the lifetime of
the excited state for all synthesized compounds.

The closest environment has a weak influence on the position of the
levels of the 4f" electronic configuration of lanthanide ions, however, under
the influence of the crystal field of the environment, these levels due to the
Coulomb and spin-orbit interaction are split. Based on the analysis of the
splitting values, the symmetry of the surroundings of the luminescence center
can be determined. The type of symmetry for europium complexes can be
qualitatively assessed without determining the parameters of the crystal field
based on experimental data on Stark splitting values, but only by comparing
the experimental number of level splitting components with a certain value
of the angular momentum J with their theoretically possible number.

Luminescence spectra of europium at a temperature of 77K Figure 5.4b
allow us to establish the symmetry of the nearest coordination environment
[30]. In the luminescence spectra of all compounds, the °D; —’F band
appears as a single line, which indicates the presence of a single lumines-
cence center. The high intensity of the lines caused by the electro dipole
transition °D —’F,, compared to the relatively low intensity of the magnetic
dipole transition *D—'F, suggests the non-centrosymmetric nature of this
environment for all the studied compounds. Considering the comparison of
theoretical and experimental values of Stark splitting, we can assume C,
symmetry of the nearest coordination environment, coordination polyhe-
dron is a square antiprism (one line °D; —’F and 2 lines D, —'F,) for the
monomer complex and metallopolymer. By comparing the emission spectra
of all europium compounds, the main features can be identified:

1. The narrow emission band of the electron-dipole transition, short
lifetime, and Stark splitting of spectral lines indicate the formation
of a rhombic symmetry complex, while all other complexes have
tetragonal symmetry.

2. The maximum emission intensity is characteristic of mixed ligand
complexes and metallopolymers with phenanthroline for all studied
ligand systems.

3. Compounds based on mphpd and mbphpd demonstrate the highest
efficiency and luminescence intensity.
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As can be seen from the presented results (Table 5.2), the emission
intensity for all synthesized compounds is quite high, which indicates the
potential for using europium B-diketonate complexes as precursors of lumi-
nescent materials.

TABLE 5.2 Excited State Lifetime of Europium Complexes

Complex TEu, ps
Aex.=360nm Aex.=275 nm

1 Ln(mphpd), 575 680
2 Ln(mbphpd), 277 480
3 Ln(mbphpd),dipy 560 750
4 Ln(mbphpd),Phen 921 1180
5 Ln(dmhpd), 165
6 Ln(dmhpd),dipy 231
7 Ln(dmhpd),Phen 308
8 Ln(dmokd), 230
9 Ln(dmokd),Phen 837 1120
10 [Ln(mphpd),], 650
11 [Ln(mbphpd),], 1170
12 [Ln(mbphpd),Phen] 1580
13 [Ln(mbphpd),dipy], 811 950
14 [Ln(mbphpd) MMA] 839 961
15 [Ln(mbphpd) Styrene], 676 681
16 [Ln(dmhpd),]. 290
17 [Ln(dmhpd),Phen], 755
18 [Ln(dmokd),]. 380
19 [Ln(dmokd),Phen] 1020 1321

It is known that the maximum lifetime for europium complexes is
500 ps. As can be seen from table 5.2, the lifetime of almost all europium
complexes exceeds this indicator. This fact can be explained based on the
energy values of singlet and triplet levels of ligands and resonance levels of
lanthanide ions.

The energy of the resonance level of europium is EsEu =17350cm™,
and the energies of the triplet levels of the ligands from which the transi-
tion occurs are within 18900-21000cm™'. The optimal difference in energy
between these levels of 2000-3500 cm™ is the key to a high lifetime of the
excited state and, accordingly, intense emission. For example, ET (dmhpd)
= 21000cm™, i.e., there is practically no energy gap between the levels of
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the ligand and metals, and as a result, the lifetime of the excited state of
these complexes is low. The introduction of phenathroline into the complex,
which replaces water molecules in the close coordination environment of the
lanthanide ion, eliminates the additional quenching effect of water molecules,
so the lifetime is somewhat higher for mixed-ligand complexes.

5.3.3 DISPERSION AND MORPHOLOGY OF THE INVESTIGATED
SYSTEMS

To analyze the surface morphology, SEM microphotographs of the synthe-
sized complexes and copolymers were recorded (Figure 5.5). If the micro-
graphs of monomer powders resemble ordinary salts, then in the micrographs
of polymer systems, we can observe a certain morphology. At the same time,
styrene-based copolymers are characterized by the formation of fairly large
spherical particles; their structure is closer to a mesh-layered one. In general,
regardless of the nature of the metal and the structural features of the ligand,
the general appearance of the micrographs of monomer complexes and copo-
Iymers based on the same PMs is practically the same. It should be noted
that copolymers are characterized by a more ordered structure. For europium
(III) metallopolymers, the fluorescence of the ligand is proportional to the
emission of the metal complex, which significantly increases the number of
non-radiative losses and, as a result, reduces the intensity and efficiency of
the process (Figure 5.5).

From the figures, the highest emission intensity and lifetime are charac-
teristic of [Eu(dmokd),] , which indicates the influence of morphology on
the emission properties.

In this way, the studies carried out indicate significant differences in
morphology and dispersion for monomeric, polymeric, mixed-ligand, and
copolymer systems. If monomeric complexes have a loose structure, as in
the vast majority of amorphous compounds, then metallopolymers mainly
form spherical-ellipsoidal particles, the size of which depends on the nature
of the substituents in the ligand. Styrene-based copolymers are characterized
by a similar morphology, although the particles are much larger in size, and
their agglomeration is noticeable. In general, the main difference between
polymer and copolymer systems is their dispersion; the particle size in
copolymers is higher than in homopolymers, which is due to agglomeration
processes. A somewhat different picture occurs in mixed-ligand systems.
In the case of monomer complexes with phenanthroline and bipyridyl, the
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FIGURE 5.5 Photomicrographs of powders [Eu(dmokd),] (a), [Eu(dmokd),Phen] (b),
co- Eu(dmhpd),Styrene (c).

surface morphology resembles polymers, but the particle size is somewhat
larger. Polymerization processes completely change the morphological
structure, which acquires a layered heterogeneous structure from isolated
spherical particles. This may be a consequence of the formation of polymers
with a low molecular weight due to steric difficulties, and heterogeneous
low molecular weight metallopolymers, which correlate quite well with the
symmetry of the complexes. The symmetry of mixed-ligand metallopoly-
mers is lower than that of monomeric mixed-ligand complexes.
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5.4 CONCLUSION

In this work, Eu(III) coordination compounds based on 2-methyl-5-biphenyl-
pentene-1-3,5-dione (mbphpd), 2-methyl-5-naphthenepentene-1-3,5-dione
(mnfpd), mixed ligand complexes with phenanthroline and bipyridyl, as well
as polymers and copolymers with styrene and methyl methacrylate based on
them, were obtained.

The composition, method of coordination, and structure of coordination
compounds and copolymers were established by IR, ESD, ESP, and thermal
analysis methods. It is shown that all coordination compounds are character-
ized by a coordination number of 8, which corresponds to the coordination
polyhedron of a square antiprism. During polymerization, the structure of
the coordination polyhedron remains unchanged, and polymer and copo-
lymer complexes are characterized by higher thermal stability than monomer
complexes.

1. The luminescent properties of all synthesized compounds were
studied, and a number of regularities were established.

2. The luminescence intensity of metallopolymers is higher for almost
all complexes than for monomeric complexes. The most significant
increase in emission from monomer to polymer is observed for
europium (IIT) complexes with aromatic substituents.

3. The luminescence intensity of monomeric adducts with phenanthroline
and dipyridyl for all synthesized mixed-ligand complexes is higher than
for monoligand complexes. This phenomenon is due to the displace-
ment of water molecules in the closest coordination environment of the
lanthanide ion by the phenanthroline molecule and the antenna effect
characteristic of phenanthroline. Moreover, for ions emitting in the
visible region of the spectrum, the intensity of luminescence increases
tenfold, while for ions emitting in the IR region of the spectrum, it is
5-10 times the maximum. A significant increase in emission is charac-
teristic of complexes based on dmokd and dmhpd.

4. As a result of shielding by bulky phenanthroline molecules and
substituents in chelate rings (phenyl, biphenyl, and naphthyl), emis-
sion decreases in mixed-ligand polymer systems.

5. The luminescence intensity of copolymers is determined by their
structure, in the case of aliphatic substituents in the ligand, the highest
emission efficiency is shown by copolymers with methyl methacry-
late, in the case of aromatic ones — with styrene. Accordingly, in the
series Ln(B-dik),] > [Ln(B-dik),] [Styrene] > [Ln(B-dik),] [MMA] ,
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where B-dik = mphpd, mbphpd, the emission intensity decreases, and
if B-dik = dmokd, dmhpd, then a decrease is observed in the series
Ln(B-dik),] [MMA] > [Ln(B-dik),] > [Ln(B-dik),] [Styrene] .

The luminescence intensity of metallopolymers [Ln(mphpd).] ,
[Ln(mbphpd),] is significantly higher (several orders of magnitude)
than that of monomers, and [Ln(dmokd),] , [Ln(dmhpd),] exceeds
the intensity of monomer complexes no more than 2 times. This
phenomenon is caused by rapid chain breakage during polymer-
ization and, accordingly, the formation of oligomeric disordered
structures of low molecular weight, in addition, the formation of
several oligomeric forms of complexes, which is confirmed by the
luminescence spectra.

Particle dispersion and surface morphology were determined.
Monomeric systems are characterized by the formation of loose
amorphous structures. Metallopolymers are characterized by the
formation of nanoscale systems with predominantly spherical
particles, the size of which depends on the nature of the substituents
in the ligand. The morphology of copolymer systems depends on
the industrial monomer. In the case of styrene, a morphology similar
to polymer systems is observed, but the formed nanoparticles are
much larger, which is due to their agglomeration. The formation of
layered structures is characteristic of methyl methacrylate copoly-
mers. The influence of morphology on the luminescent properties
of the synthesized compounds is shown. The more orderly and less
agglomerated the system is, the higher the emission characteristics.
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ABSTRACT

A series of alternating donor-acceptor copolymers with M (SEC) =
7300-9900 g/mol and moderate polydispersity (P < 1.9) were synthesized
via RAFT-copolymerization of four donor styrene-type monomers with
acceptor maleimide-type ones using 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid as a chain-transfer agent. The obtained alternating
copolymers, being characterized by high thermal stability (T = 402-417°C),
exhibited aggregation-induced emission via through-space charge-transfer
(TSCT) mechanism. A computational study was performed for an alternating
copolymer with the most outstanding TSCT in order to reveal features of
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electron transitions responsible for thermally activated delayed fluores-
cence. A host-free, solution-processable TADF OLED was fabricated using
the synthesized alternating copolymer as a green emitter. It showed good
stability of electroluminescence spectra at different voltages and reached an
external quantum efficiency (EQE) of 7.84%.

6.1 INTRODUCTION

Today, organic light-emitting diodes (OLEDs) are designated as one of the
most promising electroluminescence devices, especially for such difficult
tasks as creating flexible and large-scale displays [1-6]. According to Prece-
dence Research analytics [7], the global OLED market size was estimated at
USD 45.63 billion in 2022 and is expected to be worth around USD 214.8
billion by 2030, poised to grow at a compound annual growth rate of 21.37%
over the projection period from 2022 to 2030 (Figure 6.1a). OLEDs are
multilayer compositions, consisting of emissive and other auxiliary layers
sandwiched between anode and cathode (Figure 6.1b) [8]. The main trend
of the last decade in OLED fabrication is the transition from low molecular
weight compounds to polymers [9]. This trend is associated with two reasons:
first of all, the transition to high molecular weight compounds allows the
use of solution (or “wet”) fabrication methods, such as spin-coating, roll-
to-roll coating, and inkjet printing, which are far cheaper and simpler than
vacuum deposition, which is traditionally applied for low molecular weight
compounds; secondly, polymers are characterized by higher morphological
and thermal stability than usual organic compounds, which makes the service
life of polymer-based devices longer [9-22].
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FIGURE 6.1 (a) The estimation and expectation of the global OLED market size (reproduced
from reference 7). (b) Complex structure of OLED.
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All OLEDs are based on a simple principle: under external voltage, elec-
trons generated in the cathode and holes generated in the anode meet each
other in the emissive layer, producing excitons, which then turn into light
quanta (Figure 6.1b) [8, 19]. However, depending on the emitter material,
the mechanism of electroluminescence may differ (Figure 6.2). First-gener-
ation OLEDs are based on fluorescence (F1), allowing for the harvesting
of only singlet excitons for luminescence [23]. Devices of the second and
third generations are able to harvest both singlet and triplet exciton energies
through phosphorescence (Ph) and thermally activated delayed fluorescence
(TADF), respectively [24—26]. According to spin statistics, 75% of generated
excitons are triplet, and only 25% are singlet; that’s why first-generation
OLEDs have a limitation in internal quantum efficiency (IQE < 25%), while
for second and third generations, IQE could reach 100%. It should be noted
that phosphorescent emitters, in contrast to TADF ones, often contain heavy
metals in their structure to ensure sufficient spin-orbit coupling, allowing the
photophysical system to undergo intersystem crossing (ISC) [25, 27, 28].
This fact makes the fabrication of second-generation OLEDs expensive and
less eco-friendly, while third-generation devices are more preferred.
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FIGURE 6.2 Possible electroluminescence mechanism: TADF — thermally activated
delayed fluorescence; F1 — fluorescence; Ph — phosphorescence; ISC — intersystem crossing;
RISC - reversible intersystem crossing.

One of the most progressive approaches to achieving effective TADF
emission is the design of compounds with a donor-acceptor structure capable
of through-space charge transfer (TSCT) [29-38]. Once again, in this case,
polymers prove to be the most attractive materials, as they provide a huge
amount of design variability. In recent years, a large number of articles
devoted to the synthesis of TSCT TADF polymers have been published [9,
39-44], and there are two main strategies among them (Figure 6.3). The first
one is the synthesis of a monomer with complete TADF properties and its
further (co)polymerization (Figure 6.3a). Such a monomer must have in its
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structure donor and acceptor moieties, which are located geometrically close
but chemically separated by some spacer [39, 40]. The second strategy implies
the synthesis of a monomer with a side donor group as well as a monomer
with a side acceptor group and their further copolymerization (Figure 6.3b)
[39, 41-43]. Favorable orientation of donor and acceptor groups leading to
their interaction ensures the TSCT TADF effect of the resulting copolymer.
Moreover, aggregation-induced emission (AIE) is often observed for such
copolymers [42, 44]. This fact is associated with the closer arrangement of
donor and acceptor moieties relative to each other during aggregation, which
makes favorable interaction more likely. That is why TSCT TADF emission
of donor-acceptor copolymers can increase significantly during the transition
from solution to solid polymer film. However, in both strategies, it is necessary
to correctly select donor and acceptor fragments to achieve the most efficient
TSCT TADF emission, taking into account their energetic characteristics.

In our present study, we propose an approach to the synthesis of through-
space charge-transfer thermally activated delayed fluorescence alternating
donor-acceptor copolymers, based on donor styrene-type monomers and
benzophenone maleimide-type monomers, to fabricate non-doped solution-
processible OLEDs. We enriched our previous research [41] with compu-
tational models in order to understand the TSCT TADF phenomenon of
alternating copolymers in more detail.
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FIGURE 6.3 (a) Strategies of obtaining polymer materials with TSCT TADF property:
polymerization of TSCT TADF monomer; (b) copolymerization of donor and acceptor
monomers.
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6.2 EXPERIMENTAL METHODS AND MATERIALS
6.2.1 MATERIALS

Cyclohexanone (Sigma-Aldrich, > 99%) was dried overnight with CaH, and
then distilled from CaH, under reduced pressure. THF (Sigma-Aldrich, >
99%) was treated with KOH and distilled twice from Na under an inert atmo-
sphere. Toluene (Sigma-Aldrich, > 99%) was refluxed with Na and distilled
twice from Na under an inert atmosphere. Acetic anhydride was refluxed
with AcONa (Sigma-Aldrich, > 99%) and then distilled from AcONa under
reduced pressure 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic
acid (DMP) was synthesized according to the published procedure [45].
2,2’-Azobisisobutyronitrile (AIBN) (Sigma-Aldrich, > 98%) was recrys-
tallized from ethanol. 3,6-Dimethoxy-9H-carbazole (Fluorochem, 97%),
9H-carbazole (Sigma-Aldrich, > 95%), 10H-phenoxazine (Sigma-Aldrich,
97%), 9,10-dihydro-9,9-dimethylacridine (TCI, 97%), 2-aminobenzophe-
none (Sigma-Aldrich, 98%), 1-bromo-4-vinylbenzene (Sigma-Aldrich, 97%),
1-bromo-3-vinylbenzene (Sigma-Aldrich, 97%), tris(dibenzylideneacetone)
dipalladium(0) (Pd(dba),) (Sigma-Aldrich, 97%), 2-dicyclohexylphosphino-
2" 4" 6'-triisopropylbiphenyl (X-Phos) (Sigma-Aldrich, 98%), sodium tert-
butoxide (t-BuONa) (Sigma-Aldrich, 97%), CDCI, (Euriso-top®), CHCI,
(Sigma-Aldrich, 99.5%), methanol (Sigma-Aldrich, 99.9%), and ethanol
(Sigma-Aldrich, 96%) were used as received.

6.2.2 INSTRUMENTATION

'H (400 MHz) NMR spectra of the synthesized monomers were recorded in
CDCI, at25°C on a Bruker Avance III. Mass spectra were obtained by electron
impact mass spectrometry (EI-MS) on a GSMS-QP2010 Plus. Size exclu-
sion chromatography (SEC) was performed on an Ultimate 3000 Thermo
Scientific apparatus with an Agilent PLgel 5 pm MIXED-C (300%7.5 mm)
column and one precolumn (PLgel 5 pm guard 50%7.5 mm) thermostated at
30°C. Detection was achieved by a differential refractometer (thermostated
at 35°C). Tetrahydrofuran (THF) was eluted at a flow rate of 1.0 ml min'.
The calculation of molecular weights and polydispersity was carried out
using polystyrene standards (Polymer Labs, Germany). Differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA) measure-
ments were carried out using a Netzsch STA (Simultaneous thermal analysis)
449 F3 device at a heating rate of 20°C min™' under nitrogen flow. UV—vis
and photoluminescence spectra of dilute solutions were recorded with the
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PerkinElmer Lambda 25 UV-Vis Spectrometer and Edinburgh Instruments
FLS980 Spectrometer, respectively. For these measurements, the dilute solu-
tions of the investigated compounds were prepared by dissolving them in a
spectral grade THF at 10 M concentration. Edinburgh Instruments FLS980
spectrometer and PicoQuant LDH-DC-375 laser (wavelength 374 nm) as the
excitation source were used for recording photoluminescence (PL) decay
curves. Photoluminescence quantum yields (PLQY) of THF solutions were
recorded by using an integrating sphere (inner diameter of 120 mm).

6.2.3 DEVICE FABRICATION

Electroluminescent devices were fabricated using wet and vacuum techniques.
Functional — materials  poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrene
sulfonate) (PEDOT:PSS), diphenyl-4-triphenylsilyl-phenylphosphine oxide
(TSPO1), and 2,2,’2”~(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole)
(TPBi) were purchased from Sigma Aldrich and used as received. Tris(4-
formylphenyl)amine  tri(N-4-vinylbenzyl-N-phenylhydrazone) (VM35)
was synthesized according to the previously published procedure [46]. The
device was fabricated using glass substrates with pre-patterned indium-tin-
oxide (ITO) anodes (with a sheet resistance of 15 /sq) from Ossila (with
the possibility to deposit four OLEDs on a substrate). The substrate was
cleaned in different solvents and in a UV ozone cleaner from Ossila. The
PEDOT:PSS layer was spin-coated in the air at 3000 rpm for 3 minutes
and dried at 120 degrees for 40 minutes. The VM35 layer was spin-coated
at 3000 rpm in a glove box from a chlorobenzene solution (8 mg/mL) in
an inert atmosphere. The VM35 layer was dried at 100°C for 30 minutes,
followed by annealing at 200°C for 45 minutes to achieve cross-linking
[46]. As a doping-free light-emitting layer, P4 was spin-coated at 3000 rpm
from THF (4 mg/mL) and dried at 70°C for 30 minutes. The device structure
was finalized by thermal deposition of TPBi/LiF/Al at vacuum ca. 2x10°°
mBar. Certificated photodiode PH100-Si-HA-DO in combination with the
PC-Based Power and Energy Monitor 11S-LINK (from STANDA), Keithley
2400C source meter, and Avantes AvaSpec-2048XL spectrometer were used
to record electroluminescent characteristics.

6.2.4 SYNTHESIS OF MONOMERS

All of the monomers M1-5 were synthesized according to the procedures
described earlier in our previous researches (Figure 6.4a) [42, 47].
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3,6-Dimethoxy-9-(4-vinylphenyl)-9H-carbazole (M1): the yield of yellow
crystals 41% (1.8 g); m.p. = 76°C. MS (EL, 70 V), m/z (%): 329 (M*, 100).
'H NMR(400 MHz, CDCl,, 8, ppm): 6: 7.61 (d, J = 8.4 Hz, 2H), 7.56 (d, J =
2.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 7.35 (d, /= 8.9 Hz, 2H), 7.04 (dd, J =
8.9 Hz, J=2.5Hz, 2H), 6.82 (dd, J=17.6 Hz, J=10.9 Hz, 1H), 5.84 (d, /=
17.6 Hz, 1H), 5.35 (d, J = 11.0 Hz, 1H), 3.95 (s, 6H).

3,6-Dimethoxy-9-(3-vinylphenyl)-9H-carbazole (M2): the yield of brown
solid 85% (3.7 g); m.p. = 62°C. MS (EI, 70 V), m/z (%): 329 (M*, 100). 'H
NMR(400 MHz, CDCI,, 3, ppm): &: 7.58-7.51 (m, 4H), 7.44-7.33 (m, 2H),
7.33 (d, J = 8.8 Hz, 2H), 7.04 (dd, J = 11.8 Hz, ] = 4.6 Hz 2H), 6.79 (dd, J
=17.6, 10.8 Hz, 1H), 5.81 (d, J = 17.6 Hz, 1H), 5.34 (d, ] = 10.8 Hz, 1H),
3.95 (s, 6H).

10-(4-Vinylphenyl)-10H-phenoxazine (M3): the yield of white crystals
was 80% (5.6 g); m.p. = 162°C. MS (EI, 70 V), m/z (%): 285 (M*, 100). 'H
NMR (400 MHz, CDCl,, 8, ppm): 5.36 (d, 1H, CH = CH,), 5.83 (d, 1H, CH
= CH,), 5.95 (d, 2H, Ar), 6.55-6.66 (m, 4H, Ar), 6.69 (d, 2H, Ar), 6.79 (dd,
1H, CH = CH,), 7.30 (d, 2H, Ar), 7.62 (d, 2H, Ar).

9,9-Dimethyl-10-(4-vinylphenyl)-9, 10-dihydroacridine (M4): the yield
of white crystals was 73% (5.3 g); m.p. = 130°C. MS (EI, 70 V), m/z (%):
296 ([M — CH,]*, 100). 'H NMR (400 MHz, CDCl,, 3, ppm): 1.69 (s, 6H,
CH3), 5.37 (d, 1H, CH = CH,), 5.86 (d, 1H, CH = CH,), 6.30 (d, 2H, Ar),
6.84 (dd, 1H, CH = CH,), 6.89-7.00 (m, 4H, Ar), 6.30 (d, 2H, Ar), 7.45 (d,
2H, Ar), 7.66 (d, 2H, Ar).

1-(2-Benzoylphenyl)pyrrole-2,5-dione (M5): 2.0 g of yellow crystals
(71% yield); m.p. = 172°C. MS (EI, 70 V), m/z (%): 277 (M*, 100). '"H NMR
(400 MHz, CDCI3, 3, ppm): 6.65 (s, 2H, CH = CH), 7.38 (d, 1H, Ar), 7.42
(t, 2H, Ar), 7.49-7.57 (m, 2H, Ar), 7.64 (d, 1H, Ar), 7.68 (t, 2H, Ar), 7.73
(d, 2H, Ar).

6.2.5 COPOLYMERIZATION PROCEDURE

Copolymerization was carried out under a dry argon atmosphere in a Schlenk
tube. Liquid reagents were transferred to the reactor via dry syringes against
a continuous argon flow. In a typical polymerization experiment, 115 pL of
a solution of DMP in cyclohexanone (30 mM) and 115 pL of a solution of
AIBN in cyclohexanone (10 mM) were sequentially added to a crystalline
mixture of M1-4 (115 mmol) and M5 (31.9 mg, 115 mmol). After three
freeze-pump-thaw cycles, the reaction was started by immersing the Schlenk
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tube into an oil bath preheated to 70°C. After a predetermined time, the whole
solution was withdrawn and poured into an excess of ethanol. The precipi-
tated polymers were separated from the solution by centrifugation and then
dried in a vacuum at 50°C. Before analysis, copolymers were reprecipitated
twice from CHCI, into methanol. Monomer conversions were determined
gravimetrically.

6.3 RESULTS AND DISCUSSIONS

6.3.1 SYNTHESIS OF MONOMERS AND THEIR ALTERNATING
COPOLYMERIZATION

In the first step of the study, we synthesized four donor styrene-type mono-
mers (M1-4) using Buchwald-Hartwig C-N coupling, and an acceptor
maleimide-type monomer (M5) from the corresponding amine, utilizing
maleic anhydride to form the maleimide ring. All of the monomers were
obtained with tolerable yields (40-80%) by simple methods (Figure 6.4a).
Their chemical structures were confirmed by 'H NMR spectroscopy and
mass spectrometry.
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FIGURE 6.4 Synthesis of donor styrene-type (M1-4), acceptor maleimide-type (MS5)
monomers (a) and alternating copolymers (P1-4, b). * — donor group is located in para-
position for M1, M3, M4 and in meta-position for M2. CTC — charge-transfer complex.
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Further, monomers M1-4 were copolymerized with M5 using the DMP/
AIBN initiating system (Figure 6.4b). RAFT polymerization with DMP
as a chain-transfer agent was chosen because the method allows for the
synthesis of alternating copolymers based on styrene-type and maleimide-
type monomers in a controlled fashion [48—51]. The polymers (P1-4) were
obtained with quantitative conversions, molecular weights in the range of
73009900 g/mol, and moderate polydispersity (P < 1.9). The deviation
in values between M (SEC) and M (th.) (Table 6.1) could be explained by
the difference in hydrodynamic volumes of the obtained copolymers and
polystyrene, which was used during SEC analysis as a standard [52]. As it is
known, maleimide-type monomers are not able to be homopolymerized by a
radical mechanism [53-55], but they can be copolymerized with some kinds
of donor monomers like styrene derivatives or vinyl esters. According to the
literature, this is associated with the generation of a charge-transfer complex
(CTC) from donor and acceptor monomers, which can be polymerized as
one unit, leading to the formation of an alternating copolymer. The high
conversions of the synthesized copolymers (P1—4) allow us to assume that
P1-4 had an alternating structure. The thermal stability of all the synthesized
alternating copolymers was then estimated by TGA. According to the data
presented in table 6.1, all copolymers showed high thermal stability: the
values of the temperature at which a 5% loss of weight is observed (T )
were in the range of 402-417°C.

TABLE 6.1 RAFT Copolymerization of M1-M4 with M5 Using the DMP/AIBN Initiating

System?*
Copolymer  Conv.,%  Mn(th.)’, g/mel M (SEC), g/mol D T, °C
P1 100 12.300 9.900 1.73 402
P2 87 10.700 7.500 1.91 417
P3 100 11.400 8.900 1.65 404
P4 100 12.000 7.300 1.85 417

* Polymerization conditions: T = 70°C; cyclohexanone medium; [M], = IM ([M1-4] = [M5],
= 0.5 M), [AIBN], = 5 mM, [DMP] = 15 mM. * M, (th.) was calculated according to the
following equation: M, (th.) = [M] -(M(M1-4) + M(M5))-conv./ 2[I], where [I] = [DMP],
+ 2[AIBN],. © 5% weight loss was determined by TGA in a nitrogen atmosphere at a heating
rate of 20°C/min.

UV-vis absorption spectra of THF solutions of the monomers and
alternating copolymers exhibit several bands in the region between 200
and 360 nm, which can be attributed to the lowest m-n* transition of the
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aromatic rings (Table 6.2). Interestingly, the absorption spectrum of the
mixture of donor and acceptor monomers (M4 and M5) roughly resembles
the absorption spectra of the single donor monomer (MS5). A similar situa-
tion was observed for photoluminescent spectra of THF solutions (Figure
6.5a, b): M4+M35 mixture as well as pure M4 show peak with A, (max) =
430 nm, while corresponding alt-copolymer P4 demonstrate a peaks series
with A, (max) = 560, 400, 300 nm. This observation indicates the principal
difference in electron transitions in both cases.

Then, the photophysical properties of the obtained copolymers (P1-4)
were investigated in the solid state (Table 6.2). The UV-absorption spectra
of the films of the alternating copolymers were much broader than those
of the solutions. The PL spectra of the films of the synthesized copolymers
showed predominantly only one broad peak corresponding to TSCT emis-
sion, in strong contrast to the PL spectra of the THF solutions (Figure 6.5b,
c). In addition, the peaks in the PL spectra of the films of P14 displayed a
significant blue shift of approximately 24—80 nm in comparison to the PL
spectra of the THF solutions (Table 6.2). The largest difference between the
emission maxima of the film and of the solution was observed for P3 (~80
nm). Interestingly, the equimolar mixture M4+M5 gives the exciplex emis-
sion in the solid state, and the corresponding peak was characterized by a
similar form, but was a bit wider and blue-shifted by approximately 20 nm
in comparison to the P4 spectrum (Figure 6.5¢).
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FIGURE 6.5 PL spectra of the synthesized monomers (M1-5) and alt-copolymers (P1-4)
in THF solutions and films.

The photoluminescence quantum yields (PLQYs) of the synthesized
copolymers in dilute solutions and in the films were estimated in air. PLQY
values higher than those listed in table 6.2 are expected for the copolymer
solutions in the absence of oxygen. This expectation is supported by the
data obtained during the comparison of intensities of copolymer films’ PL
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under air and vacuum. Emission intensity enhancement after deoxygenation
was observed for each investigated alternating copolymer (Table 6.2). By
overcoming triplet quenching by oxygen after the evacuation of air, triplets
are harvested for emissive relaxations via reverse intersystem crossing
(RISC), resulting in delayed fluorescence. PLQYSs of the films of all of the
studied copolymers were found to be higher than those of the corresponding
solutions as a result of the AIE effect (Tables 6.2). For example, the solution
and film of P3 displayed PLQYs of 0.1% and 2.84%, respectively.

The emission of THF solutions and films of alternating copolymers was
further investigated by PL decay measurements (Table 6.2). The prompt fluo-
rescence was observed in the range of 170-500 ns for the films of copolymers,
which is ca. 2 orders of magnitude higher than t_observed for the solutions
of the corresponding copolymers. The films of P1-4 demonstrated delayed
fluorescence in the range between 1.37-2.81 ps, while film prepared from the
equimolar mixture of M4 and M5 didn’t show TADF, confirming the impor-
tance of copolymer formation for through-space charge-transfer to occur.

TABLE 6.2 Photophysical Properties of the Synthesized Monomers and alt-Copolymers

Systems > (nm) At T, TS PLQE%% Vac/ Eg‘,
(nm) (ns) (ps) Airt eV
Ml THF 230, 305,364 387 - - - - 3.31
M2 THF 230,303,363 387 - - - - 3.32
M3 THF 234,318 476 - - - - 3.51
M4 THF 245,279 429,459 - - - - 3.95
M5 THF 246 286 - - - - 4.25
P1 THF 234,295,355 399,548 7 0.025 1.00 - 3.34
film 355 518 172 140 231 1.14  3.26
P2 THF 239,295,354 390,557 17 0.053 0.30 - 3.34
film 356 520 193 1.37  2.06 1.13  3.27
P3 THF 227,240,307 397,625 5 0.013 0.10 - 3.57
film 306 547 225 2.13 284 1.14 3.42
P4 THF 242,272 397,561 16 0.061 0.86 - 4.03
film 270 513 501 2.81 3.62 1.21 3.71
M4+M5 THF 252,284 431,459 - - - - 391
film 205,238,270 501 475 - - - 3.90

* Measurements were performed at 298 K in 10—* M THF solutions or films obtained by spin-

coating. ® Wavelengths of PL or absorption maxima. © Lifetimes of prompt (t ) and delayed
. . ?

(t,) fluorescence were measured under air. ¢ PLQY were measured by integrating sphere un-

der air. ¢ Comparison of intensities of copolymer films PL under vacuum and air. f Calculated

from absorption spectra.
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The film of P4 exhibiting the best (among studied alternating copolymers)
photophysical characteristics (longest delayed fluorescence, highest PLQY3s)
was selected for additional investigations at different temperatures. Temperature
dependencies of PL spectra and PL decay curves of TSCT TADF alt-copolymers
were investigated in more detail in our previous study [42]. TADF of the film of
P4 was evidenced by the higher emission intensity recorded at 160 K in compar-
ison to that observed at 78 K. It should be noted that the emission intensity of
the film of P4 decreased with the further increase of the temperature from 160
to 300 K. This last observation is quite surprising since, because of TADF, the
PL intensity should increase with the increase of the temperature. However, the
quenching processes of exciplex emission (TADF exciplex) are intensified with
the increasing temperature. The intensification of exciplex emission quenching
is mainly related to the intensified molecular movements (rotations/vibrations).
In other words, because the distances between the exciplex-forming donor and
acceptor moieties are not fixed (e.g., by chemical bonds like in the conventional
TADF compounds), quenching processes of exciplex emission are intensified
with the increase of temperature. Another possible reason could be related to
trapped charges, as demonstrated in a recently published work [56].

To reveal a more detailed understanding of the photoluminescence of P4,
a model of the alternating copolymer with a molecular weight of approxi-
mately 7000 g/mol was computed using the Merck molecular force field
(MMFF94x). The obtained structure of P4 was used to find fragments with the
closest orientation of donor and acceptor units relative to each other (Figure
6.6). Among the suitable fragments, a pair of neighboring units (F1) and a pair
of units that are not neighbors along the chain (F2) were selected. The both
orientations were additionally optimized applying density functional theory
(DFT), after which their singlet and triplet excited states were computed
using time-dependent DFT. The calculations show that TSCT is presented by
“donor unit HOMO — acceptor unit LUMO” transition for both cases under
consideration (F1, F2). It should be noted, that TSCT corresponds to S-S,
transition only for F2 orientation, while the same transition for F1 is just
local excitation, and TSCT comes from S,-S, transition. Nevertheless, both
structures (F1, F2) show relatively small AE_ for TSCT: 0.46 eV for F1 and
0.32 eV for F2. Additionally, it should be noted that energy gap (Eg) as well
as absorption peak maximum (A, ) values extracted from the calculations
give close agreement with experimental ones, obtained from absorption
spectra of P4 film (Table 6.3). All of the observations described above allow
us to believe that orientations like F2 are more likely responsible for TSCT
TADF properties in alt-copolymer P4.
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FIGURE 6.6 (a) The model of P4 with molecular weight ~7000 g/mol, computed using
MMFF94x force. The fragments, which were chosen for further TD-DFT calculations (F1,
F2), are colored in yellow. The visualization of HOMO and LUMO of (b) F1 and (c) F2
structures, optimized using m062x/6-31+G(d) theory level.

TABLE 6.3 Energy Levels Parameters of P4, Computed Through Simulation F1 and F2 or
Measured Directly (Experimental Values)

AE, (eV)  E (eV) A, * (nm)

Simulation F1 0.46 3.68 250
F2 0.32 3.55 260
Experimental values for P4 film - 3.71° 242, 272

¢ Wavelength of absorption maxima. ® Calculated from the absorption spectrum.

Aiming to demonstrate applications of the developed alternating copoly-
mers as light-emitting materials for solution-processable TADF OLEDs, P4
was selected as the green emitter. Their electroluminescent (EL) properties
were investigated using the device structure ITO/PEDOT:PSS/VM-35 (40
nm)/host-free light-emitting layer (20 nm)/TSPO1 (10 nm)/TPBi (40 nm)/LiF
(0.3 nm)/Al (120 nm). The hole-injecting (PEDOT:PSS), hole-transporting
(VM-35), and light-emitting (P4) layers were step-by-step spin-coated.
Hole-blocking (TSPO1), electron-transporting (TPBi), electron-injecting
(LiF) layers, and cathode (Al) were deposited using vacuum technology.
Hole-transporting layer of VM35 was selected due to its high hole-mobility
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reaching 3.5x107° cm?(Vxs) at electric field of 6.4x10° V/cm and ability of
self-polymerization with maximum polymerization rate at 209°C [46]. The
device structure was well designed. The stability of EL spectra recorded at
the different voltages (Figure 6.7) confirm this statement. EL spectra of the
devices are in very good agreement with the PL spectra of corresponding
emitters (Figure 6.5). Thus, hole-electron recombination as well as exciton
relaxation occur within the light-emitting layers. Practically the same EL
spectra were obtained at different applied voltages.

The EL parameters such as turn-on voltages (V. ), maximum brightness,
maximum current (CE_ ), maximum power (PE_ ) and external quantum
efficiencies (EQE__ ) of the device are presented in Figure 6.7. Outstanding
TADF properties of P4 allow the green device to achieve EQE = 7.84%.
The appropriate optimization should be certainly considered for reaching
low turn-on voltages or high external efficiencies. Nevertheless, at this stage,
alternating copolymers show promising light-emitting, charge-injecting
and charge-transporting properties useful for the fabrication of solution-
processable electroluminescent devices.
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FIGURE 6.7 EL spectra of green OLED based on P4 recorded at the different voltages (a);
its EL parameters (b).

6.4 CONCLUSION

In this work, we considered in more detail a new simple and cost-efficient
strategy for the synthesis of polymeric TSCT TADF emitters, which was
developed in our previous research. The strategy is based on RAFT-mediated
alternating copolymerization of styrene-based donor monomers with acceptor
maleimide-type monomers, which were obtained using one- or two-step
synthesis. The obtained alternating copolymers (M (SEC) = 7,300-9,900 g/
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mol) are characterized by high thermal stability and moderate polydispersity
(b <£1.9). All of them displayed aggregation-induced emission via through-
space charge-transfer mechanism. The alternating copolymers in solid state
demonstrate delayed fluorescence with lifetimes between 1.4 and 2.8 ps,
while photoluminescence quantum yields of the solid films of the synthe-
sized alternating copolymers were relatively low (2.1-3.6%) most probably
because of non-emissive relaxation of triplets before reverse intersystem
crossing. Computational study was performed for an alt-copolymer with the
most outstanding TSCT in order to reveal features of electron transitions
responsible for thermally activated delayed fluorescence. The calculations
allowed us to understand what kind of monomer unit orientations in the
polymer chain are suitable for favorable processing of TADF. A green host-
free solution-processable TADF OLED was fabricated using the synthesized
alternating copolymer with the best TADF properties (P4) as the emitter. It
showed good stability of electroluminescence spectra at different voltages
and reached suitable external quantum efficiency EQE = 7.84%.
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ABSTRACT

The catalysis process is involved in different phases of the processing of
several commercial chemical products, as well as in the production of trans-
portation fuels. Catalysts accelerate chemical reactions by facilitating the
formation of products from reactant bonds, remaining unchanged themselves
and available for subsequent reactions, creating a cyclic process. Petroleum
refining heavily employs catalysis in alkylation, catalytic cracking, naphtha
reforming, and steam reforming to produce fuels like gasoline, diesel, and
kerosene. Catalytic oxidation, often using oxygen, produces significant
chemicals, while large-scale reduction, such as hydrogenation, generates
various chemical products including polymers like polyethylene and polyes-
ters. Catalytic processes are vital in the oil, gas, and petrochemical industries
of developed nations, with increasing importance due to their role in fuel
production. Platinum catalysts activate through acid-base interactions,
influencing reactions in processes like reforming, dehydrogenation, and
hydrogenation. Catalytic cracking transforms heavy fractions into valuable
materials, with a final product including light gases, gasoline, and diesel.
Alkylation, a crucial refining process, involves adding an alkyl group to an
organic compound using catalysts at low temperatures. Although the alkyla-
tion reaction can occur without a catalyst at high temperature and pressure,
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industrial alkylation is optimized at lower temperatures and with catalysts.
While occupying a smaller volume compared to oil industry processes, cata-
lytic processes yield diverse products, including polyethylene, propene, and
cyclohexane. This paper focuses on the manifold applications of catalysts
in the oil and gas sector, highlighting their vital role in various production
processes and end products.

7.1 INTRODUCTION

Catalysts are substances that increase the speed of chemical reactions but
are not consumed in the reaction. Their significance spans both industrial
and biological realms, facilitating faster reactions for cost-effective product
generation; these reactions exhibit lower energy barriers compared to
uncatalyzed ones, resulting in higher reaction rates at identical temperatures.
Using a catalyst is the most suitable approach to accelerate chemical reac-
tions efficiently, as raising temperatures significantly increases reaction
speed but is uneconomical due to energy consumption and can lead to mate-
rial decomposition. Catalysts play a key role in addressing contemporary
challenges related to the environment, including atmospheric and energy
concerns. Their influence extends to vital domains such as energy produc-
tion, synthetic processes, and environmental preservation. The discovery
of new catalysts has a significant influence on the sectors, mainly due to
the need for rapid chemical reactions. This urgency stems from the fact that
manufacturers cannot afford to wait too long to obtain products that align
with the current robust market demand [1, 2].

Catalysts can be inhibited, deactivated, or destroyed by secondary
processes, even if they are not consumed by the reaction itself; catalysis thus
works by providing an alternative reaction pathway for the reaction product
[3]. Catalysis contributes to the manufacture of most important industrial
chemicals and biochemical products by accelerating chemical reactions that
allow the economic formation of pure materials; thus, the use of factory cata-
lysts can be more economical, environmentally friendly, and sustainable [2].
By increasing the reaction rate, a lower alternative pathway activation energy
is generated than the catalyst-measured feed pathway; these react with one or
more reactants to form intermediate products, which subsequently give rise
to the final reaction product in the catalyst regeneration process [4]. Even
though the catalysts are regenerated when only small amounts are used to
increase the reaction rate, they can be consumed in secondary processes.
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Most of all commercially produced chemical products involve catalysts
at some stage in the process of their manufacture; for example, petroleum
refining makes intensive use of catalysis for alkylation, catalytic cracking,
naphtha reforming, and steam reforming [5]. Catalysis is applied extensively,
even to fossil fuel exhaust treatment, with approximately 440 oil refineries
all over the world, through catalytic converters containing platinum and
rhodium, which mitigate harmful exhaust byproducts. Large-scale chemical
production frequently relies on catalytic oxidation with oxygen [4; 6].

A wide array of chemical products is generated through comprehensive
reduction, often facilitated by hydrogenation processes [7]. Certain reactions
proceed at notably slow rates, exemplified by copper’s gradual oxidation
forming surface deposits in ambient conditions, while others maintain an
intermediate pace, such as iron’s gradual rusting upon exposure to atmo-
spheric oxygen [8]. Changes in the speed of reactions can be influenced
by various factors, including temperature, concentration, the presence of
reactant catalysts, contact surface, and the nature of catalyst raw materials.
Catalysis plays a crucial role not just in expediting reactions but also in the
formation of bulk polymers like ethylene and propylene derivatives, as well
as polyesters and polyamides [9]. Additionally, catalytic methods prove
essential for synthesizing fine chemicals, encompassing both industrial
techniques and intricate processes that might be unfeasible on a larger scale.

7.2 LITERATURE REVIEW

Many substances have the capacity to influence other substances, a phenom-
enon distinct from their propensity to engage in chemical reactions. This
influence results in the decomposition of these substances, leading to the
creation of novel compounds, all without becoming part of the resulting
compounds’ composition. The mystery of catalysts persisted until the 19
century when Swedish chemist Jean Jacob Berzelius’s breakthrough in
1835 highlighted the crucial role of reaction speed, after years of dedicated
research on chemical reactions, emphasizing the need for observable and
result-yielding laboratory reaction rates. This previously unknown force,
present in both organic and mineral substances, is now recognized as catalytic
force, responsible for material decomposition known as catalysis. When a lit
match flame contacts sugar, it melts without igniting. However, introducing
cigarette ash or potting soil as a catalyst triggers the sugar to burn, resulting in
a brilliant blue flame accompanied by crackling. Remarkably, the ash or soil
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remains unaltered despite its role in catalyzing the reaction, underscoring the
concept of catalysts facilitating reactions in their vicinity while remaining
unchanged themselves.

Amid the late 18™-century surge in chemistry’s growth, the investigation
of external substance effects on chemical reactions gained traction. Since
1780, significant experiments highlighted foreign substances’ influence on
diverse reactions, such as acids in solutions, gas-phase reactions, and solid
surface absorption reactions. For example, Fusinieri pioneered the connec-
tion between surface adsorption and faster reactions aided by solid catalysts.
Additionally, Faraday observed the significance of raw material surface
adsorption in solid-involved reactions, while Clement and Disermes identi-
fied the vital role of nitrogen oxides in sulfur dioxide oxidation via compound
formation [11]. Numerous experiments explored catalyst behavior using
materials relevant to today’s oil industry, including potent acids, soils, and
metals like platinum.

Berzelius explored acid-induced acceleration of starch-to-sugar conversion
and faster gas reactions near platinum. In 1902, Wilhelm Ostwald defined
catalysts as substances altering reaction speed while remaining unchanged,
clarifying their unique features. Berzelius, renowned for structuring chemical
knowledge, identified foundational phenomena and underscored antecedent
factors in reaction acceleration. His 1835 research pioneered the concept of
catalysis, suggesting external catalysts spur chemical activity without direct
involvement [12]. Berzelius’s introduction of the catalytic force concept,
identifying a unique chemical-capable force, was later upheld by Ostwald,
though its practical utility faced critique from Liebig and others. Stavale’s
comments prompted a more pragmatic approach, while over 60 years, Carbertolt
and Wilhelmy investigated sugarcane and ester hydrolysis. Wilhelmy’s pivotal
recognition of the time factor initiated foundational chemical kinetics research,
preceding the exploration of catalysts’ subsequent stages by analyzing reaction
time’s role [12, 13]. At that juncture, advanced catalytic science and technology
commenced, giving rise to scientific theories about catalysts that have since
been foundational in the chemical and petroleum industries, with catalytic
reactions emerging as their pivotal cornerstone.

7.3 TYPES OF CATALYTIC REACTIONS

Catalysts are categorized into heterogeneous and homogeneous types,
differing in the phase relationship with reactants. Despite this distinction,
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these catalysts share common principles: they comprise inorganic and/
or organic components, often nanoscale, with covalent bond formation or
breaking being central to both types [14]. Typical instances feature solid
catalysts and reactants in different phases, with adsorption occurring on
catalyst surfaces in heterogeneous catalysis. Achieving high reactivity,
complete product selectivity, stability, recyclability, and cost-effectiveness
remains the overarching objectives in catalysis [15, 16]. Catalysts engage
in a specific interaction with the surface of reactant molecules, augmenting
their reactivity. An effective catalyst must possess the capability to adsorb
reactant molecules with a suitable degree of strength, enabling their reaction,
while also avoiding excessive adhesion of product molecules to the surface.
This delicate balance ensures efficient catalytic processes without undue
retention of products on the catalyst’s surface.

Homogeneous catalysts operate in the same phase as reactants, fostering
aligned chemical interactions, predominantly in gas or single liquid phases.
They offer advantages like improved selectivity, higher yield, and adaptable
optimization through ligand and metal adjustments. Despite their widespread
use in commercial contexts, the challenge of economically and environmen-
tally separating catalysts from end products limits their broader effectiveness
[17]. According to van Leeuwen (2011), homogeneous catalysis provides
multiple benefits due to accessible catalysts, reactivity, and precise custom-
ization for optimal results. Clark (2001) underscores the extensive industrial
use of homogeneous catalysts, particularly in fine chemical processes, while
highlighting the issue of catalyst separation as a significant hurdle to their
sustainable implementation.

Catalysts hold immense significance in industrial processes, continually
giving rise to improved and novel catalysts. This is underpinned by the ratio-
nale that heightened catalyst efficiency translates to lower requisite reaction
temperatures, thereby reducing fuel consumption. In industrial settings,
heterogeneous catalysis predominantly prevails due to its facilitation of
product-catalyst separation. For instance, employing a solid catalyst for gas-
phase reactions enables the passage of gases over the catalyst, leaving the
catalyst unchanged and unreacted at the conclusion of the process.

7.4 CATALYSTS IN REFINING INDUSTRY

Catalysts hold paramount significance within the petroleum industry, a sector
of utmost importance in the contemporary world. Crude oil, composed of
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hydrocarbon compounds, undergoes separation into distinct products through
refinery processes, including distillation. Typically, imbalances in product
quantities, such as surplus black oil and deficient gasoline, necessitate the
conversion of excess resources into required products—a fundamental
objective achieved through the utilization of catalysts.

In the refining industry, cracking is a crucial procedure that breaks
down large hydrocarbon molecules into smaller, more useful components,
playing a pivotal role in generating valuable compounds. This division can
be achieved either under high pressures and temperatures without a catalyst
or with a catalyst at milder conditions. Typically originating from naphtha
or gas oil fractions obtained through crude oil’s fractional distillation, these
substantial hydrocarbon molecules find their source [18]. Of notable impor-
tance is catalytic cracking, a cornerstone industrial process. As emphasized,
catalytic cracking is the backbone of today’s petroleum refining industry,
highlighting its immense significance [19, 20].

Derived from the distillation process as liquids, these fractions undergo
re-vaporization prior to cracking. To facilitate this process, hydrocarbons are
blended with finely powdered catalysts, forming a homogeneous mixture.
This concoction is then propelled through a reaction chamber in a manner
reminiscent of liquid flow, and in fluid catalytic cracking, oil is vaporized
to move as a fluid through the reactor, underscoring the pivotal role of the
vaporized fluid in driving the reaction [21, 22]. Referred to as fluid catalytic
cracking (or fluidized catalytic cracking), this process derives its name from
the liquid-like behavior exhibited by the mixture, and following the reaction,
catalyst recovery takes place. The cracked mixture is subsequently separated
through cooling and additional fractional distillation, making fluid catalytic
cracking one of the most vital conversion processes in petroleum refineries,
underscoring its significant role in the industry [23].

The conversion of products like black oil into gasoline can be effectively
achieved through a thermal process known as cracking, commonly conducted
under elevated pressure and temperature conditions. Cracking involves
the thermal decomposition of substances, such as the heating of dense oil
hydrocarbons to form gas and gasoline. This thermal degradation results in
the fragmentation of heavy molecules into lighter counterparts. However, the
introduction of a catalyst significantly streamlines and enhances this process,
enabling greater precision and control over the transformation. Hydro-
cracking integrates the processes of catalytic cracking and hydrogenation,
wherein the feedstock is subjected to cracking in the presence of hydrogen,
resulting in the generation of more advantageous product outcomes. Fluid
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catalytic cracking (FCC) is a widely used method in which oil is cracked
within a fluidized catalyst bed, continuously circulating between reaction
and regeneration states. The complexity of defining the “active site” is exem-
plified by a FCC catalyst particle, with Brensted acid sites serving as the
active phase. This catalyst efficiently converts heavy crude oil fractions into
valuable bulk chemicals like gasoline and propylene [7, 16].

Catalytic regeneration stands as an additional conversion process within
an oil refinery, distinct from molecular fragmentation, and primarily centered
on molecular structural reconfiguration. This intricate process relies on cata-
lyst intervention and is identified as catalytic reforming. Through this trans-
formative mechanism, gasoline characterized by low octane levels undergoes
a profound conversion into gasoline boasting substantially elevated octane
ratings. The efficacy of this process is frequently facilitated by the utilization
of catalysts, which may encompass platinum or nickel-aluminum, thus facili-
tating the intricate task of structural reconstruction and ultimately enhancing
the combustion characteristics of the resultant gasoline product.

Gasoline’s hydrocarbons are allocated octane ratings, indicative of their
engine performance. Elevated-octane variants burn more smoothly than
lower-rated counterparts. Transformation processes, including catalytic
reforming, convert low-octane feedstock to high-octane reformate for
gasoline blending. Alkylation combines gaseous olefins with isobutane to
yield liquid high-octane iso-alkanes. The oil industry enhances gasoline’s
combustion quality in modern engines by altering straight-chain molecules
into branched-chain isomers, thus elevating octane ratings and optimizing
engine performance [24, 25]. Reforming constitutes an additional procedure
employed for enhancing the octane rating of hydrocarbons designated
for petrol use and concurrently serves as a valuable reservoir of aromatic
compounds for the chemical sector. Aromatic compounds, which are essen-
tial constituents based on benzene rings, undergo vapor-phase transit across
a solid catalyst as the initial molecules. Experimental evidence underscores
that the preference for specific aromatic hydrocarbons is contingent upon
the lignin composition, signifying a role for both catalysts in governing
selectivity [26].

7.5 CATALYSTS IN PETROCHEMICAL INDUSTRY

Chemical transformations lead to the conversion of chain molecules into ring
structures while undergoing hydrogen loss. Catalytic conversion of lignin
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involving hydrogen encompasses reductive depolymerization and hydrode-
oxygenation of lignin-derived monomers, yielding arenes, cycloalkanes, and
phenols, with an emphasis on catalyst systems and reaction mechanisms. In
modern times, polymers are extensively utilized across diverse applications;
nevertheless, the term “plastic” inadequately encompasses the wider scope of
the polymer domain. Prominent among these are polyolefins, notably polyeth-
ylene and polypropylene. Yet, recent breakthroughs in catalytic chemistry have
enabled the efficient production of these crucial materials, positioning catalysts
as pivotal in shaping the future polymer-centric landscape [23, 27, 28].

Catalysis is crucial in processes such as benzene treatment for nitroben-
zene production involving concentrated nitric and sulfuric acids through
homogeneous catalysis, with annual synthesis exceeding 5 million tons,
dependent on temperature and reagent concentration. Heterogeneous
catalysis occurs with ethene reacting over a silicon dioxide catalyst, offering
economic benefits and environmental friendliness [29, 30]. Esters form
through the acid-alcohol reaction with a concentrated sulfuric acid catalyst,
displaying liquid-phase homogeneous catalysis. Reduced acid turnover (a
more eco-friendly process) and increased selectivity offer economic and
environmental advantages. POMs as heterogeneous catalysts in large-scale
reactions replace corrosive sulfuric acid, utilize controlled nitric acid, ensure
mild reactions, minimize nitrogen dioxide, allow easy isolation, enable cata-
lyst recycling, shorten reaction times, and reduce acid waste [31].

Benzene reacts with chlorine or bromine using catalysts like aluminum
chloride or iron, although iron’s role is not strictly catalytic as it transforms
into iron (III) chloride, acting similarly to aluminum chloride. Alkylation
substitutes hydrogen in a benzene ring with alkyl groups (e.g., methyl or
ethyl), utilizing aluminum chloride as a catalyst. Chloroalkanes react with
benzene using aluminum chloride. Various alkyl substitutions are feasible;
manganese (IV) oxide accelerates hydrogen peroxide decomposition,
enhancing oxygen release in concentrated solutions. Advanced catalyst
screening and characterization target issues, as recent catalyst progressions
in polyether synthesis present creative product pathways [29, 32].

7.6 EFFECTS OF CATALYSTS ON REACTION RATE

Enhancing the reaction rate requires augmenting successful collisions. A
catalyst offers an alternate pathway with lower activation energy, allowing
reactions to occur more readily. Even with a catalyst, particles colliding
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with sufficient energy react similarly to when no catalyst is present in the
chemical process [33, 34]. The catalyzed route prevails due to lower activa-
tion energy, impacting the frequency factor while not affecting the reactant
or product energy. The low-temperature WGS reaction is vital in processes
like methanol synthesis, steam reforming, and catalytic combustion. Catalyst
support enhances reaction activity or holds a pivotal role. Non-noble Fe,
Co, Ni, and Cu are significant catalysts for CO, and CO hydrogenation to
hydrocarbons and alcohols. Activation energy and frequency factor vary
with the catalyst. An active CO, hydrogenation catalyst reduces activation
energy, enhancing the rate constant k(T) [35, 36].

Catalysts are classified into positive and negative catalysts, affecting
reaction rates. Positive catalysts accelerate reactions by reducing activation
energy, while negative catalysts inhibit reactions. This categorization high-
lights catalysts’ role in reaction control. A study found a linear correlation
between potential, work function change, and ethylene combustion rate.
Enhancing catalytic site reaction rates holds potential in heterogeneous
catalysis, but experimental validation is crucial [37].

7.7 CATALYSTS AND ENVIRONMENT

Major engine pollutants include NOx, CO, UBHC, and soot. Co and Ni are
potent CO, hydrogenation catalysts, favoring methane, while Fe is active
in CO formation and the reverse water gas shift reaction [36]. Three-way
catalysts are essential for controlling petrol engine emissions. They utilize
substrates coated with active materials and regulate the air-fuel ratio,
converting pollutants into less harmful compounds, effectively reducing
emissions, especially with platinum group metal catalysts. Initial use
involved platinum-based oxidation catalysts for hydrocarbon and carbon
monoxide reduction, followed by a platinum/rhodium catalyst for nitrogen
oxide reduction and simultaneous conversion of pollutants in a single three-
way catalyst [38].

Oxidation catalysts are the original type of auto catalysts, converting
carbon monoxide (CO) and hydrocarbons (HC) to carbon dioxide (CO,)
and water but have little effect on nitrogen oxides (NOx). Frequently, two
or more metals are used jointly, and platinum/palladium was used in some
of the early oxidation catalysts, as was platinum/rhodium, which was also
used under rich conditions for NOx reduction [39]. The transportation
sector contributes 35% CO, 30% HC, and 25% NOx emissions. Three-way
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catalysts replace older systems in Europe but remain in use globally where
emissions regulations are less strict, including CNG buses, motorcycles, and
small engines [40].

Exhaust gas emission control employs engine modifications, fuel treatment,
additives, exhaust gas recirculation (EGR), positive crankcase ventilation
(PCV), and catalytic converters. The converter includes reduction and oxidation
catalysts, utilizing metal oxides coated with wire mesh filter, often featuring
precious metals like platinum and palladium for efficient emission oxidation.
Catalytic converters, effective across vehicles like trucks, buses, cars, and
motorcycles, consistently minimize noxious tailpipe emissions [41, 42].

While renewable energy aims to cut CO, emissions, fossil fuels will
persist in the energy landscape. To combat global warming, lower CO, emis-
sions and better resource use are needed. Catalytic CO, hydrogenation to
methanol offers a carbon-neutral solution, curbing emissions and replacing
fossil fuels. Advanced converters optimize catalysts with precious metals
like platinum, rhodium, palladium, and gold for heightened oxidation and
reduced pollutants. Modern vehicles use three-way catalytic converters,
effectively handling CO, HC, and NOx emissions [34, 43].

7.8 CONCLUSION

Catalysts are vital for modern life, notably in the oil, gas, and petrochemical
sectors. These industries rely on catalysts to accelerate chemical reactions
efficiently, shaping petroleum production. Catalysts prevent energy-intensive
temperature increases, ensuring reactions occur faster and with precision.
They are essential for addressing environmental and energy challenges,
promoting sustainable solutions. Novel catalyst discovery fuels industries,
facilitating rapid reactions and fine chemical synthesis. Heterogeneous catal-
ysis, predominant for its separation advantages, maintains the unchanged
catalyst post-reaction. Catalytic regeneration, like reforming in refineries,
adds complexity to molecular transformations, highlighting catalysts’ multi-
faceted role.

Catalysts significantly influence reaction kinetics, classified as posi-
tive and negative catalysts based on their effect on rates. This classifica-
tion underscores their essential role in controlling reactions. Furthermore,
auxiliary promotion methods enhance catalytic reactions by optimizing
adsorbate-catalyst interactions and reagent activity. Some methods are vali-
dated, while others remain theoretical for future exploration. The synergy
of homogeneous and heterogeneous catalysis offers exciting avenues for
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investigation. Advancing catalytic site reactions holds promise in hetero-
geneous catalysis. Despite renewable energy growth, fossil fuels persist,
necessitating emission reduction and resource optimization. Catalytic CO,
hydrogenation to methanol mitigates emissions and replaces fuels. Innova-
tive converters optimize oxidation in modern vehicles, addressing CO, HC,
and NOx emissions.
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CHAPTER 8

Shock-Assisted High Temperature
Consolidation and Synthesis of Diamond
Containing Powder

AKAKI PEIKRISHVILI

Ferdinand Tavadze Institute of Metallurgy and Materials Science, Thilisi,
Georgia

ABSTRACT

The WC-Co-Diamond and Cu-Diamond powder mixtures were formed into
cylindrical rods or tubes using a hot shock-wave consolidation process. The
aims of the investigation were to fabricate composites and to obtain a rigid
coating onto the cylindrical surface of steel tubes, as well as to investigate the
morphology of the remaining diamond particles behind the shock wave front.
The cylindrical geometry of shock wave loading was used to consolidate and
synthesize composites in hot conditions. The processing temperature was
changed up to 1000°C. The intensity of loading was under 10 GPa. The inves-
tigation showed that the combination of high temperature and shock wave
loading was beneficial to the consolidation of the WC-20%Co-10%Diamond
composites, resulting in near-theoretical densities, high hardness values, and
the formation of a transient layer between the coating and the steel tube’s
wall. The structure and properties of the samples obtained, as well as the
formation of the transient layer, depended on the shock loading conditions
and the phase content of the precursor powders. As for Cu-Diamond precur-
sors, it was observed that depending on the temperature, there was perfection
of diamond crystals, and at temperatures under 1000°C, they practically had
ideal morphology.
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8.1 INTRODUCTION

Shortage of data concerning the study of consolidation and synthesis of
refractory and ceramic alloys is caused by a number of technological diffi-
culties associated with shock wave processing [1-5]. These difficulties are
related to the impossibility of direct compacting of powders. The problem is
that during the compacting of the powder blends from refractory materials,
the short period of loading is not enough for the operation of the consolida-
tion mechanism, including the plastic flow of particles, further formation of
common boundaries, and the obtaining of solid solutions inside the bonding
phases. The increase in the intensity of loading that is necessary to provide
plastic flow for refractory and ceramic materials essentially exceeds the
ultimate strength of the steel container in which the consolidated precursor is
located. In the case of consolidation by weak shock waves with low intensity
of loading, an additional process of sintering must be carried out. The appli-
cation of high temperatures (during sintering) is not recommended because
the melting processes of the steel container and the annealing processes in
consolidated and plastically deformed grains begin. As a result, it is impos-
sible to maintain the plastically deformed structure and other advantages
of shock consolidation in synthesized composites. The application of
low-intensity shock waves and subsequent sintering processing during the
compacting of pure ceramic powders is not effective in most cases [1].

The positive role of high temperature in the processes of the consolidation
of refractory and hard alloy powders is described [5—11]. The application of
high temperature (up to 1000°C) in the process of consolidation/synthesis
by shock waves enables the consolidation mechanism to work at essentially
low intensity of loading [5, 6] through plastic flow and mutual collision
of compacting particles, resulting in the melting of their surfaces and the
formation of common boundaries.

The objectives of this study were: first, to demonstrate that using the hot
shock wave consolidation method, the initial WC-Co-Diamond blends of
powders could be consolidated with near theoretical densities and appro-
priate microstructures; second, that high temperature and low intensity of
loading (up to 10 GPa) have an influence on the morphology of diamond
particles and may provide further structural perfection.

8.2 EXPERIMENTAL AND MATERIALS

The conventional powder of WC, Co, Cu, and ACM type diamond powder
made in Russia with grain sizes of 2-5 pm and 10-20 um were applied in
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composites. The experimental part of the project was carried out using the
Universal Automatic Experimental Robot (UAER) created in the Institute of
Mining Mechanics (IMM) in 1975 and described in [12]. The equipment allows
for the consolidation and synthesis of different precursors by shock waves in
hot conditions in the range of temperature 20—1100°C at intensity loading up to
20GPa. Figure 8.1 illustrates the view of diamond particles; Cu-diamond blend.
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FIGURE 8.1 The view of starting materials a) diamond particles; b) Cu-diamond blend.

The method of resistance is used to heat the assembly up to the desired
temperature before shock wave loading. The only ammonite (NH NO, +
20% TEN) with a detonation velocity of 3.6 km/sec and saltpeter (NH,NO,)
as a passive additive was used as an explosive to provide the consolidation
process with low-intensity shock wave loading. During the consolidation
of precursors at high temperatures, the residual temperatures essentially
increase as a sum of the preliminary temperature and the resulting tempera-
ture behind the shock wave front. As a result, some negative effects occur:
changes in the geometry and shape of the compacts, diffusion of atoms from
the steel container into the compacting powder, and the formation of undesir-
able phases, etc. In order to prevent the mentioned negative effects and to
consolidate high-density composites with a perfect structure, the process of
consolidation was fulfilled in two stages:

1. First stage — increasing the starting density of the compacting
powders before the hot shock wave loading using different methods;
a) preliminary shock wave consolidation at room temperature using
cylindrical geometry of loading.

2. Second stage — hot shock wave compacting of the preliminary
consolidated powders.
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8.3 RESULTS AND DISCUSSION

The shock wave consolidation of WC-Co—10% diamond powders in hot
conditions, with simultaneous sintering of the composition behind the shock
wave front, results in the formation of a perfect structure in the compacted
powder and a transient layer between the supporting steel surface and the
obtained hard-coated material.

Throughout the entire length of the samples, the structure and properties
of the transient zone completely depend on the preheating temperature and
loading intensity as well. Figure 8.2 represents the fracture of the consoli-
dated and synthesized WC-20%Co-10% diamond composite obtained at a
temperature of 1000°C with a loading intensity of under 10 GPa.

e S

FIGURE 8.2 The fractures of the hot consolidated and synthesized WC-Co-diamond blends
at temperature T= 1000°C. The intensity of loading under 10GPa.

No cracks and cavities are not observed on the structures.

As it’s seen the density, as seen from the structures, the consolidated
composite has high density, and no visible defects such as cracks and cavities
can be observed. The diamond grains have a strong bond with the WC-Co
matrix and are well combined with the structure of the alloy. There are no
unconsolidated parts in the macrostructure (Figure 8.2a), and diamond particles
are uniformly distributed throughout the entire volume of the obtained sample.

Figure 8.3 represents the micro and fine structures of the consolidated
and synthesized WC-Co-Diamond composite obtained at a temperature of
1000°C under a loading intensity of 10 GPa. As seen from the micro and
fine structure of the consolidated and synthesized composites, traces of strong
plastic deformation inside the WC grains are observed. The strong traces of
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sliding and twinning inside the tungsten carbide grains (Figure 8.3a) resultin a
significant increase in microhardness from 1800 to 3000 kg/mm?. After TEM
investigation of individual WC grains under magnification up to X 50,000,
traces of strong fragmentation and disorientation of the formed separate
particles relative to each other inside the individual particles were observed
(Figures 8.3b and 8.3c). The separate traces of formed dislocations as a result
of plastic deformation inside the same WC grains are also observed.
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FIGURE 8.3 The structure of consolidated and synthesized WC-20%Co-10% diamond
composite at temperature 1000°C under the intensity of loading 10GPa. (a) Microstructure — the
strong plastic deformation inside in WC grains by sliding and twinning (magnification X2000).
(b—c) fine structures of individual grains in composites showing strong fragmentation inside of
WC particles with traces of formed dislocations. The inner disorientation of obtained fragments
to each other may be observed too (Magnification X 42000 & 35000 correspondently).

Figure 8.4 represents the structure of transient field between the consoli-
dated and synthesized WC-Co-Diamond composite and steel formed behind
of shock wave front.

FIGURE 8.4 The microstructures of transition zone between the WC-20%Co-10%Diamond
& Steel obtained at temperature T=1000°C under the intensity of loading 10GPa. (a)
Microstructure of transition zone with spectral analysis, showing distribution of atoms across
the border. (b) Microstructure of transient zone (magnification X3500).
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The observation of the existence of the eutectic colonies demonstrates
that during explosive loading at 10,000°C, melting processes occurred in the
obtained samples behind the shock wave front between the steel substrate and
the obtained compacts. Especially, the atoms of W (red) and Co (yellow) are
deeply penetrating the steel substrate. The lower concentration of Fe and C
atoms in the hard alloy may be explained by the higher resistivity of the inner
hard material to compression, resulting in a lower concentration of penetrated
Fe and C atoms in the synthesized composite behind the shock wave front.
The observation of the transient zone at higher magnifications (Figure 8.4b)
shows that the joining (transient) field forms in the process of melting and
crystallization under high-intensity shock loading, which essentially facili-
tates the processes of diffusion under and behind the shock wave front.

The existence of the eutectic colonies in the microstructure (Figure 8.4b)
confirms the aforementioned melting processes. It was established through
X-ray diffraction analysis that the formation of the new phase Fe, W ,C -carbides
of high-speed steel (the “needles” of crystals can be observed in the micro-
structure, Figure 8.4b) took place in the transient field. Taking into account the
distribution of concentration curves and the results of structural analyses, it can
be said that the transient layer represents a solid solution based on Fe-Co-W
atoms, reinforced by grains of WC, Fe,W.C, and diamond phases.

In Table 8.1 presented some strength characteristics for hot shock wave
consolidated and synthesized WC-Co-Diamond composites depending on
the temperature of processing at intensity of loading under 10GPa.

TABLE 8.1 Presented Some Strength Characteristics for Hot Shock Wave Consolidated and
Synthesized WC-Co-Diamond Composites Depending on the Temperature of Processing at
Intensity of Loading Under 10GPa

WC-20%Co-10%Diamond Consolidation/Synthesis Temperature [°C]
Characteristics Virgin 600 700 800 900 1000
High High 780

Hardness Hv5, kg/mm?,

Joading 5 ke - porosity porosity Cracks 866 880

and Cracks and Cracks gpserved
broadening of (200) line for
WC phase

Grain size for WC phase [u] 0.52 - - 0.38 0.18 0.26
Micro stress [Aa/a, x10%] 2.1 2.2 32 25

022 - - 0.210 0.32 0.240

As seen from Table 8.1, the investigation showed that only at temperatures
above 900°C is it possible to obtain high-density samples without visible struc-
tural defects such as porosity and cracks. The hardness value for consolidated
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and synthesized WC-20%Co-10%Diamond hard alloys slightly depends on
the temperature, reaching 880 Hv at 1000°C, despite the fact that strong plastic
deformation occurs within the WC particles (Figure 8.3). This can be explained
by the matrix Co phase, which provides bonding of the hard WC and diamond
particles in the composition and is in a fully annealed condition.

To investigate the effect of temperature on the morphology of diamond
during shock wave loading, blends of Cu-20% diamond were consolidated at
different temperatures with a loading intensity of under 10 GPa. It was found
that high temperatures combined with shock loading have a positive influence
on the surface morphology of consolidated diamond, and near the melting
point of copper, the perfection of separate diamond grains was observed.

Figure 8.4 represents the structure of diamond grains in Cu-10%Diamond
composites obtained after shock wave consolidation in hot conditions with a
loading intensity of under 10 GPa.

o) d)
FIGURE 8.5 The microstructures Cu-10%Diamond composites obtained after high
temperature shock wave consolidation with intensity of loading under 10GPa. a-b)

consolidated under 4000C; b-c) consolidated at 900 & 1000°C correspondently. The traces of
melting/crystallization process in copper matrix (Figure 8.5d).
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As can be observed from the structures in Figure 8.5, the morphology
of consolidated diamond particles is dependent on the temperature value,
particularly near the melting point of copper (around 1000°C). After shock
wave loading of Cu-diamond precursors with an intensity below 10 GPa,
modifications and perfection of the diamond particles are observed (see
Figures 8.5c and 8.5d).

Taking into account the low melting point of copper (1080°C), it can be
suggested that during loading by shock waves with an intensity near 10 GPa,
the copper matrix transforms into a liquid state. After stress relief due to the
remaining temperature, melting and crystallization processes in the copper
matrix also take place.

It can be assumed that at the front of the shock wave during the loading
process, the diamond crystals, being in a liquid copper medium, are subjected
to all-around compression. Despite the short duration of this process, the
high intensity of loading allows for the perfection of the crystals to occur.

8.4 CONCLUDING REMARKS

The only high-temperature shock wave consolidation makes it possible,
in one stage, to consolidate and synthesize WC-Co-Diamond composi-
tion powders near theoretical density without cracking and with a perfect
structure. The temperature and intensity of loading are the main parameters,
and only above 900°C and with low intensity of loading under 10 GPa can
high-density WC-20%Co-10%Diamond composites and their coatings
on steel surfaces be obtained, with the formation of a transient zone. The
consolidation and synthesis of WC-20%Co-10%Diamond composites are
accompanied by a significant improvement in structure. The strong plastic
deformation in WC particles with significant fragmentation and sliding/
twinning there takes place. The value of hardness of composites obtained
after fabrication at 1000°C reaches to 880kg/mm?

High-temperature treatment of diamond crystals with an intensity
of loading under 10 GPa showed a positive role of temperature, and at
900-1000°C, significant improvement and perfection of its morphology
were observed.

Further investigation and more attention to this topic, focusing on
increasing the percentage of diamond crystals, pulse duration during the
loading, and temperature values, seem to be attractive.
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ABSTRACT

The Ta-Al-B (B4C) blend of powder was formed into plates using combined
self-propagating high-temperature synthesis and hot electrical rolling
processes. The aims of the investigation were to synthesize and fabricate
different TaxAly-TaBx (B4C) composites with near theoretical density in the
form of sheets having a perfect structure and high strength properties. The
preliminary investigation showed that the combination of the high-tempera-
ture electrical rolling method with the SHS processes of the Ta-Al-B reactive
blends of powders at the beginning of rolling was beneficial to the consolida-
tion/synthesis of the TaxAly-TaBx composites, resulting in near theoretical
densities, high hardness values, and the formation of different intermetallic
compounds of TaxAly. The structure and properties of the samples obtained
depended on the loading conditions and the phase content of the precursor
powders. The processing temperature at the beginning of rolling was
changed up to 1000°C. The intensity of loading was under 60 MPa. The
aforementioned features, as well as other aspects of the structure/property
relationship of the consolidated and synthesized plates of TaxAly-TaBx
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(B4C) composites as a function of the loading conditions (experimental
set-up, intensity of loading, preheating temperature, pre-density), will also
be presented and discussed.

9.1 INTRODUCTION

The development of nuclear technologies and equipment requires new
approaches and the development of innovative materials characterized by a
good ability to absorb neutron radiation, greater stability, and relatively low
cost.

Rolling refractory and brittle materials, in contrast to plastic ones, is a
very complicated problem. Such alloys, in particular those obtained by the
methods of powder metallurgy, fail under the action of static loading due
to their low plasticity. However, it has been known [1-3] that pre-heating
reduces the tendency to crack even under dynamic loading, since with an
increase in the initial temperature of some materials, such as heavy alloys and
cemented carbide alloys, their hardness decreases and plasticity increases.

The application of high temperatures during the rolling of refractory
alloys enables not only the prevention of cracking in the obtained billets
but also the production of bimetal compositions from different pairs. During
the rolling of powder materials, with the increasing temperature, the plastic
flow of consolidated particles under static loading increases, and at high
temperatures, due to the mutual collision of surfaces, the formation of joint
boundaries occurs. Proceeding from these considerations, pre-heating before
rolling is highly recommended for brittle and PM materials and is promising
for any other materials, since it changes their physical-mechanical properties.

The innovative technology of self-propagating high-temperature
synthesis (SHS)-electric rolling is the only one among existing technologies
that ensures the continuity of SHS samples and the process of hot deforma-
tion (rolling) while obtaining products with the required longitudinal dimen-
sions. The operating principle of this method is as follows: a filled container
with a charge is brought to the rolls of a special rolling mill, and a small
grip is made, ensuring reliable electronic contact between the rolls and the
container. Through this contact, an electric current is supplied to the defor-
mation zone, and the Joule heat released in the initial section of the specified
deformation zone heats the charge and initiates the synthesis process. The
combustion front of the charge moves along the container, and at the moment
when a certain combustion zone of the charge (an area of planned size) is
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created in front of the area where the material enters the deformation zone,
the rolls are turned on, and electric rolling begins.

From the mentioned area, the charge in a hot, viscous-plastic state is
continuously supplied to the deformation site. A necessary condition for the
implementation of this process is the equality of the speeds of movement of
the synthesis and rolling fronts, as well as the compensation of heat losses
from the contact of the container with the rolls, due to the conduction of a
heating current, which ensures the existence of a hot viscous-plastic mass in
the deformation zone. The duration of the SHS process is determined by the
length of the container loaded with the charge.

The objectives of this study were to demonstrate that using two non-
standard powder metallurgy technologies, SHS and hot electric rolling
technology, it is possible to obtain high-density sheets based on tantalum
and aluminum intermetallic compounds.

9.2 EXPERIMENTAL

Based on the above and taking into account the data from the Ta-Al phase
diagram, we can conclude that the selection of the phase composition and the
use of various passive alloying elements to regulate the synthesis temperature
are important technological parameters in their subsequent static or dynamic
consolidation-synthesis processes.

The SHS-electric rolling process is innovative, has no analogues, and
was created and developed at the Ferdinand Tavadze Institute of Metallurgy
and Materials Science [4].

When studying the SHS-electric rolling process, it should be taken into
account that the process of obtaining the SHS charge—composition, pack-
aging, i.e., the density of the briquette, the temperature of the isothermal
combustion process, and the speed of movement of the combustion
front—are directly related to the main technological parameters of electric
rolling. Therefore, a theoretical study of these two completely independent
processes was carried out, taking into account the joint implementation of
these processes.

It is important to note that the Ta-Al system belongs to a reactive pair,
and in this composition, self-propagating high-temperature synthesis occurs
at a high temperature of approximately 2500°C. Depending on the aluminum
content, the intensity of exothermic reactions changes, and accordingly, the
synthesis temperature also changes.
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Figure 9.1 represents the set-up of rolling processing.

FIGURE 9.1 SHS-electric rolling set-up (1. Rollers; 2. Electrical contacts of the power
supply; 3. Container; 4. Reactive powder blend; 5. Combustion front, 6. Rolled product).

The process of obtaining high-quality products from SHS electric rolling
is influenced by the following parameters: dispersity, drying, activation, and
degree of mixing of the solution, which determine the volumetric homoge-
neity of the solution. Dry mixing of powders is carried out in a ball mixer for
24 hours at a speed of 600 turns/min.

Cold briquetting forces determine the density of the briquette. The rela-
tive density of the briquette is selected in the range of 0.5-0.7, with pressing
forces of 5-20 tons. The thickness of the briquette is selected within the
range of 16—-18 mm, and the weight of one briquette is from 130 to 150
g. The location of the briquettes in the container determines the degree of
binding of the briquettes in the product.

Container dimensions determine the degree of roll deformation and grip-
ping conditions during electric rolling. For example, to obtain the required
material thickness of 6—7 mm and a width of 50-55 mm, to achieve a rela-
tive deformation of 60%, the cross-sectional dimensions of the container
are 18-20 x 46—48 mm. The dimensions of the briquettes are determined by
the dimensions of the mold and are 45 x 45 mm. Briquettes are placed in a
container in one row. Each container contains 4 briquettes (total weight —
0.5-0.6 kg). Pre-densification of briquettes to form a sample occurs under a
force of 200 tons.
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TABLE 9.1 The Technological Parameters of Synthesis and Electrical Rolling

Content SHS Pre-Densification Velocity = Heating Compression Average

Reaction Force at Room  of Roll’s  Electrical , Specific

Velocity Temperature, Kg Turning Current, Pressure

mm/sec Turn/min A Kg/mm?
Ta-31%Al 6 1500 0,45 2100 60 6,8
Ta-8%Al-11% B4C 3 1500 0,225 4300 60 12,1
Ta-8%Al-10%B 10 1500 0,76 2500 60 7.4
Ta-24%Al1-6%B 5 1700 0,375 2200 60 11,0
TaB2-9%Al 5 7500 0,375 2300 60 10,5
9.3 RESULTS

Figure 9.2 represents the view of rolled strips from of Ta-Al-B composition.

FIGURE 9.2 The billets of Ta-19%A1-6%B & Ta-8%Al-10%B composition obtained after
rolling at high temperature according to the Figure 9.11.

The obtained billets were cut, polished and prepared for further structural
investigation.

Figure 9.3 represents the fractures of different hot rolled samples obtained
from Ta-Al-B reactive pre-densified blends.
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FIGURE 9.3 The View of fractures after hot rolling Ta-19%A1-6%B and Ta-8%Al-10%B
composites. (a) View of fractures; (b) fracture after 15 sec delay before rolling; (c) fracture
without delay parallelly with SHS reaction.

Figure 9.4 represents the macrostructure of hot rolled Ta-19%Al1-6%B
pre-densified blends with correspondent spectral and quantitative composi-
tion analysis.

As it’s seen from view of cross section of hot rolled Ta-19%Al-6%B
sample at low magnification (x30), it’s free from any defects of processing
and no visible cracks on the surface of obtained samples not observed.

Figure 9.5 shows the microstructures of hot rolled and synthesized
Ta-Al-B composites depending on its phase content. Rolled samples of
the composition Ta-24%Al1-6%B (Figures 9.5a and 9.5b) consist of two
phases. Black particles are distributed on a white background. Both phases
are predominantly oriented in the rolling direction, although they occur in
an unevenly distributed deformed form. The white phase is in the form
of independent particles. Rolled samples of the composition Ta-8%Al-
10%B (Figures 9.5¢ and 9.5d) are also two-phase. Black particles are
unevenly distributed on a white background. In contrast to the Ta-24%Al-
6%B composition, an insignificant orientation in the rolling direction
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Spectrum: Point

Element AN Series norm. C Atom. C
[wt.%] [at.%]

Tantalum 73 L-series 71.97 22.99
Aluminium 13 K-series 17.31 37.08
oxygen 8 K-series 10.01 36.14
Boron 5 FEK-series 0.71 3.79

Total: 100.00 100.00

<)

FIGURE 9.4 The macrostructure of hot rolled Ta-19%AI-6%B pre-densified blends with
correspondent spectral and quantitative composition analysis. (a) Macrostructure; (b) spectral
analysis; (c) quantitative composition analysis.

is observed. The white background is a collection of round particles,
although in some places there are also continuous, irregularly shaped
independent inclusions.
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FIGURE 9.5 The microstructure of hot rolled Ta-24%Al-6%B and Ta-8%Al-10%B
composites. (a—b) Ta-24%Al-6%B samples; (c—d) Ta-8%Al-10%B composites; Magnification
x1000.

The microstructures of the hot-rolled sample with lower content of
boron and higher content of aluminum (Figure 9.5 a—b) have anon-uniform
distribution of phases, and unreacted inclusions of the aluminum phase
are observed (white spots). The reduction of the amount of aluminum
and the increase of boron in the composition have a positive influence
on structure formation, and after rolling, it became possible to obtain
high-density samples with a perfect structure and uniform distribution
of phases (Figure 9.5c—d). Unfortunately, fully unreacted phases (white
spots) can also be observed in the microstructures. The above-mentioned
is confirmed by the X-ray diffraction pictures as well (Figure 9.6a-b),
where the influence of boron content on the SHS reaction and phase
formation can be clearly observed. Figure 9.6 represents the diffraction
pictures of hot-rolled Ta-24%Al1-6%B and Ta-8%Al-10%B composite
powders.

As it’s seen from diffraction pictures of hot rolled Ta-Al-B compos-
ites the composition with higher content of boron is more reactive in
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y I} .’&;1’;'1';

FIGURE 9.6 Diffraction Picture of Rolled Ta-Al-B Rolled Samples: (a) Ta-24%Al-6%B;
(b) Ta-8%Al1-10%B.

contrast to composite with higher content of aluminum as it was justified
above (Figure 9.5). The increased number of new picks on Figure 9.6
b in contrast to 9.6 a confirms distribution on microstructures (Figure
9.5) where reduced unreacted phases in the forms of white spots were
observed.

Figure 9.7 represents SEM microstructure of (Ta-50%Al)-10%B4C
composite obtained after combined SHS & electro rolling processing.
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b

10um Electron Image 1

T |
Processing option : All elements analysed
Spectrum Instats. B C o Al Fe Ta
Spectrum 1 | Yes 13.78 9.68 224 533 20.99
Spectrum 2 | Yes 3099 2490 6.25 1100 141 2544
Max, 3099 2490 625 5331 141 2544
Min. 13.78 968 2.24 1100 141 2059

FIGURE 9.7 The microstructure and quantitative composition analysis of (Ta-50%Al)-
10%B4C obtained after combined SHS and hot rolling processing.

The quantitative analysis of spectrum 1 and spectrum 2 shows that there
are no unreacted phases, and in both cases, the formation of tantalum alumi-
nates takes place. The increased amount of C and B in spectrum 2 may be
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the result of the formation of additional tantalum carbides and borides that,
together with the formed tantalum aluminate, may be considered as a matrix
phase of the obtained composition. The table 9.2 represents the distribution
of hardness in hot-rolled Ta-Al-B composites.

TABLE 9.2 The Distribution of Hardness in Hot-Rolled Ta-Al-B Composites

Characteristic/composition Ta-19%Al-6%B Ta-8%Al-10%B
Al reach area 207kg/mm? 875kg/mm?
B reach area 250kg/mm? 519kg/mm?

Ta-Al-B (B4C) blends were preliminarily statically and dynamically
densified, and by combining SHS and hot electro-rolling processes, they
were fabricated in the form of sheets close to theoretical density with a defi-
nite structure and high hardness values. It was established that the initiation
of the SHS reaction in compositions to fabricate high-density sheets depends
on the content, and with an increase of B in powder blends, it provides full
chemical reactions and the obtaining of samples with increased hardness
values of up to 900 kg/mm?.

9.4 CONCLUSION

The combination of SHS processes with hot rolling and electro-rolling
makes it possible to consolidate and synthesize high-density billets in sheet
form from Ta-Al-B (B+C) composition powders. The structure and hardness
of the fabricated samples are influenced by the phase content of the composi-
tion, and an increase in boron content up to 10% enables the production
of samples with fully reacted and uniformly distributed phases, achieving a
hardness value of up to 900 kg/mm?.

ACKNOWLEDGMENTS

This work was supported by Shota Rustaveli National Science Foundation of
Georgia —SRNSFG (Grant number STEM 1113).



126

Advanced Topics in Polymer Chemistry and Materials Science

KEYWORDS

-~

-

~

hardness values

high-density billets

hot electro-rolling

phase distribution

self-propagating high-temperature synthesis (SHS)
Ta-Al-B reactive blends

REFERENCES

1.

2.

4.

Mindeli, E., Licheli, G., Mgeladze, Z., Peikrishvili, A., & Chagelishvili, E. (1978).
Pre-heating effect upon the explosive hardening of hard alloys. FGV, 4, 192.

Mote, J., et al. (1984). Emergent process methods for high technology ceramics. In
Emergent Process Methods for High Technology Ceramics (pp. 695-710). Plenum
Press.

. Peikrishvili, A., et al. (1995). Possibility of obtaining combined samples from tungsten

base alloys by high temperature shock wave treatment. In L. E. Murr, K. P. Staudhammer,
& M. A. Meyers (Eds.), Metallurgical and Materials Applications of Shock Wave High-
Strain-Rate Phenomena (pp. 99-107). Elsevier.

Namicheishvili, T., Tutberidze, A., Melashvili, Z., Tavadze, G., Aslamazashvili, Z.,
Oniashvili, G., & Zakharov, G. (2016). A method for producing products from inorganic
materials from powdered crucibles (Final report, p. 6541). IMMS.



CHAPTER 10

Oxidation of Antimony (III) Sulfide with
Elemental Sulfur in Lithium Alkaline
Medium

KAKHA RUKHAIA,* MAIA RUSIA,> and MANUCHAR CHIQOVANTI?

IDoctor of Chemistry, Ministry of Environment Protection and
Agriculture, Georgia

’Department of General, Inorganic, and Metalorganic Chemistry,
Faculty of Exact and Natural Sciences, Iv. Javakhishvili Tbilisi State
University, Georgia

3Department of the Faculty of Exact and Natural Sciences,
Akaki Tsereteli State University, Georgia

ABSTRACT

As aresult of the research, it was determined that the transformation products
of the LiOH-Sb,S,-S-H,O system are crystalline hydrate salts containing
metaantimonate and tetrathioantimonate anions, with a molar ratio of
3:5. Their molecular formulas, respectively, can be expressed as follows:
LiSbO,-2.5H,0 and Li,SbS,-9.5H,0.

10.1 INTRODUCTION

The synthesis of mixed oxothioarsenates (V) of alkali metals with the
composition of M3AsO,-xSx, where M is an alkali metal and x varies in the
range of 1-3, is well studied [1]. As for antimony(V) products, as can be seen
from literature data [2], they are not formed under such conditions.
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A significant difference is also observed in the preparation of arsenic (V)
and antimony (V) tetrathioacid salts. Thus, for example, sodium tetrathioan-
timonate (V) is obtained in practice as follows [3, 4]:

8NaOH + Sb,S, + 6S—2Na,SbS, + Na,SO, +4H,0 (10.1)

At the same time, sodium dithioarsenate (V) is the main product of the
system NaOH-As,S —S-H, O [1]:

6NaOH + As,S, +2S —2Na,AsO,S, + H,S +2H,0 (10.2)

Similarly to the synthesis of sodium thioarsenate [1],

6NaOH + As,0, + 25 —2Na,AsO,S + 3H,0 (10.3)

In the previous work we tried to obtain the same metal thioantimonate
(V), but all our attempts to isolate a chemically pure target product using the
following reaction:

6NaOH +Sb,0, + 28 — 2Na,ShO,S + 3H,0 (10.4)

were unsuccessful. As a result, we obtained sodium metaantimonate (V) as a
solid phase and tetrathioantimonate (V) of the same metal in solution. Taking
into account the experimental data obtained, the corresponding redox reac-
tion can be expressed by the following equation:

6NaOH +Sb,0, +4S +19.5H,0—3NaSh0, 3.5H,0 + Na,5bS,9H,0 (10.5)

Previously, sodium tetrathioantimonate (V) was obtained by reaction (Eq.
10.1) [1]. Without taking into account the solid phase of the reaction mass,
we assumed that it was a homogeneous mixture of sulfide of antimony (III)
and residual sulfur. However, in the course of the work, it was found [6] that
the color of this mixture differed significantly from the color of sulfur and,
moreover, from the color of tri-sulfur antimony (Sb,S,). This fact, as well as
the above-mentioned difference in the chemical behavior of antimony (III)
chalcogenides, prompted us to test reaction (Eq. 10.1), although it has long
been recommended [4, 7] as the main method of obtaining tetrathioanti-
monates (V) of alkali metals by hydrochemical means.

10.2 EXPERIMENTAL METHODS AND MATERIALS

To better understand and appreciate the present work, we will look at specific
examples of the experiment.
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Example 1. 5.60 g LiOH-H,0, 60 ml H,O were added to a 250 ml Erlen-
meyer flask with screw cap and, under constant stirring (magnetic stirring),
10 g of antimony(III) sulfide and 1.9 g of finely dispersed sulfur were added.
We fitted the flask with a reflux condenser and a calcium chloride tube and
carried out the reaction under constant stirring and heating. After 5 hours,
the reaction zone acquired a stable gray color. We cooled the contents of the
flask, filtered them, and after washing the resulting precipitate several times,
air-dried it until a constant mass was obtained. We got 4.50 g of lithium
metaantimonate crystal hydrate, which is 92.2% of the theoretical. Found,
%: Sb 54.68; H,O 20.39. LiSbO,-2.5H,0. Calculated, %: Sb 54.90; H,O
20.29.

To the mother liquor two volumes of 96% ethyl alcohol were added
to remove LiSbO,-2.5H,0. After filtering the small amount of precipitate
obtained, the sulfur-containing substance was crystallized from the solution
(by concentration), filtered, washed with ethyl alcohol, and dried in a vacuum
desiccator on phosphorus pentoxide and paraffin to a constant weight.14.63 g
of lithium tetrathioantimonate crystallohydrate was obtained, which is 90%
of the theoretical amount. Found, %: Sb 27.44; H,0 38.82. Li,SbS,-9.5H 0.
Calculated, %: Sb 27.56; H,0 38.70.

Example 2. From 8.4 g LiOH-H,O, 80 ml water, 15 g Sb,S. and 2.8 g
sulfur, — 6.85 g LiSbO,-2.5H,0 (93.4% of theoretical) and 22.41 g Li,SbS,
‘9.5H,0 (91.9% of theoretical) were obtained.

Antimony was determined by the Evins method [9], sulfur [10], and
crystallization water by the weighting method. In the latter case, the analyte
sample was heated in a desiccator at 110—180°C until a constant mass was
obtained.

10.3 RESULTS AND DISCUSSION

According to the data from earlier studies, it was established that the trans-
formation of the NaOH-Sb2S3-S-H, O system results in the formation of
crystalline hydrates of sodium tetrathioantimonate and sodium triocostibiate.
Accordingly, the oxidation reaction of antimony(Ill) sulfide by elemental
sulfur in an aqueous solution of sodium alkali should be expressed by the
equation.

18NaOH +4Sb.S, + 8S + 46.5H,0— 5Na,SbS -9H,0 + 3NasSh0,3.5H0  (10.6)

Thus, the behavior of the second chalcogenide (sulfide) of sulfur (III) in
the NaOH-Sb,S -S-H,O system has been established. The reaction products
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were found to be crystal hydrates of sodium methaantimonate and sodium
tetrathioantimonate with a molar ratio of 3:5 [8].

Obviously, after the above-mentioned studies, the replacement of caustic
sodium in the reaction system with lithium alkali and the study of interaction
products LiOH-Sb,S .—S—H,O of the obtained substances was on the agenda.

In order to determine the similarity or difference between the processes
taking place in the above-mentioned systems (NaOH-Sb,S,-S-H,O and
LiOH-Sb,S,-S-H,0), the reactants, similarly to the first one, were taken in
the following molar ratios: LIOH:Sb,S,:S = 9:2:4.

After 5 hours of constant stirring (magnetic stirrer) and heating, the
contents of the flask separated into solid (light gray powdery substance) and
liquid (golden solid solution) phases. When maintaining the optimal condi-
tions of the process, the yield of lithium metaantimonate (V) exceeds 90%.
The non-reactive precipitation of the latter from the reaction area is explained
by its low solubility in the mother solution. The filtrate can be freed from
lithium metaantimonate (V) by re-precipitating it with ethyl alcohol and
filtering the mother solution. The isolation of lithium tetrathioantimonate (V)
in the individual state by careful evaporation of the filtrate on a water bath is
then not a problem.

The current reaction should be presented as follows:

18LiOH+4Sb,S.+8S+46H,0—3LiSbO,-2.5H,0+5Li,SbS,-9.5H,0  (10.7)

Thus, as a result of the studies it was found that the transformation prod-
ucts of the system of LiOH-Sb,S.—S-H,0, as well as the NaOH-Sb,S —S—
H,O system, are crystalline hydrate salts containing tetrathioantimonate and
metaantimonate anions with a molar ratio of 5:3. Accordingly, molecular
formulas of these salts can be expressed as follows: Li,SbS,-9.5H,0 and
LiSbO,-2.5H,0.

10.4 CONCLUSION

Thus, as a result of the studies it was found that the transformation products
of the system of LiOH-Sb,S,—S-H,O, are crystalline hydrate salts containing
tetrathioantimonate and metaantimonate anions with a molar ratio of 5:3.
Accordingly, molecular formulas of these salts can be expressed as follows:
LiSbO,-2.5H,0 and Li,SbS,-9.5H,0. Accordingly, it can be said that a new
method for the simultaneous synthesis of lithium (V) tetrathioantimonate
and lithium (V) metaantimonate crystalline hydrates has been developed.
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CHAPTER 11

Composites Based on Secondary
Thermoplastic Polymers and Some
Minerals
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ABSTRACT

The polymer composites on the basis of secondary polyethylene and the
minerals spread (andesite from Bakuriani, Sachkhere quartz sand and Okami
slag) have been obtained. There are studied some physical-mechanical
properties, thermal stability and materials hydrophobicity. It is shown that
the ultimate strength and thermal stability of the composites extremely
depend on the type and concentration of the filler. For composites containing
binary filler (quartz sand + slag) discovered the synergistic effect- anomaly
increasing of the ultimate strength at definite ratio of the fillers.

11.1 INTRODUCTION

Environmental ecological protection and the utilization of industrial waste
are currently very important and relevant problems. From the scientific and
technical literature, it is known that the development of composites based on
secondary thermoplastic materials, in which different dispersive or natural
and artificial fiber fillers are used, can spare about 40% of primary ores. In
secondary polymer composites, industrial technological waste such as trim-
mings, injection molding heads, technical tare, films, bottles, and so on are
used. The content of such waste varies in the range of 10% to 60%.
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Polyethylene is now one of the most widely used polymers, which is due
to its many positive properties and low cost [1, 2]. In our work, high-pressure
polyethylene industrial waste is used as a binder.

11.2 EXPERIMENTAL
11.2.1 RESEARCH OBJECTS AND METHODS OF OBTAINING

There were fine dispersive powders used, obtained as a result of grinding
different polyethylene bags of domestic origin. Most of them are made from
high-pressure polyethylene (with low density). Three types of minerals—
Bakuriani andesite, Sachkhere quartz sand, and Okami slag—were used
as composite fillers with a wide range of concentrations. Below, a short
description of these fillers is presented.

Andesite (word basis -American mountains Ands) volcanic origination
dark red color dense, but sometimes is porous material. This mineral is
wide spread material in the AdJara-Trialeti mountain (Borjomi-Bakuriani,
Tsikhisjvari) kazbegi region (mkinvartsvery, Kabarjina), in the sources of
the rivers Liakhvi, Ksani, and Aragvi, on the Javakheti plateau. Andesite is
used as a building and acid proof material;

Quartz sand from Sachkhere includes the quartz particles, content of
silicon oxide near70-85% and rest are iron, calcium and magnesium oxides.
Besides of the sand includes 5% clay and dust particles.

Slam from Okami is red color micro-porous volcanic generated mineral
with high specific surface. In Georgia, this mineral is used as a warm-insu-
lating material. The slam belongs to the basalt-type porous variety. It is glass
with aluminosilicate content (75-80%). 20% of this material is crystalline.
Density is 2630 kg/m>.

At the initial stage, the mixing of composite ingredients in the propeller
mill lasts for 2—3 minutes.

As a result of mixing the polymers and different fillers, a homogeneous
powder was obtained, which, after preliminary drying at 50-70°C, underwent
pressing in standard press forms (cylindrical and rectangular). The samples
were obtained after pressing at 8—10 MPa and a temperature of 140—150°C
for 10—15 minutes.

11.2.2 METHODS OF SAMPLES TESTING

The samples were tested for strengthening under compression. Mechanical
parameters were defined using the German device of type Distant. Water
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absorption was measured separately. Temperature stability was assessed
using the Vica apparatus.

11.3 RESULTS AND DISCUSSION

First of all, it was necessary to determine the dependence of material prop-
erties on the type and concentration of fillers. With this aim, we obtained
composites based on polyethylene, which included mineral powders with
concentrations of 20-60 wt% (20, 30, 40, 50, and 60).

On the Figure 11.1 The dependence of composite mechanical strength-
ening (at compression) on the filler concentration is presented. From this
figure one can see that this dependence for all samples has an extreme char-
acter, on the curves the maximums are appeared. This result is in fully agree
with well-known dependence — the left side of these curves corresponds to
mechanical enhances because of formation the contacts between macromol-
ecules and filler particle surfaces, but after definite concentration in result
of formation of filler particles associates (at this moment not all particles
wetted by macromolecules), which is equivalent to formation of the definite
structural defects, the mechanical strengthening of composites decreases step
by step. This process enhances with future increasing of the filler concentra-
tions. The difference between curves is described by the difference in filler
types. This difference is expressed in the character of the particles’ surface
profile (partially surface smoothness). The particles with deep irregularities
contribute to the penetration of the polymer segments into the micro-empties
of filler particles and the formation of engagements. In this way, physical
bonds are formed (formation of Van der Waals bonds), which lead to an
increase in the mechanical strengthening of the composite. Besides this,
there is the possibility of the formation of chemical bonds between active
chemical groups on the filler surface and macromolecules, which will further
strengthen the composite. The character of the noted dependence appears in
the thermal stability properties — at nearly the same concentrations, thermal
stability achieves stable significance, which corresponds to the limit of this
parameter (Figure 11.2).

It is known that in some cases it is possible to increase the physical prop-
erties of composites by using binary fillers [3]. With this aim, we prepared
the composites based on PE and binary fillers, quartz sand and slam, the
concentrations of which were varied in two groups of sum concentrations:
40 wt% and 50 wt%. In accordance with the experimental data on the deter-
mination of the dependence of ultimate strengthening of composites on the
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FIGURE 11.1 Dependence of the composite ultimate strength (at compression) of the PE
composites containing quartz sand (1), slam(2) and andesite (3) on the filler concentration.
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FIGURE11.2 Dependence of the composite softening (by Vica method) of the PE
composites containing quartz sand (1), slam(2) and andesite (3) on the filler concentration.

different proportions of the fillers in them, these curves are characterized
by maximums. In Figure 11.3, the maximum of ultimate strength appears
for composites containing the fillers slam and quartz sand with a proportion
of 30/70 (curve 1), when the sum of the fillers is 50 wt%. An analogous
maximum is observed in curve 2 of the same dependence at a proportion of
the same fillers 40/60, when the sum of the fillers is 40 wt%. The maximums
on the curves correspond to the so-called synergistic effect — non-additive
improvement of the material properties at definite proportions of ingredients
in the binary filler [4, 5].
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FIGURE 11.3 Dependence of the composite ultimate strength (at compression) of the PE
composites with binary filler (quartz sand + slam) at the filler sum concentration 50wt% (1)
and 40 wt% (2). On the x axis — the concentration of slam in binary filler

Comparison of numerical data of obtained dependences for composites
containing binary fillers (Figure 11.3) and composites with one filler (Figure
11.1) shows that by combining the fillers, it is possible to enhance the
mechanical properties of the composites. It must be noted that the experi-
ments investigating the hydrophobic properties of the composites show that
water absorption by the composites is rather low (no more than 1.5%). This
fact shows that the microstructure of the composites contains a rather low
amount of structural defects (partially empty spaces, cracks, etc.).

11.4 CONCLUSION

Polymer composites containing fine dispersed andesite, slag, and quartz sand,
derived from industrial and domestic wastes, have been obtained and studied.
Experimental results show that the physical-mechanical, thermal, and hydro-
phobic properties of these composites significantly depend on the type and
concentration of fillers. For composites with binary fillers, an optimal filler
proportion in the blend has been identified, resulting in enhanced physical
properties compared to composites containing a single filler from the binary
blend. Additionally, the water absorption of all investigated composites is no
more than 1.5%.
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CHAPTER 12

Thermochromic Liquid Crystal Polymer
Composites for Optical Visualization of
Thermal Fields
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ABSTRACT

Thermochromic liquid crystal (LC) polymer films consisting of a nematic-
chiral mixture with different temperature ranges were obtained using the
technological process of a microencapsulation method, improved by the
authors. Studies have shown that by controlling the microencapsulation
process, the technological characteristics influence the thermo-optical param-
eters of polymer composites. Stretching of the films results in an increase
in their thermosensitivity. The obtained LC polymer films are characterized
by high intensity of coloring in different regions of the visible spectrum.
The engineering properties determine the application of LC polymer films
as rewritable thermoindicator polymer materials, which are promising for
optical visualization of the thermal field distribution in various areas of
thermoindication.

12.1 INTRODUCTION

The ability of cholesteric LC systems to change color with temperature
changes allows them to be used for optical visualization of the thermal field
distribution. Photochemically stable LC nematic-chiral mixtures, obtained
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by inducing LC with an optically active substance, are distinguished in such
systems. Nematic-chiral mixtures have effective color-temperature parameters:
high selective reflection intensity of the light wavelength (Bragg’s reflection
band), especially in the long wavelength region of the visible spectrum.

From a practical point of view, it is very important to obtain polymer
materials based on the LC nematic-chiral mixtures. The polymer protects the
integrated mixtures from external factors, preserves photochemical stability,
and makes it possible to use multiple polymer materials.

The thermochromic LC system was introduced into the polymer by
the method of microencapsulation, which was improved by the authors by
choosing ice acetic acid as a suitable emulsifier [1, 2]. Ice acetic acid provides
a stable dispersion system in polyvinyl alcohol (PVA), which contains
dispersion phase-isolated compositions—aggregates of the microcapsules
formed in the dispersion medium of an aqueous solution of PVA.

In the polymer composites, the initial properties of the nematic-chiral mixture
are fixed in a microcapsule that preserves these parameters as much as possible
and ensures the production of technologically perfect LC polymer composites
with high reflection intensity. Using the technological process of the microen-
capsulation method, thermochromic LC polymer films [3-5] were obtained,
consisting of a nematic-chiral mixture with different temperature ranges [6].

The presented article describes the technological process of the microen-
capsulation method for making new LC thermochromic polymer composites
and discusses: a) their thermo-optical parameters based on spectral and
optical-microscopic studies; b) the engineering properties of the obtained
polymer films, which determine the practical application of LC polymer
films as rewritable thermoindicator polymer materials.

12.2 EXPERIMENT

N and 8H thermochromic LC polymer films were obtained by the authors
using the technological process of the microencapsulation method. Polymer
films N were obtained by employing nematic-chiral mixtures, which contain
a certified nematic substance ZLI-1939 with a cyano-biphenyl group and
certified optically active substances ZLI-811 and ZLI-3786 with different
ratios of components (wt%). For preparing films 8H, nematic-chiral
mixtures consisting of nematic substances were employed: 4-p-n-hexy-
loxyphenyl-4-p’-octyloxybenzoate (HOFOOB) and 4-octyl-cyanobiphenyl
(L-839) with an optically active substance tigogenin caprate (TC) with
different ratios of components (wt%).
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The technological process of making LC polymer films by the microen-
capsulation method consists of the following stages:

a) Preparation of encapsulated emulsion (layer);
b) Obtaining the polymer composites as a film;
c) Stretching the polymer film.

Obtained polymer composites consist of one encapsulated layer,
containing the encapsulated composition; one protective layer, based on
corresponding concentration of an aqueous solution of PVA and layer, based
on a suspension of carbon black in an aqueous solution of PVA.

12.3 RESULTS AND DISCUSSION

Technologically perfect elastic and homogeneous LC polymer films are
made using the technological microencapsulation method. LC polymer films
8H-1, 8H-2, and N-8, N-9, N-10 were obtained based on the nematic-chiral
mixtures, the helix pitch p of which significantly depends on the temperature
(dp/dt < 0). Such nematic-chiral thermoindicator polymer films are charac-
terized by the shift of Bragg’s reflection band towards the long wavelength
region by cooling (Table 12.1). The thermo-optical parameters of the LC
polymer films were measured using a fiber-optic spectrometer (Avantes-
2048). Microscopic investigation of the microcapsules in the obtained
polymer films was carried out using a polarizing microscope.

TABLE 12.1 Polymer Film Composition, Temperature and Wavelength Range of Selective
Reflection

Polymer Film Composition, wt.% Temperature Wavelength Range of
Film Range, °C Selective Reflection, A, nm
8H-1 L-839 —76,0, HOFOOB-9,5, 44,0-36,0 440-640

TC-14,5
8H-2 L-839-82,5, HOFOOB-4,5, 39,5-31,0 480-680

TC-13,0
N-8 Z11-1939-74,5, ZL1-811 -25,5  51,0-24,0 460-650
N-9 Z11-1939-76,0. ZLI1-811 — 24,0 43,0-26,0 450-720

N-10 ZL1-1939-73,0. ZLI-3786-27,0  49,0-10,0 530-760

Microscopic studies of the films confirm that microcapsules in the polymer
do not suffer disintegration upon temperature (Figure 12.1) and ultraviolet
(UV) irradiation [7], which ensures maximum preservation of the properties
of the composition in microcapsules. Hence, the optical parameters of LC
polymer films do not change.
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a) b) ©
FIGURE 12.1 Microcapsules in LC polymer films: a), b), ¢) with temperature changes.(200x).

At all stages of the technological process, regulation of the technological
characteristics, such as the sizes of microcapsules in film, the thickness of
the film, and non-stretched and stretched film, influences the thermo-optical
parameters of polymer composites, making it possible to obtain polymer
films with high thermosensitivity.

The authors studied the influence of differing sizes of the microcapsules
on the optical parameters of the thermochromic LC polymer composites
and photochromic SPLC polymer composites consisting of a nematic-chiral
mixture with spiropyran. Spectral and microscopic studies have shown that
by controlling the stirring speed during the preparation of the encapsulated
emulsion, a decrease in the size of the microcapsules increases the thermo-
and photosensitivity of the polymer composites [7]. The change in thickness
does not affect the intensity of selective reflection of the nematic-chiral LC
polymer films, since the reflection occurs on the surface of the polymer film.

At the stage of stretching the polymer films, uniaxial deformation of the
LC polymer films occurs. By stretching the non-stretched LC polymer films
(Figure 12.2), a uniaxially oriented polymer is formed, the macromolecules
of which, straightened by their axes, are oriented predominantly along one
direction, which, together with the macromolecules, causes the ordered
orientation of the microcapsules (Figure 12.3).

FIGURE 12.2 Non-stretched LC polymer films.
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Stretching film samples leads to the formation of a planar configuration
of the oriented texture of PVA macromolecules, which ensures the produc-
tion of polymer films with improved optical properties in comparison with
non-stretched films of the same composition. Stretching-orientation signifi-
cantly increases the intensity of selective reflection of the nematic-chiral LC
polymer films (Figure 12.4).
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FIGURE 12.4 Intensity of selective reflection of LC polymer film: non-stretched film (1)
and stretched film (2).

Thermoindicative properties of nematic-chiral stretched LC polymer
films 8H-1, 8H-2, N-8, N-9, and N-10 significantly depend on temperature
changes and are characterized by high intensity of coloring in the visible



146 Advanced Topics in Polymer Chemistry and Materials Science

spectrum, especially intense green and red colors. With temperature changes,
LC polymer films exhibit a full range of colors from blue to red (Figure 12.5).

FIGURE 12.5 Visualization of temperature distribution in LC polymer film. Blue
corresponds to the highest temperature, red — to the lowest temperature.

A change in the ratio of components in the films 8H-1 and 8H-2 results in
both a change in the temperature interval and a shift in the selective reflection
of light to the long wavelength region, while no decrease in color intensity
is observed. The dependence of temperature on the wavelength of light
selective reflection was observed visually using a microscope by changing
the coloration of the stretched LC polymer films. The Figure 12.6 shows
the dependence of temperature changes on the wavelength in the visible
spectrum of the polymer films 8H-1 and 8H-2.
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FIGURE 12.6 Color-temperature characteristics of 8H-1 and 8H-2 polymer films.
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Polymer films 8H-1, 8H-2 have the high intensity of coloring, especially
intense blue and red colors (Figurel2.7).

$H-1 SH-1 8H-2

FIGURE 12.7  Coloration of the polymer films 8H-1 and 8H-2 in different regions of the
visible spectrum (60x).

Polymer film N-8 is characterized by high intensity of selective reflec-
tion (Figure 12.8) and intense coloring in the blue, especially green, and red
regions (Figure 12.9) of the visible spectrum.

350 400 450 S00 550 60 650 700 750 800
Wavelength,nm

FIGURE 12.8 Temperature dependence of the selective reflection peaks of the polymer
film N-8.
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FIGURE 12.9 Coloration of the polymer films N-8 in the different regions of the visible
spectrum (60x).



148 Advanced Topics in Polymer Chemistry and Materials Science

Polymer film N-9 has the high intensity of the selective reflection in the
long wavelength region (Figure 12.10) of the visible spectrum.
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FIGURE 12.10 Temperature dependence of the selective reflection peaks of the polymer
film N-9.

The polymer film N-9 is characterized by intense coloring in orange and
red regions and N-10 has a wide temperature range (Table 12.1) and a large
green parts of the visible spectrum (Figure 12.11).

N-9 N-10 N-10

FIGURE 12.11 Coloration of the polymer films N-9 (60x) and N-10 (200x) in the different
regions of the visible spectrum.

The change of selective reflection intensity in LC polymer composites is
well demonstrated upon information recording in LC polymer films under
the influence of temperature and UV light (Figure 12.12). Technological
characteristics and thermo-optical parameters determine the engineering
properties of the polymer composites, which is very important for the use
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of LC polymer films. The practical application of multiple uses of LC
polymer films as rewritable thermoindicator polymer materials is promising
for optical visualization of the thermal field distribution in various areas of
thermoindication, such as:

FIGURE 12.12 Image recording in the LC polymer film induced by temperature and UV
irradiation.

a) Medical thermographic diagnostics — it is possible to use the ther-
moindicator polymer films, the temperature range of which is in the
area of healthy and pathogenic areas of the human body. With the
help of such films, it is possible to visualize pathogenic areas in
various diseases, including cancer (Figure 12.13).

8H-2 8H-1

FIGURE 12.13 Image recording in the polymer film induced by temperature.

b) Human ecology — the received thermoindicator polymer films are an
absolutely safe alternative to mercury thermometers as liquid crystal
thermometry (8H-1, N-9).

c¢) Flaw detection — on the surface of the material to visualize the
distribution of temperature fields, can use polymer films with a wide
temperature range (N-8, N-10).
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LC polymer films, containing a nematic-chiral mixture, the helix pitch
p of which weakly depends on the temperature (dp/ dt = 0), proved to be
of interest as a matrix for obtaining reversible photochromic LC polymer
films. Based on the LC nematic-chiral matrix doped with photochromic
spiropyrans (SP), a new type of reversible photochromic SPLC polymer
films was qualitatively obtained using the innovative microencapsulation
method [8-10].

12.4 CONCLUSION

Thermochromic LC polymer films, consisting of nematic-chiral mixtures,
were obtained using the technological process of the microencapsulation
method developed by the authors. Spectral and microscopic research has
shown that at all stages of the process, the regulation of technological
characteristics influences the thermo-optical parameters of LC polymer
composites. Stretching the films significantly increases the selective
reflection intensity of LC polymer films. The obtained LC polymer films
are characterized by high intensity of coloring in different regions of the
visible spectrum.

It is possible to obtain technologically perfect LC polymer films of
various shapes and sizes to meet practical application requirements. Tech-
nological characteristics and thermo-optical parameters determine the engi-
neering properties of LC polymer films, and their application as rewritable
thermoindicator polymer materials is promising for the optical visualization
of thermal field distribution.
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CHAPTER 13

Zeolite-Coal Nanocomposites and Soil
Structure
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ABSTRACT

Soil is one of the main natural resources of mankind. Restoring the produc-
tivity of degraded and contaminated soils and soil conservation is an urgent
problem of modernity. Natural zeolites are unconventional mineral fertil-
izers capable of increasing crop yields. These minerals — crystalline hydrated
aluminosilicates — are nanoporous materials with a pore size in the range of
1.5-10 nm and are of interest for nanotechnology. The main and important
feature of the zeolite structure is the system of intracrystalline pores and
channels, where ion exchange, occlusion, and release of small molecules
can easily take place, resulting in a great ability of zeolite adsorption and
desorption.

Brown coal is rich in biologically active complex humic substances,
which contain humic acids and humates and act on a complex “soil-plant”
system like zeolites. Humates are easily soluble salts that, after entering the
nanoporous space of zeolites, form biomineral composites that have the
ability to increase and accelerate physiological and biochemical processes.
During their systematic use, the buffer and ion-exchange properties of the
soil are improved, the phosphorus and organo-mineral balance in the soil and
the plant are enhanced, as well as the mineral elements being transformed
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into a form available to the plant, the plant’s root system is strengthened, and
the vegetation period is shortened.

The goal of the work is to study the effect of organozeolite fertilizer
(zeolite — brown coal), prepared on the basis of local raw materials, on the
bio productivity of the agrolandschaft. Such fertilizer will help to manage
brown coal waste and will contribute to the long-term enrichment of the soil
with humic components using zeolite, thereby increasing fertility.

13.1 INTRODUCTION

Soil fertility is closely related to the features of its genesis, is characterized
by high dynamism, and responds to changes in the factors and conditions of
soil formation. Especially great influence on the level of fertility has anthro-
pogenic intervention [1, 2]. Restoration and preservation of the productivity
of degraded and polluted soils is an urgent problem of our time.

The 73" session of the UN General Assembly officially adopted a resolu-
tion declaring 2021-2030 as the UN Decade of Ecosystem Restoration. The
successful solution of this global and topical problem is closely related to
agro-ecological problems of restoration and maintenance of soil fertility [1, 2].

To achieve a high yield, it is necessary to apply mineral fertilizers to
the soil in a timely manner. The currently used mineral fertilizers have a
significant drawback: their useful efficiency does not exceed 30-40%; the
rest is washed into the soil or evaporates, worsening the environmental situ-
ation. The low coefficient of effectiveness of the fertilizer nutrients leads to
an unreasonable increase in the rates of fertilizer application. High rates of
application contribute to soil salinization, reduction of organic matter and
humus content, accumulation of nitrates and phosphates in the soil and fruits,
development of erosion, and loss of soil biota, structure, and fertility [3].

The use of environmentally friendly minerals containing nutrients neces-
sary for plants, which at the same time improve soil properties, is of particular
importance for solving the above problems. From this point of view, of great
scientific and practical interest is the use of local resources — brown coal
and natural zeolites as ameliorants [4, 5].

Natural zeolites are unconventional mineral fertilizers that allow for an
increase in crop yields of up to 50%. Thanks to their high ion-exchange
capacity and ability to retain moisture and useful components for a long time,
zeolites are used as soil water-salt conditioners. Zeolite keeps moisture in
the soil for a long time and slowly and continuously supplies it to the plant.
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Natural zeolite improves aeration of the soil, facilitates the development of
the root system and plant growth, and retains 40% of the water mass in the
root zone; it acts as a reservoir of nutrients necessary for plant life and growth
and enriches the soil over time. Zeolite application is especially effective for
increasing the fertility of uncultivated, non-irrigated, dry soils [6—18].

Organic compounds present in brown coal play an important role in the
formation of the soil biosphere. They contain 70—75% of humic substances.
Humic substances are formed in nature as a result of the transformation of
organic waste and are currently considered one of the promising areas of
“green” chemistry, as a source of soil-renewing, economically beneficial,
and environmentally friendly raw materials [19-21].

Humic preparations are easily soluble salts, which are active physi-
ological forms of humic acids. They act at the cellular level and increase
the rate of physiological and biochemical processes. Their systemic applica-
tion improves the buffer and ion-exchange properties of soil, as well as the
phosphorus and organic-mineral balance in soil and plants; the operation of
soil microorganisms is activated, and mineral elements are transformed into
a form available for plants [19-23].

When humic substances interact with zeolites, exchangeable zeolite
cations are involved in the reaction. The parts of humic substances not bound
to these cations move and are adsorbed on the outer surface of the zeolite. As
a result of these interactions, an adsorption nanocomposite of zeolite-humic
substances is formed [24-28].

13.2 EXPERIMENTAL METHODS AND MATERIALS

Two different coal ores in Georgia were used as objects of study: coal waste
taken from the Tkibuli coal deposits and samples from the Vale brown coal
deposits. Zeolite-clinoptilolite from the Khandaki deposit of Kaspi munici-
pality was also used.

The preparation of the desired fraction of the samples was carried out
using the following devices: Laboratory jaw crusher (RAM 35, Rantek
Brand, Turkey) and Electromagnetic vibrator-shaker (BIOBASE BK-TS200,
China). The processed samples were studied using chemical, X-ray diffrac-
tometric, and IR-spectroscopic research methods.

Chemical analysis was carried out on a Spectroscout XEP-04 (Germany);
X-ray diffractometry analysis was carried out on a Dron-4 device (Russia).
The X-ray diffractometer connected to a personal computer via the USB port
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multimeter AX-18B and the corresponding PC software-PC-Link, which
allows the processing of experimental data in Excel format; Infrared spectro-
metric analysis was carried out on an Agilent Cary 630 FTIR Spectrometer
in the range of 350-5000 cm™ (USA).

13.3 RESULTS AND DISCUSSION
13.3.1 THE RESULTS OF CHEMICAL ANALYSIS OF SAMPLES

The results of chemical analysis of two coal samples are presented in Table 13.1.

TABLE 13.1 Chemical Analysis of Samples,%

Material Percentage Composition

Name, Cc O Si Al H Fe S CaN MgK Ti Na Cl P Total
Quarry

Tkibuli 62 16 7.0 43 41 21 19 0.8 05 03 02 0.2 0.1 0.05 0.02 98.92
Vale 68 82 7.6 42 40 13 13 0708 05 03 02 0.1 0.1 0.02 9797

As a result of chemical analysis, besides the listed main elements, the
following elements were recorded in insignificant amounts — Sr, Ba, V, Ge,
Zn, Cu, Cr, Ni, Mn, Co, Rb and Zr.

The results of chemical analysis of zeolite-clinoptilolite are presented in
Table 13.2.

TABLE 13.2 Chemical Analysis of Zeolite Clinoptilolite,%

Composition of Zeolite

Formula Elements Concentration
SiO, Silicon oxide 46.91
ALO, Aluminum oxide 10.4
CaO Calcium oxide 7.04
Fe,O, Iron oxide 4.054
K,0 Potassium oxide 1.859
MgO Magnesium oxide 1.817
Na O Sodium oxide 1.275
TiO, Titanium oxide 0.5647
SO, Sulphur oxide 0.2648
MnO Manganese oxide 0.09538

PO Phosphorus oxide 0.08158

2°5
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Chemical analysis of zeolite shows that zeolite has a high silica content
and is mainly a form of calcium.

13.3.2 THE RESULTS OF X-RAY DIFFRACTOMETRIC ANALYSIS

Coals from both deposits are of organic origin, and their structures are mostly
amorphous. The study of such minerals by X-ray diffractometric analysis
does not provide much information, although some nuances regarding
aluminosilicates in the structure of coals can still be obtained. Figure 13.1
shows the X-ray diffractograms of the initial, heated to 100°C, and 600°C
coal samples of Vale and Tkibuli.
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FIGURE 13.1 X-ray Diffractograms of samples. a — Brown coal from the Vale deposit with
content: 1 —SiO,, 2 — initial sample, 3 — sample heated to 100°C; 4 — sample heated to 600°C.
b — Brown coal from the Tkibuli deposit with content: 1 — SiO,, 2 — initial sample, 3 — sample
heated to 100°C; 4 — sample heated to 600°C.
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It is clear from the diffractograms that the structure of samples from
different deposits differs from each other both qualitatively and quantita-
tively: in brown coal, the part of organic amorphous mass is greater than in
coal, so its share in the formation of humus is higher.

The main difference between coal and brown coal is that brown coal
has a lower amount of carbon and a higher amount of bituminous volatiles.
Compared to coal, brown coal has a lower nitrogen content. Besides, brown
coal has retained its woody plant structure [29, 30]. As a result, when applied
to the soil, brown coal produces more humic substances. The zeolite-clino-
ptilolite structure of the Khandaki location was also studied. Figure 13.2
shows an X-ray diffractogram of clinoptilolite.
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FIGURE 13.2 X-ray diffractograms of zeolite — clinoptilolite. The X-ray diffractogram of
clinoptilolite zeolite completely corresponds to its structural data presented in the literature
[31]. Calculations show that the zeolite phase content in it is about 60—65%.

13.3.3 THE RESULTS OF IR SPECTROMETRIC ANALYSIS

Humic substances, which are the main constituents of brown coal and coal,
are biodegradation-resistant, high-molecular, dark-colored organic complex
compounds of natural origin. They are produced by the transformation of
plant and animal waste fossils as a result of the influence of microorganisms
and environmental biotic factors [32].

The main composition of humic substances consists of humic acids,
namely humic and fulvic acids. The method of FT-IR spectroscopy makes
it possible to identify all the characteristic structural fragments of acids
contained in humic substances and thus determine not only the composition
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of the corresponding substance but also their structural fragments and the
differences between them [33].

Figure 13.3 presents the IR-spectra of brown coal sample from Vale and
coal sample from Tkibuli in the region of 350-5000 cm™.

[k Hass o Presa Lo ta Rt

1
wny 3550, 5 000

10300, 3 184

/{
g 47242318,
b IJ k 5321:2.142 “

s 4502 1800 Frispaa; zoz b‘

b 18242, 1.452 |I| 4208, ’;l,
iy sy st et

1491.9; 4.1
—
— —_ o 09T
e

P v B T T, R 7P, O L T, 7 Y B, . . R S O YL R U S, IR 77 3 S (1L P 77 L S L
fem-1)

1 N2 1299
] 33003, 1216 {

b .‘

353%y; 1008

-eos LEE N

=2 _‘_‘_‘__w;“"l“ﬂ'{' Vi 1385 |M9o
] 18823 pen rm e
. 23193 0,67 —-QF_‘“"Q“"’ b 9#&:&3
- -Ldm 70578
1436.0, 0,998

[

e, 02

A2

P v G S e e BSSLAS £t S  R S el S S v BRI e L v G SR e S S e vy S Y
fem-1)

FIGURE 13.3 IR-Spectrum of the samples: a — brown coal of Vale location; b — coal of
Tkibuli location.

Coal fossil is a complex composite system consisting of organic mineral
micro-components and mineral inclusions.

The modern tendencies in research on coals involve the use of various
physicochemical instrumental methods, among which the infrared-spectro-
scopic method occupies a special place. The IR-spectroscopy method has a
rather high sensitivity to detect the interaction between the elements with a
chemical structure and carbon-organic mass molecules [32—36].
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The structural and functional composition of humic acids contained
in these coals was determined by infrared spectroscopy. Methyl (-CH,),
carboxyl (-COOH), alcohol (-OH), thio-carbonyl (-C=S), amine (-NH,),
and amide (-CONH,) groups were identified in these acid molecules [35,
36].

It was established the specificity of the molecular composition of the
organic mass of coals. In the IR-spectrum of both brown coal and coal in
the range of 3100-3600 cm™ can distinguish the valence hydroxyl groups
in phenols and in carbonyl groups; valence vibrations of (C—H) bonds in
aromatic nuclei in the range of 3100-3000 cm™'; valence vibrations of satu-
rated bonds (C—H) in aliphatic structures in the range of 2800-2450; skeletal
vibrations of aromatic nuclei at 1650 cm™'; deformation vibration bands of
C=0 bonds of methyl and methylene in ketones, aldehydes and quinones in
the range of 1350—1470 cm™; vibration bands of various oxygen-containing
bonds in the range of 1000-1300 cm™'; bands of out-of-plane deformation
vibration of C—H bonds in the range of 700-400 cm™'.

It should be noted that in the range of 700-900 cm™" and 1050-1300 cm™
the valence and deformation vibration bands of aluminosilicates — Si-O and
Si-O-Si(Al) — mixed in the coal composition are fixed. Therefore, band
overlap is possible in these two regions.

In the spectrum of the samples studied, high-intensity bands corre-
sponding to aromatic structures are present. The intensity of the bands of
these complex systems increases with the increase of metamorphism (from
brown coal to coal) in the coal structure.

The macromolecular structure of coal organic matter is mainly a combi-
nation of layers of condensed aromatic carbohydrates (the nuclear part of
the structure) and chains of large and small complexity connecting them
(the disordered part). The participation of parts of the macrostructure in
determining the overall structure depends on the degree of metamorphism
of coals.

It can be said that the development of structural systems of coals, and
the increase in metamorphism stage is due to a decrease in aliphatic C-H
bonds (=2900 cm™!) and an increase in aromatic unsaturated C—H bonds, the
vibration frequency of which is about 3040 cm™' [36].

Thus, the intensity correlation of the 2920 cm™ band depends on the
removal of volatile substances from coals. In the obtained IR spectra, bands
characterizing the polyfunctionality of humic acid molecules in the studied
coals are registered. Table 13.3 shows the functional groups observed in the
spectra of the studied samples.
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TABLE 13.3 Vibrational Assignment of the IR-Spectrum of Studied Samples

Vibrational Assignment Coal from Tkubuli Brown Coal from Vale

—OH™ - intermolecular 3535, 3401 3700, 3623
3469, 3410

— CH, — methyl group 2945, 2855 2975, 2927
2865

0=C=0 2351 -

—C=0 — valency 1652 1624

C-CH, — deformation 1436, 1385 1491, 1437

CcC-O0 1120, 1100 1103, 1039

Si-0, Si—O-Si(Al) — valency 1020

C-H — Non-flat deformation rings 796, 779 914, 798

C-S — valency 669, 608 775, 696

Benzene substituted chains 519, 495 532,472,428

S— S and P=S bonds

Thus, the infrared spectra of both samples register fluctuations of different
shapes and intensities of the same bonds of different concentrations.
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FIGURE 13.4 IR-spectrum of the zeolite — clinoptilolite.

Figure 13.4 presents the IR spectrum of zeolite-clinoptilolite from Khan-
daki location. The spectrum fully corresponds to the spectra of zeolites with
the corresponding structure available in the literature [37, 38].

13.3.4 INFLUENCE OF NANOCOMPOSITE (ZEOLITE-BROWN COAL)
PREPARED ON THE BASIS OF LOCAL RAW MATERIAL ON THE BIO
PRODUCTIVITY OF THE AGROLANDSCAPE

The test of the obtained composite was carried out in the vegetative dishes.
Winter wheat was used to determine changes in the fertility of soil enriched
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with substrates. Biometric indices of the experimental plant (germination,
weight of green mass, weight of roots, average height of seed germination)
were compared with the data obtained on clean soil (control). The results
showed that soil enrichment with such a composite has a positive effect on
the biometric indicators of grain crops. Their prolonged action and quality
were also demonstrated [14—18, 26-28].

13.4 CONCLUSION

Fossil coals of two different metamorphisms (brown coal and coal) from
different locations in Georgia (Tkibuli coal and Vale brown coal), as
well as natural zeolite-clinoptilolite (from Kaspi, Zemo-Khandaki), were
studied.

Their chemical composition, as well as their structure, is shown. The
percentage content of zeolite in zeolitic rock is about 60—65%. Clinopti-
lolite is a form of calcium. The chemical composition of brown coal and
coal differs in the amount of carbon (more in brown coal) and oxygen
(more in coal); the difference between the amounts of other elements is
insignificant. Clinoptilolite is high in silica, the ratio SiO,/Al,0,=4.5.

IR spectroscopic analysis showed a peculiarity of the molecular compo-
sition of the organic mass of the coals. In the spectrum of the samples
studied, high-intensity vibrations corresponding to aromatic structures are
present. Their intensity increases with increasing metamorphism in the
coal structure (the bands at 3609, 3923, 3700 cm™ in the Vale sample; the
bands at 3401, 3535 cm™ in the Tkibul sample). Vibrations of aliphatic
C—H bonds at 2900 cm™ decrease with increasing metamorphism. The
correlation of the intensity of this band depends on the decrease in the
volume of volatile substances.

In addition, the IR spectra of coals contain bands confirming the poly-
functionality of humic acids in the studied samples. These are bands in
range of: 3400-3600, 1624-1674, 1100-1020 and 914-700 ¢m. Humic
substances form a composite with zeolite, which is a unified system of
humic substances fixed and adsorbed in the active centers and nanopores of
zeolites, preserving the properties of both components. This enables us to
use the nanocomposite as a humus-enriched zeolite fertilizer of prolonged
action.
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CHAPTER 14

High-Temperature Processing and
Recovering of Nanoscale Carbon from
Plastic Waste After Its Activation in
Overheated Vapor Environment
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ROIN CHEDIA, MARGALITA DARCHIASHVILI, BAGRAT GODIBADZE, and
SALOME GVAZAVA

Ferdinand Tavadze Institute of Metallurgy and Materials Science, Tbilisi,
Georgia

ABSTRACT

The ecologically safe and economically profitable method of obtaining
recovered activated carbon from plastic (PET) waste, which includes low-
temperature pyrolysis of waste at the initial stage, followed by high-temper-
ature thermo-chemical treatment in an overheated water vapor environment,
will be presented. The vapor treatment at low temperatures (up to 700°C)
activates the pyrolysis process and increases the primary reactions of hydro-
carbon decomposition. Accordingly, the release of gases increases, the main
part of which during the pyrolysis process is extracted as a liquid fraction —
pyrolytic oil and the remaining amorphous coal containing different organic/
inorganic impurities. After increasing the temperature (above 700°C) and
simultaneously feeding vapor, the overheated water vapor increases the rates
of side reactions, and full decomposition of pyrolytic remnants takes place.
As a result, the loosening of the formed carbon aggregates occurs, and the
formation of highly dispersed, nanoscale carbons takes place. As investiga-
tions show, the characteristics of the obtained nanoscale activated carbon
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structure and physical characteristics depend on treatment conditions (vapor
temperature, feeding rate, treatment period, etc.), changing over a wide
range and can reach up to 920 m?/g (BET surface area) and 98.7% (purity),
respectively. The mentioned, as well as other features of the structure/char-
acteristics of recovered nanoscale carbon as a function of the processing
conditions (temperature, vapor amount, time), will also be presented and
discussed.

14.1 INTRODUCTION

Currently, the volume of plastic production is growing by 5-6% on average
every year. The widespread use of polymers is due to their properties: dura-
bility, versatility, economy, ease of use, and low cost of production. Over the
past 60 years, consumer plastic consumption has increased approximately
20-fold. Globally, annual consumption of bottled water alone has reached
500 billion units per year. At the same time, the rate of destruction of this
plastic waste has increased, which has had a significant negative impact on
the environment and public health. Most plastic waste is not biodegradable,
is not subject to decay and corrosion, practically does not break down over
time, and when burned, extremely toxic substances are released that cannot
be removed from the body. Therefore, the recycling of plastic waste is a
very urgent problem nowadays. In addition, the problem of plastic waste
recycling becomes relevant not only from the point of view of environmental
protection but also due to the fact that in the conditions of a shortage of
polymer raw materials, plastic waste becomes a powerful raw material and
energy resource. One of the most convenient and promising methods of
plastic recycling is pyrolysis. The perspective is correct, both in terms of
environmental safety (it does not pollute the environment with combustion
gases) and obtaining useful products. The peculiarity of the process is the
lack of oxygen for all combustion components. The production of pyrolysis
products is influenced by various factors. Temperature is the dominant factor
affecting the distribution of gas, liquid, and solid phase pyrolysis products
and their physical and chemical properties. Additional important factors
include heating rate, particle size, feedstock composition, pyrolysis time,
atmospheric pressure, and catalyst presence [1-6].

The process of pyrolysis is carried out in a special container, where pre-
shredded plastic waste is loaded. The container is hermetically sealed and
placed in the oven, which heats up to 400-500°C. As a result, the pyrolysis
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process starts, and volatile gas similar to natural gas is released. During the
pyrolysis process, the main part of this gas is converted into a liquid frac-
tion (pyrolysis oil), and the non-condensable residues are used to keep the
furnace burning. Solid carbon residue accumulates in the container. Thus,
the pyrolytic products of plastic waste are: gaseous stream (CO and CO,)
with a product yield of —42.8%, solid waste (with benzoin, acetophenones,
terephthalates, and other organic and inorganic compounds) —37.4%, and oil
fraction —12.8%. Thus, by pyrolytic treatment of polymer waste, a carbona-
ceous solid residue (coal) containing various types of negative impurities is
obtained. Therefore, it is necessary to develop additional technology for their
chemical activation, mechanical, and chemical enrichment. It is evident that
the development of improved technology significantly increases the cost of
the pyrolysis process and the cost of the product too [7-10].

Today, existing methods of pyrolysis cannot provide high-quality, highly
dispersed activated carbon. It is obtained mainly from petroleum products,
which is associated with significant economic and ecological problems: a
large amount of released CO,, intensively reduced reserves of oil, and so on.
Therefore, it is very important to find alternative methods for obtaining and
producing activated carbon with improved properties, which will eliminate
environmental problems and reduce product costs as well.

In the presented paper, an ecologically safe and economically profitable
method of obtaining highly dispersed activated carbon from polymer waste
is considered. The proposed two-stage method, with low-temperature pyrol-
ysis of the waste at the first stage and high-temperature thermo-chemical
treatment in an overheated water vapor environment at the second stage,
contributes to the production of nanostructured activated carbon free from
negative organic and inorganic impurities.

14.2 MATERIALS AND METHODS
Plastic waste — plastic bottle waste (polyethylene terephthalate — PET),

which is a polymer complex ether with chemical formula (C,H,O,) was
used experiments. The structural formula for same product is:

o]

0
I I
C C—O0—CH, —CH, —0

n
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At the first stage, the bottles are washed with water to remove contents
and inorganic mineral components (dust, soil, sand, etc.). After washing, the
bottles are cut, air-dried, and melted in a metal pot (heated to 300-330°C).
For quick solidification, the molten mass is poured into water. After cooling
to room temperature and crushing, the obtained pieces are put in a drying
box at 120-140°C.

The plastic waste, after drying, is loaded into a modified reactor working
in a water vapor environment developed by TIMMS for recycling plastic
waste (Figure 14.1). The reactor is a horizontal furnace with a length of
1200 mm and a diameter of 500 mm. The working area is made from a
stainless steel tube (¢=130 mm & L=1200 mm). One end of the tube is
closed and welded to a metal tube for supplying argon and steam during the
processing. A cylindrical stainless-steel boat (¢=100 mm and L=630 mm),
into which pre-prepared plastic waste is poured, is located in the middle of
the furnace pipe. The processing of waste pyrolysis is carried out in an argon
environment.
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FIGURE 14.1 A modified reactor for recycling plastic waste working in water vapor
environment.
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14.3 RESULTS AND DISCUSSION

In order to optimize the process and determine the optimal heating rate of the
reactor, the method of thermogravimetric analysis was applied (Figure 14.2).
Thermogravimetric analysis of the initial raw material (pre-prepared plastic
waste) was carried out for different heating rates at 10°/min and 20°/min. It
was established that the temperature of destruction of plastic waste does not
depend on the heating rate, and in all cases, it is equal to 450°C. The duration
of the process and the yield of dry residue change according to the change in
the heating rate. When the heating rate is 100°C/min, the pyrolysis process
lasts for 60—65 min, while at 20°/min, the pyrolysis process is completed
within 30-35 min, and an increase in the yield of dry residue is observed as
well. Based on this, the heating rate of 200°C/min was selected for further
experiments, which is economically beneficial (reducing process duration
and energy consumption) too. Figure 14.2 represents the results of thermo-
gravimetric analysis (TGA) of plastic waste for different heating rates.

The prepared sample is heated to 350-550°C (heating rate 200°C/min)
for 35—40 minutes. At 450°C, the pyrolysis process begins, which continues
up to a temperature of 550-580°C. At this time, the primary reactions of
decomposition of the polymer chain are taking place. Accordingly, gases
and volatile products are released. In the relatively cold part of the reactor,
condensation of volatile products of pyrolysis takes place, and the separated
gas leaves the reactor through a gas pipe. A dry residue of —14.2% remains in
the reactor, which contains various types of organic and inorganic pyrolytic
residues. After the end of pyrolysis, instead of argon, we supply 700—800 ml
of water to the reaction zone (speed is 4 ml/min) and increase the temperature
to 700-900°C. Activation with water vapor lasts 3—3.5 hours.
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FIGURE 14.2 The results of thermogravimetric analysis (TGA) of plastic waste for different
rates of heating. (a) Heating rate 100/min, the yield of pyrolysis carbon (PC) = 13.3%; (b)
Heating rate 209/min, the yield of pyrolysis carbon (PC) = 14.2%.
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Overheated water vapor at 700-800°C starts the activation of the received
dry residue (coal). It increases the rates of side reactions (polymerization,
polycondensation, cyclization) and completely destroys pyrolysis residues.
At 800-900°C, the obtained carbon products are oxidized to gasification. This
results in the formation of free carbon atoms in the gas, which begin to solidify
in the vapor area to form highly dispersed, activated carbon “aggregates” that
are jet milled/processed into high-quality, nanostructured activated carbon.

The physical and chemical characteristics of the obtained nanostruc-
tured activated carbon—dispersion, specific surface area, porosity, purity,
and yield—are limited by international standards: — Dispersion was deter-
mined by ASTM B822-20 standard test method for particle size distri-
bution of metal powders and related compounds by light scattering. A
particle size analyzer—mastersizer 2000—will be used for determination.

The specific surface area and porosity were determined by the interna-
tional standard — ASTM D6556 (“Standard Test Method for Carbon Black—
Total and External Surface Area by Nitrogen Adsorption”). The “Gemini
VII” tool (Micromeritics company) was used for measurements. Figure 14.3
represents the results of measuring the specific surface area and porosity of
the obtained AC depending on processing conditions.

As it’s seen from data with increasing of period of high temperature pyrol-
ysis from 180 to 210 min, the surface characteristics and porosity changes too
from 826m?%/g & 627m?/g to 920m*/g & 603 m?/g correspondently. The period
of treatment has positive role for surface characteristics and increases it when,
at the same time the reduction of porosity in obtained product observed.

The purity and yield of the obtained activated carbon (AC) were deter-
mined by the method of thermogravimetric analysis — ASTM E1131-20
(“Standard Test Method for Compositional Analysis by Thermogravim-
etry”). Thermogravimetric analysis was performed using a derivatograph
— Perkin Elmer Pyris 1 TGA, USA. It was established that the received
AC is free from organic and inorganic pyrolytic residues, and the content
of amorphous carbon in the residue is up to 98.5%. Figure 14.4 represents
the results of thermogravimetric analysis of recovered carbon after high-
temperature (900°C) pyrolysis in an overheated steam environment.

14.4 CONCLUDING REMARKS

An economically profitable, ecologically safe two-stage combined method
of thermal treatment of polymer waste was developed. The developed
method provides for low-temperature pyrolysis of waste at the initial stage
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FIGURE 14.3 Results of measuring the specific surface area and porosity of the obtained
AC after high temperature(900°C pyrolysis of plastics in overheated steam environment
depending on processing condition. (a) Processing time 180 min, water feeding rate 4ml/min;
(b) Processing time 210 min, water feeding rate 4 ml/min.
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and then, at the second stage, high-temperature thermo-chemical treatment
in an overheated water vapor environment. The method helps to obtain
nanostructured activated carbon free of unwanted organic and inorganic
impurities. A modified reactor working in a water vapor environment was
developed and manufactured.

Mandatory operating parameters were defined for process optimization:
destruction temperature (450°C) and heating rate (20°/min). Under these
conditions, the pyrolysis process is completed in 30-35 minutes, and an
increase in the yield of dry residue is observed, which indicates that the
process is economically profitable.

The mass fractions of the products released as a result of pyrolysis were
determined:

1. Pyrolytic carbon — 22.4%;

2. Volatile solids (white sublimated mass, that mainly consists of
benzoic and terephthalate acids) — 16.7%;

3. Gas (main products CO,, CO, H,O steam) — 60.9%.

It was established that pyrolytic carbon with overheated water vapor acti-
vation increases both the purity and yield of the resulting activated carbon.
Thus, the presented combined method of high-temperature pyrolysis in an
overheated steam environment provides the means to obtain impurity-free,
nanostructured activated carbon, where the content of amorphous carbon is
98.5% (Figure 14.4); Specific surface area — 825-920 m?/g and micropore
area — 603-627 m?/g (Figure 14.4).
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CHAPTER 15

Carbon Nanotubes as Effective Remedy
for Thin Oil-Water Films Removal
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ABSTRACT

This chapter describes the process of synthesizing multi-walled carbon
nanotubes (MWCNTSs) as well as the results of their use as adsorbents for
removing oil contaminants from the surface of water. SEM and TEM anal-
yses were employed to characterize the synthesized MWCNTs. The sorption
capacity of MWCNTs for crude oil was 3—4 ml/g, and with an increase in the
specific gravity of the petroleum product, this value also increased.

15.1 INTRODUCTION

One of the priority tasks for environmental protection is the cleaning of the
surface of water bodies from oil spills caused by petroleum production on
the shelf, waterborne transport, and pollution by sewage from oil refineries
[1]. The development of various methods of water purification, both on its
surface and throughout its volume, is the subject of many studies. One of
the proposed methods is the use of different variations of hydro cyclones for
removing oil products from natural water reservoirs [2]. Oil-contaminated
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water can also be chemically purified by oxidizing it with substances such
as ozone, chlorine, hydrogen peroxide, or potassium permanganate [3]. To
remove oil products from natural watercourses, it is possible to use bio-
sorbents and membrane bioreactors [4], in which a simultaneous process
of biological oxidation of pollutants and membrane separation of oil emul-
sions takes place. Such devices make it possible to reduce the content of
oil products in water from 20 mg/l to 0.5-1.2 mg/l. In addition to all of the
above, various physical and chemical methods, such as flotation, coagula-
tion, electrochemical treatment, sorption, and ultrafiltration, are widely used
to remove oil products from water bodies [5].

The most common method for purifying natural water from oil products
is pressure flotation [6]. When cleaning oil-contaminated water by electro-
coagulation, special metal electrodes are utilized. The dissolution of these
electrodes forms metal hydroxides, which reduce the stability of oil-in-water
emulsions. This, under the influence of various external forces, leads to their
separation [7]. The drawback of applying the electrocoagulation method
for the purification of water from oil products is the high electric power
consumption. The process of water purification from oil and oil products by
the ultrafiltration method is carried out in membrane separators operating
under extremely high pressure [8]. In a comparative study [9], the process of
purifying natural waters in adsorption filters using various sorbents, as well
as membrane separators with ultrafiltration modules from various manufac-
turers, was carried out. As a result of the study, the authors concluded that
the use of activated carbon as a sorbent is the most optimal solution in terms
of the ratio of quality to price of water purification.

A group of researchers proposed the use of an adsorbent based on charred
moss for the purification of reservoirs polluted with oil products [10]. It
was found that pre-carbonized at a temperature of 200-250°C, peat moss,
which was then modified with acetic acid, has a high sorption capacity. The
introduced nanocarbon adsorbents can increase the effectiveness of cleaning
the water surface until the water becomes almost clean, and the residual oil
content in the water is less than 0.03 g/I.

Regarding the effectiveness of certain methods, it should also be
mentioned that although they demonstrate significant efficiency for the
purification of the volume of water or the water surface from thick layers
of oil and oil products, they have low efficiency against thin oil films.
However, even thin films of oil products are a problem that needs to be
addressed, as they obstruct the penetration of sunlight and air oxygen
into the depths of water bodies, which leads to the death of biological
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organisms such as plankton and fish and causes serious damage to the
environment.

Carbon nanotubes have great potential to be used as adsorbents to capture
thin films of oil pollution. Carbon nanotubes have a high sorption capacity
for oil products, and their low density gives them floating properties. More-
over, carbon nanotubes are reusable adsorbents due to the fact that they can
withstand multiple regeneration cycles. However, carbon nanotubes have
not yet been widely used: the reason for this is their relatively high price
due to the costliness of the reagents used in their synthesis. In order to lower
the cost of the nanocarbon adsorbents, as a raw material we preferred to use
an affordable and inexpensive propane gas for the synthesis of multi-wall
carbon nanotubes (MWCNT).

15.2 EXPERIMENTAL
MWCNTs were synthesized by the chemical vapor deposition (CVD)

method. For the synthesis of MWCNTs using this method, an enlarged labo-
ratory setup, as shown in Figure 15.1, was specially assembled.

FIGURE 15.1 Photo of the installation for the synthesis of MWCNT.
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Synthesis of MWCNTs was carried out in a quartz reactor at 900°C and
atmospheric pressure. This reactor had a diameter of 25 mm and a length of
100 cm. The precursor for the catalyst was ferrocene. The diluent gas utilized
was argon. The activator gas used was hydrogen. In the gas mixture, the
volume ratio of propane, which was a hydrocarbon raw material, was 7%.
The synthesis process was carried out for 60 minutes.

The sorption capacity of the nanocarbon adsorbent in the process
of cleaning the oil-contaminated water surface was measured using the
following laboratory procedure.

FIGURE 15.2 a-—bath with clean water, b — water with oil pollution on the surface, c — with
oil pollution coated with adsorbent, d — water surface, after cleaning.

A laboratory plastic bath, which had a volume of 1 liter, was filled with
0.5 L of tap water (Figure 15.2a). Using a measuring pipette, one milliliter
of oil with a preliminarily determined specific gravity was placed over the
water’s surface (Figure 15.2b). One gram of the tested MWCNTs was placed
in a plastic tube, and then the adsorbent was evenly poured from this tube
onto an oil slick on the water surface (Figure 15.2¢). Five minutes later, the
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adsorbent that captured the oil was removed from the water surface using a
metal mesh (Figure 15.2d). If the oil was not completely removed from the
water surface, the next portion of the adsorbent from the tube was used. The
consumption of the adsorbent for the complete removal of 1 mL of oil from
water is calculated by the mass of the adsorbent that remained in the tube.

15.3 RESULTS AND DISCUSSION

The synthesized MWCNTs were analyzed by SEM (Figure 15.3a) and TEM
(Figure 15.3b) methods. From these microphotographs, it can be seen that
although the MWCNTs synthesized from propane contain some non-tubular
structures (assumedly soot or coke), there are not many of them.

NPl g T

-
A B 10

| Sy

a) b)
FIGURE 15.3 SEM (a) and TEM (b) micrographs of MWCNTs synthesized from propane.

The results of measuring the sorption capacity for oil in the synthesized
nanocarbon adsorbent are presented in Table 15.1.

TABLE 15.1 Sorption Capacity of a Nanocarbon Adsorbents in Relation to Oil of Different
Specific Gravity

Sample Ne  Density of the Oil, kg/m? Sorption capacity, ml/g

1 0.848 3.09
2 0.877 3.37
3 0.905 3.76
4 0.932 4.05
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As can be seen from Table 15.1, the numerical values of the sorption
capacity for oil based on MWCNT adsorbents are in the range of 3—4 ml/g,
and this value increases with increasing specific density of the oil. Through
the various modifications of carbon nanotubes, there are good prospects for
enhancing the absorptive capacity of MWCNTs for oil products, but this is
the subject of our future studies.

15.4 CONCLUSION

In this work, the CVD method was applied for the synthesis of MWCNT.
Propane was used as a raw material for the synthesis of nanotubes, and the
low price and affordability of this raw material ensured the low cost of the
resulting product. Based on the results of SEM and TEM analysis, it was
revealed that the synthesized MWCNTs are well-structured and contain a
small number of impurities. The synthesized MWCNTs were studied as
floating sorbents for cleaning the water surface from oil pollution; as a result,
it was found that their sorption capacity for oil products is 3—4 ml/g.
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CHAPTER 16
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ABSTRACT

To accelerate the setting of high-strength concrete, complex modifier
compositions based on multiwalled carbon nanotubes (MWCNT) have been
developed. The methods of incorporating multi-walled carbon nanotubes
into the composition of cement mixtures, the ways of studying and elimi-
nating problems arising in these processes have also been studied.

In the research work, a comparative test of the physical and mechanical
properties of cement stone, solutions and concrete obtained by adding
additives of different composition modified with carbon nanotubes was
conducted. It was determined that the complex nano modifier (KNM)
obtained with the application of MWCNT increased the 1-day strength of
cement stone and mortar by 70-90% and 92-115%, respectively, and the
strength during 10 hours of concrete hardening increased by ensures that
it is higher than 100—115%. This effect is due to the formation of dispersed
ettringite crystals of pomegranate, C-S-H(I), tobermorite and helium phase,
which densely fill the interparticle space as a result of the acceleration of
hydration processes under the influence of CNM.
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CNM increases the brand of concrete in terms of frost resistance and
waterproofing, and even allows to reduce the consumption of cement.

16.1 INTRODUCTION

Cement is the main structural material in concrete construction. Reducing
the commissioning period for the construction of residential buildings as
well as industrial facilities is of great importance, as it directly affects the
cost and profitability level. One of its few disadvantages is slow drying,
which can be accelerated by adding chemical modifiers to the concrete mix
or by heating it [1-3].

After the discovery of carbon nanotubes and the development of nano-
technology, the accelerating effect of small additions of carbon nanotubes on
the hardening rate of cement-concrete structures has been found in almost all
fields of science and technology. In the scientific literature, the concept that
explains this effect by the formation of a large number of new crystallization
centers in the studied sample is expressed [4—6]. However, there are practi-
cally no systematic studies on the investigation of this effect when using
Azerbaijan-made cements.

For this purpose, research and applied works were carried out in the
direction of obtaining composite materials reinforced with the addition of
multiwalled carbon nanotubes (MWCNT) on the basis of cement.

Several researchers have discussed the importance of using carbon nano-
tubes as a modifier for cement compositions. Along with the fact that these
modifiers have rare physical and mechanical properties, they have associated
with the possibility of their industrial production [7, §].

Researchers have shown that the specific surface of the particles can be
increased more than 20 times by dispersing them in a liquid medium under
the influence of ultrasound, taking into account the high tendency of carbon
nanotubes to aggregate [9, 10].

The selection of suitable carriers and the preparation of appropriate
concentrations for MWCNT in solvents used in industry and offered for this
purpose is a very relevant issue today. Therefore, research is being conducted
on processing MWCNT with special methods and then applying it to cement-
based materials. Taking into account the above, the direction of the current
research work is to improve the physical and mechanical properties of cement
stone and concrete by choosing optimal carriers for MWCNT, dispersing them
under the influence of ultrasound, and ensuring homogeneous distribution of
the obtained complex nano modifiers in cement systems.



The Role of Complex Modifiers Obtained on the Basis of Carbon 189

16.2 EXPERIMENTAL METHODS AND MATERIALS

16.2.1

MATERIALS RESEARCH METHODS

Cement from 3 plants was used in the research:

1.
2.
3.

CEM 1-52,5-N EN 197-1, HOLCIM.
CEM 1-52,5-T EN 197-1, NORM.
CEM 1-52,5-N EN 197-1, Gazakhsement.

During the preparation of the concrete mixture, 5—-10 for crushed stone
from the Guba stone quarry was used as a coarse filler. Grindstone has a
moisture content of 0.7% and a density of 2.7 g/cm?.

During the preparation of fine-grained concrete, river sand of the Bahram-
tepe deposit with a coarseness modulus of Mir=2.1, density of 2.6 g/cm® and
stone dust from the Guba quarry with a coarseness modulus of Mir=3.4 and
a density of 2.65 g/cm® were used as fine aggregates. The absorption of sand
is 1.8%, and the absorption of stone is 1.4%.

The following modifiers were used:

L.

2.

MWCNT synthesized by propane Chemical Vapor Deposition
method.

40% Rheobuild 878 superplasticizer based on naphthalene sulfonate,
BASF company.

Viscocret 20HE hyperplasticizer based on polycarboxylate, SIKA
company.

20% CAC superplasticizer based on polyarylsulfone sulfonate
obtained by special synthesis of “Nanotechnologies in Construc-
tion Materials” SRL of Azerbaijan University of Architecture and
Construction [11].

16.2.2 RESEARCH METHODS

The following characteristics of cement systems were determined in
experiments:

1.

The HORIBA nanopartisa (nanoparticle analyzer SZ-100) device in
the spectral analysis laboratory of the National Academy of Sciences
was used to determine the size of nanoparticles.

Microscopic analysis was conducted using a Jeol (JSM — 6610LV)
device.
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The effect on the strength of CNM cement stone was evaluated
according to the results obtained during the determination of the
compressive strength limit of 2x2x2 cm sized samples hardened
under normal conditions after 1, 3, and 28 days. The determination
of the strength limit was carried out on the AUTO 105/250 Cement
Compression and Flexural Machine device.

The effect of CNM on the properties of fine-grained concrete was
evaluated using 10x10x10 cm samples hardened under normal
conditions.

Flowability of concrete is determined according to EN 206, compres-
sive and bending strength of concrete according to GOST 10180,
frost resistance according to GOST 10060, and waterproofness
according to GOST 12730.5. Durability tests were performed on 1
and 28-day samples of 150x150x150 cm size stored under normal
conditions. Frost resistance and waterproofing were determined on
28-day samples.

16.3 RESULTS AND DISCUSSION

The effect of different modifiers on the hardening kinetics of cement stone
is given in Table 16.1.

TABLE 16.1 Kinetics of Compressive Strength of Modified Cement Stone

Composition Additive MWCNT Water/ Density. Compressive Strength.
cm q/sm3 MPa (day)

1 3 7 28
1 - - 0.28 2178 4407 7638 825 983
2 Rheobuild 878, 1% - 0.22 2198 4928 77.19 89.32 96.84
3 Rheobuild 878, 1%  0.0004% 0.23 2242  56.81 9291 100.27 115.89
4 Vscocrete 20HE, 1% - 0.24 2308 5723 91.92 9334 99.37
5 Vscocrete 20HE, 1% 0.0004% 024 2236 6034 108.48 115.54 138.62
6 SAS-2,1.4% - 023 2236 60.34 103.76 114.19 156.63
7 SAS-2,1.4% 0.0004% 023 2294 7279 11534 126.71 17091

The analysis of the results shown in Table 16.1 indicated that the addi-
tions modified with MWCNT increase the compressive strength of cement
stone by 30—65% after 1 day and by 20-75% after 28 days. Such a differ-
ence between the strength indicators of modified and non-additive samples
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is explained by the modifying effect of the additive on the dispersion and
morphological composition of the compounds formed during cement hydra-
tion. This is what determines the higher resistance of the modified structure
to collapse. Micropores are observed between the newly formed joints in
unsupplemented samples magnified 1000 times in an electron microscope.
According to the results of microprobe analysis, these compounds mainly
consist of large crystals of highly basic hydro silicates (the size is 2025 pum)
and large plates of ettringite (Figure 16.1a, b).

The structure of the cement stone added with 0.0004% MWCNT and
1.2% SP had a denser structure and was mainly composed of low-based
hydro silicates (sizes are 10-15 um) (Figure 16.1 c, d).

FIGURE 16.1 Microstructure of cement stone magnified 1000 times. (a, b) — Cement stone
without additives; (c, d) — Cement stone with 0.0004 MWCNT and 1.0 SP added.

MWCNT and SP (Rheobuild 878), being widely applied in Azerbaijan,
were used to prepare a solution to investigate their effect on the properties of
fine-grained concrete. The solution was prepared using cement and filler in
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a 1:3 ratio. Bahramtepe river sand, CEM I 52.5-N Portland cement from the
HOLCIM plant, Rheobuild 878 superplasticizer, and MWCNT synthesized
from propane via the Chemical Vapor Deposition method were utilized.
The effect of the KNM and its components on the water demand of the
cement-sand mixture is given in Table 16.2, and the effect on the flexural and
compressive strength of the solution in 1, 7, 28 days is given in Table 16.3.

TABLE 16.2 Effect of Modifier on Water Demand of Cement-Sand Mixture
Ne  Cem/sand Rheobuild 878,% MWCNT.% Taunit.% Water/Cm

1 1:3 - - - 0.54
2 1:3 1 - - 0.4

3 1:3 1 0.0004 - 0.37
4 1:3 1 0.0004 0.38

TABLE 16.3 Kinetics of Set Strength of Cement-Sand Mortar

Ne  Average Density, kq/ Strength Limit of Cement-Sand Solution, MPa (giin)

m3 In Bending In Compression
1 7 28 1 7 28
1 2051 293 4.11 5.01 8.6 22.33 26.75
2 2155 395  6.02 6.99 12.9 27.87 334
3 2262 465 721 8.34 18.5 36.44 40.1
4 2203 433 6.8 7.02 16.5 33.54 384

As can be seen from Table 16.2, when the KNM is added to the composi-
tion of the cement-sand mixture with optimal thickness, the water demand
of the mixture decreases by 31.5% compared to the control sample, but it
decreases by 7.5% compared to the composition modified with Rheobuild
878. From the results presented in Table 16.3, it is clear that the KNM
increases the average density of the cement-sand solution by about 10.2%.

As it can be seen, the decrease in water demand increases the compres-
sive strength of the cement-sand solution by 58.7%, 75.4%, and 66.5% in
1, 7, and 28 days, respectively. When the modifier is added, the increase in
the flexural strength limit of the cement-sand solution in 1, 7, and 28 days is
17.7%, 19.8%, and 19.3%, respectively.

The influence of modifiers on the flowability of the concrete mixture was
studied, and the kinetics of the collection of the strength of the concrete was
checked in cube samples with dimensions of 15x15x15 cm made on the basis
of these mixtures. The composition and properties of concrete mixtures are
given in Table 16.4.
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TABLE 16.4 Compositions of Concrete Mix

Ne Modifier Cement, Sand, Stone Crushed Crushed Water,1 Addition, 1 Slump,
kq kq  aggregate, stone stone sm
kq 5-10 10-20
Rheobuild 878 460 530 400 345 520 173 7 16
2 Taunit 460 530 400 345 520 166 7 17
MWCNT 460 530 400 345 520 163 7 18

In order to determine the effect of modifiers on the kinetics of concrete
strength accumulation (especially in the first periods of hardening), the
strength of the samples was tested for 8, 10, 12 hours and 1, 3, 14, 28 days in
accordance with GOST 10180 (Table 16.5).

TABLE 16.5 Limits of Compressive Strength of Cubic Specimens

Ne  Average Compressive Strength, MPa
Density, kg/m* g hour 10 hour 12 hour 1 day 3 days 14 days 28 days
2380 4.8 7.4 11.1 427 518 61.4 62
2400 8.1 15.8 20.7 458 576 620 65.5

3 2430 83 16.0 24.1 470 618 64.2 70.6

As can be seen, adding the complex nano modifier to the composition
of concrete increases the strength of concrete compared to control compo-
sitions. During the first hardening periods (10-12 hours), the strength of
concrete increases significantly. After 8 hours of hardening, the strength of
the modified concrete doubles compared to the control samples, but it is not
allowed to remove the formwork because it cannot achieve the strength of
15 MPa adopted in the project. As concretes with modifiers exceed 15 MPa
during the 10—-12 hour hardening period, the opening of molds is allowed.
For 8, 10, and 12 hours, the increase in strength of concrete with the modifier
is 69—114% compared to control samples. The 28-day strengths of samples
with complex nano-modifiers are 65.5 and 70.6 MPa, which means that B45
class high-strength concrete exceeds the design strength.

As can be seen from the studies, the complex nanomodifier modified with
MWCNT synthesized from hydrocarbon gas raw materials in the 28" labora-
tory of the Institute of Catalysis and Inorganic Chemistry of ANAS gives better
results than Taunite. This is due to better dispersion in the carrier medium as a
result of the effect of ultrasound compared to MWCNT Taunite. Waterproofing
of high-strength concrete samples hardened for 7 days was studied using the
AGAMA-2RM device. The results of the study are given in Table 16.6.
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TABLE 16.6 Waterproofing of High-Strength Concrete Modified with Complex Additives

Ne Content of Additives,% Concrete Compositions, kqg/m> Water/ W
Rheobuild MWCNT Taunit Cement Sand  Crushed ¢¢m
878 Stone
1 1 - - 490 885 1000 26.9 16
2 1 0.0004 - 490 885 1000 25.5 20
3 1 - 0.0004 490 885 1000 259 20

As can be seen from Table 16.6, the control concrete composition reaches
the water resistance grade W18 after 7 days of curing. At the same time,
compositions modified with a complex additive based on various MWCNT,
after 7 days of curing, have a water resistance grade exceeding W20, which
is quite sufficient for use in the production of waterproof structures.

The frost resistance of concrete with the optimal content of a complex
additive modified by CDKNB was studied using a non-destructive testing
method with the Beton-FROST device on cube samples with an edge of 10 cm
according to GOST 10060.3-95 at a temperature of 18 + 2°C. The compositions
of concrete and the results of their frost resistance tests are given in Table 16.7.

TABLE 16.7 Frost Resistance of High-Strength Concrete with a Complex Additive
Modified by MWCNT

Ne Content of Additives,% Water/sem Average density, F
Rheobuild 878 MWCNT  Taunit kq/m’

1 1 - - 26.9 2490 400

2 1 0.0004 - 25.5 2580 700

3 1 0.04 - 259 2550 600

4 1 - 0.0004 26 2530 600

5 1 - 0.04 26.3 2500 500

The results presented in Table 16.7 show that the introduction of MWCNT
in an amount of 0.0004% and 0.04% of the binder consumption leads to an
increase in the frost resistance grade of high-strength concrete by 3 and 2
steps, respectively. The introduction of Taunit in an amount of 0.0004% and
0.04% of the binder consumption leads to an increase in the frost resistance
grade by 2 and 1 step, respectively.

16.4 RESULTS

Thus, analyzing the results of structural changes in the cement stone modi-
fied with MWCNT and comparing them with the results of the physical,

w
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mechanical, and operational properties of high-strength concrete, it can be
argued that the improvement in frost resistance is associated with an effect
that promotes the formation of an additional volume of fine-crystalline new
formations in the form of C-S-H(I), tobermorite 14A, and an additional
volume of gel. Fine-crystalline new formations, filling the space between
the grains of large new formations in the form of portlandite and ettringite,
and at the same time intertwining with them, compact the structure in the
intergranular space between large grains of cement particles. This, in turn,
helps to increase the density of the cement stone due to the formation of
porosity in the system. When nano modifiers are added to the concrete
mixture, the strength of the concrete increases by 69%, 114%, and 86% in
the first periods of 8, 10, and 12 hours, respectively. As a result of using
nanomodified additives, the time for opening concrete from the mold is
shortened from 16 hours to 10 hours.
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CHAPTER 17

Study of Electrical Properties of RGO/
PDMS Nanocomposite
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ABSTRACT

Carbon nanostructures have attracted electronic industrial interest due to their
unusual electrical properties. One of the most common applications of this
material is in polymer nanocomposites to develop the most technologically
promising devices. This work presents the synthesis of reduced graphene oxide
(RGO)/polymer nanocomposites and discusses the effect of various factors on
their electrical conductivity. RGO is a promising material that can be obtained
from graphite at a relatively low cost. The electrical conductivity and surface
area of RGO depend on the production method. Hence, one of the principal
tasks is the synthesis of RGO, where defects will be minimized. Galvanomag-
netic research methods are used for understanding the fundamental properties of
electrically conductive materials. Therefore, the Hall effect plays an important
role in the study of electric charge transfer. The study has shown that the elec-
trical conductivity of RGO/polydimethylsiloxane nanocomposites increases
with increasing filler concentration. The electrical conductivity is maximum at
10% RGO concentration, and was found to be 3.01 x 103Ohm™', cm™.

17.1 INTRODUCTION

Materials based on graphene are greatly impacting the world in many
facets. Graphene is one of the most recent miracle materials among them.

w
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It is particularly useful in the field of electronics because it is the thinnest,
strongest, transparent, and conductive material available [1, 2].

By combining graphite with concentrated acid and an oxidizing agent,
graphene oxide (GO) can be synthesized. Graphene oxide and reduced
graphene oxide are valuable graphene derivatives [3]. Graphene oxide and
reduced graphene oxide show different chemical and structural properties due
to the differences in their chemical compositions. RGO is a two-dimensional
material with a large specific surface area. It is known that RGO is a high-
conductivity material; it can transfer electrons between itself and other
materials. Due to these excellent properties, RGO is an ideal reinforcement
phase for polymer composites [4, 5]. It is known that the homogeneous
dispersion of reduced graphene oxide enhances the mechanical and electrical
properties of polymer nanocomposites [6]. Therefore, at first, graphene oxide
was synthesized by the intercalation method, and a stable suspension was
obtained. Further reducing the graphene oxide with ascorbic acid and sonica-
tion for about 4-5 hours, aqueous RGO was obtained. RGO/PDMS polymer
nanocomposite was prepared by the solution mixing method. The synthesized
materials were gradually studied and identified by different methods.

17.2 EXPERIMENTAL METHODS AND MATERIALS
17.2.1 MATERIALS

The materials used in the synthesis of graphene oxide and reduced graphene
oxide are mainly graphite, sulfuric acid (H,SO,), hydrogen peroxide (H,0,),
and potassium permanganate (KMnO,). Also included are ascorbic acid,
potassium hydroxide, and PDMS granules.

17.2.2 METHODS

The following instrumental methods are used in the research process: The
X-ray diffraction (XRD) analysis of the synthesized materials was carried
out on a DRON-3M with diffraction molecules using CuKa radiation (A =
1.54178 A).

The Raman spectroscopy analysis was performed on a Witec UHTS
300, using a 532 nm laser with 1.5 mW power intensity under the following
conditions: single spectra of the filler, magnification: 50x, integration time:
0.5 s; 532 nm excitation laser at room temperature.

w
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A high-resolution scanning electron microscope (SEM) S-4800 (Hitachi)
and EDS, with a resolution of 1 nm, were used for the analysis of the
morphology and condition of the obtained materials.

The Hall-effect measurement equipment used was the Ecopia
HMS-3000/55T.

17.2.3 SYNTHESIS OF GRAPHENE OXIDE

Synthesis of GO was carried out by modified Hummers method. 300 ml
flask placed into a water bath (27-35°C), 2 g natural graphite was added into
a mixture of 50 ml 98% H,SO, and 6 g KMnO, and the solution was stirred
during 1 h. Then temperature increased to 70°C and stirred during 1 h, after
this added 200 ml H,0 and 20 mL 30% H,O, Obtained GO isolated by filtra-
tion, washed with DI water and centrifuged to removal the waste graphite.

17.2.4 SYNTHESIS OF REDUCED GRAPHENE OXIDE

The obtained GO was mixed with 100 mL of water and sonicated for 30
minutes using an ultrasonic bath. Ascorbic acid (10 g) was dissolved in
100 mL of distilled water and then gradually added to the mixture at room
temperature. The suspension was sonicated with the ultrasonic bath for 1 hour.

17.2.5 PREPARATION OF RGO/POLYMER NANOCOMPOSITE

The synthesis of RGO/polymer was carried out by the solution mixing
method. PDMS granules were dissolved in an organic solvent, and RGO
sheets with different concentrations (vol. 0.5%, 1%, 5%, 10%, 12%) were
added. The mixture was homogenized at a speed of 200 rpm for 4 hours. The
nanocomposite was obtained by the removal of the solvent.

17.3 RESULTS AND DISCUSSION

Many contemporary GO synthesis methods are based on the technique first
described by Hummers, which involves oxidizing graphite with a H,SO,
containing KMnO,. In the first step, GO was synthesized by a modified
Hummers’ method. After that, GO was reduced by ascorbic acid.

The solution mixing method is the most well-known technique to
prepare polymer nanocomposites. In this work, PDMS granules and RGO
sheets were dispersed in the same solvent, and the mixture was treated by
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ultrasonication. The nanocomposite was obtained by the removal of the
solvent and was studied by XRD, SEM, Raman, and the Hall effect method.
The volume percentage of RGO in the polymer matrix was 0.5%, 1%, 5%,
10%, and 12%. In XRD (Figure 17.1), we observed a peak at 200, which
belongs to RGO. The Raman spectroscopy results in Figure 17.2 show a “D”
peak at 1590 cm™ and a “G” peak at 1350 cm™', which confirmed the lattice
deformation.
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FIGURE 17.1 XRD of Reduced graphene oxide.
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FIGURE 17.2 Raman spectra of reduced graphene oxide.
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Using scanning electron microscopy, the morphology and structure of the
materials were determined. The Figures 17.3 and 17.4 show the microscopic
view of different samples.

100 pm
=

Sample2 Mag= 92X

FIGURE 17.4 SEM of RGO/PDMS nanocomposite.
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Because of the low density of states and disordered structure, RGO
frequently exhibits the charge transfer mechanisms inherent in granular
metals or disordered semiconductors over a wide temperature range [7].
We measured the electrical conductivity parameters of the samples at room
temperature using the Hall-effect method. The results are given in Table 17.1.

TABLE 17.1 Electrical Properties of PDMS/GNP Nanocomposites

No. Name Specific resistivity Electric conductivity
p Ohm, cm 6 Ohm™, cm™!

1 PDMS 1.05 X 101 94X 107"

2 PDMS/GNP 0.5% 1.6 X 108 6.25X 107

3 PDMS /GNP 1% 2.89X 107 346X 108

4 PDMS/GNP 5% 1.2 X 107 84X 10

5 PDMS/GNP 10% 33X 107 3.01X 108

6 PDMS/GNP 12% 1.1 X 107 9X 10

17.4 CONCLUSION

RGO is a two-dimensional material with a large specific surface area. It’s
known for its high conductivity, allowing it to transfer electrons between
itself and other materials. Due to these excellent properties, RGO is an
ideal reinforcement phase for polymer composites. It is known that the
homogeneous dispersion of RGO enhances the mechanical and electrical
properties of polymer nanocomposites. Research has shown that the
electrical conductivity of RGO/PDMS nanocomposites increases with
increasing filler concentration. The electrical conductivity is maximum at
10% graphene nanoplates concentration, and was found to be 3.01 times
103Ohm™, cm™.
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CHAPTER 18
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2A. Tvalchrelidze Caucasian Institute of Mineral Resources,
L Javakhishvili Thilisi State University, Thilisi, Georgia

ABSTRACT

A lot of important fundamental research is being carried out on condensed
phosphates, so-called inorganic polymers, such as double oligomeric, cyclo-,
or polymeric, and substituted phosphates. Our method of the production of
condensed compounds is based on high-temperature synthesis (100-600°C)
in multi-component systems M' O-M™ 0,-P,0.-H,O for the purpose of
receiving new condensed compounds — inorganic polymers. The technology
is founded on the creation of new condensed forms — double inorganic
oligomers, cyclic compounds, and long-chain polymeric composites via the
condensation of polyphosphoric acids, in the presence of mono- and poly-
valent metals.

In this chapter, we report and discuss the outcomes of the thermal decompo-
sition of many oligo-phosphates: double acidic diphosphates and triphosphates
obtained by us for the first time during the last few years. Thus, the current data
are the results of examination and analysis of the experimental records after the




208 Advanced Topics in Polymer Chemistry and Materials Science

synthesis of new double condensed compounds of gallium, indium, scandium,
and sometimes aluminum with K, Rb, Ag, and the study of the thermal behavior
of some of them. We have examined the process of the phase transition of
acidic oligo-phosphates and the formation of long-chain polymers and/or cyclic
phosphates with a higher degree of anion condensation. The sufficient thermal
stability of oligo- and polymeric phosphates has been proven.

Since, in the course of thermal conversion experiments of acidic oligo-
phosphates, new cyclic compounds with a high degree of anion condensa-
tion, as well as long-chain double polymeric composites and long-chain
polyphosphates were obtained, it can be concluded that this is a kind of
solid-phase synthesis of new inorganic polymers. Usually, condensed double
diphosphates of trivalent metals during decomposition at temperatures from
370-340°C, and between 500-750°C sometimes, form either long-chain
poly-, cyclotetra-, or cyclooctaphosphates. As for the triphosphates, they
are most often transformed into either cyclooctaphosphates and also normal
diphosphates or long-chain polyphosphates.

18.1 INTRODUCTION

The growing interest in the synthesis of new inorganic polymers, given the
potential for application in various fields of advanced technology, is essen-
tially determined by the rapid development of various fields of chemistry
over the last few decades, the attention in the search for new compounds,
and the possibilities for their use in vast domains [1-7]. The essence of
the extension of the explored field into condensed phosphate chemistry, in
particular the chemistry of inorganic polymers of mono- and multivalent
metals, is mainly due to the unique properties of these elements and their
corresponding compounds [8—11]. The new inorganic polymers have found
applications in microelectronics, the engineering and construction domain,
in the field of high-temperature ceramics production, quantum mechanical
amplifiers, lasers, and luminophores. Their use in emission materials is
well known, as well as catalysts and, above all, in everyday life. Inorganic
polymeric materials possess highly valuable qualities such as corrosion
resistance, high-temperature resistance, increased strength, adsorption, and
binding properties, serving as raw materials for the creation of phosphate
glasses, as well as flame retardants for polymeric materials (polyamide,
glass-filled polyamide, polycarbonate, epoxy resin). Some phosphates are
effective in applying nutrients, cleaners, cement substances, ion-exchange
ingredients, and catalytic agents [12-23].
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In fact, many authors around the world have made a certain valuable
contribution to the development of phosphate chemistry. It is impossible not
to mention Corbridge, Topley, Van Weser, Griffith, d’Ivoir, Durif, Thylo,
Tananaev, Chudinova, and the absolutely precious special contributions of
other authors must also be mentioned [1-5, 10, 1219, 24-29].

According to the nomenclature elaborated and proposed by famous
scientists A. Durif (LEDSS, Université Joseph Fourier, Grenoble, France)
and M. Th. Averbuch-Pouchot, the prior groups are cyclotriphosphates,
cyclotetraphosphates, cyclopentaphosphates, cyclohexaphosphates,
cyclooctaphosphates, cyclononaphosphates, cyclodecaphosphates, and
cyclododecaphosphates [1, 4, 29].

In this regard, within the framework of the discovery of previously unknown
compounds with catalytic and adsorption properties or other useful qualities for
applications, the synthesis of double condensed phosphates, so-called inorganic
polymers, with predictable properties possessing a priori adsorption and binding
or other useful properties is promising. The production of condensed compounds
is based on high-temperature synthesis (100-600°C) in multi-component systems
with the aim of receiving new condensed compounds — inorganic polymers. The
technology is founded on the creation of new condensed forms — double inor-
ganic oligomers, cyclic compounds, and long-chain polymeric composites via
the condensation of polyphosphoric acids. However, at the same time, there is
another way to obtain phosphates after the condensation of already synthesized
compounds: thermal decomposition of condensed forms containing protons
in their structure — such as acidic diphosphates and triphosphates [26-36].
Consequently, in the presented work, we discuss the results of the examination
and analysis of the experimental records: the synthesis of new inorganic poly-
mers — double condensed phosphates of trivalent metals with some monovalent
metals, and the investigation of their thermal behavior at 100—-800°C. In some
cases, temperatures were even raised to 1200°C. We have examined the process
of decomposition of synthesized condensed double acidic diphosphates and
triphosphates. The phase transition process of acidic oligophosphates and the
formation of long-chain polymeric and cyclic phosphates with a higher degree
of anion condensation have been studied [37-40].

18.2 EXPERIMENTAL METHODS AND MATERIALS
18.2.1 SYNTHESIS METHOD

In our previous papers, we discussed data on the synthesis of various oligoph-
osphates during our studies in the open systems M',O-M" O.-P O -H O
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in the temperature range 130-550°C, where M'is an alkali metal K, Rb,
Ag, and M"is Ga, In or Sc [30-40, 42-43, 46, 47]. Notably, H,PO, at a
concentration of 85%, trivalent metal oxides, and carbonates of monovalent
metals were stirred thoroughly after being transferred into the carbon-glass
crucible and heated at a predetermined temperature. The target objective
temperature range was between 50°C and 450°C, occasionally reaching up
to 650°C, with the duration of the synthesis ranging from 2 days to 28 days,
depending on the type of condensed matter required. The selection of the
optimal temperature and the ratio of the initial components were the main
influencers on the final structural types of compounds. This method has been
known for quite some time and has been approved by competent authors, as
have the results we have obtained [1-5, 13—18, 29, 41, 44]. This technique
allowed us to obtain numerous types of double-condensed phosphates, which
are, in fact, inorganic polymers with several predetermined properties.

18.2.2 GRAVIMETRIC ANALYSIS

The basic configuration of the synthesized condensed compounds was
studied by gravimetric analysis. Phosphorus was determined by the precipi-
tation method using a molybdate mixture and a quinoline solution. The
trivalent metals were determined by the hydroxyquinoline precipitation
method, which was improved in our institution during many experiments for
condensed compounds [8, 34, 36-37].

18.2.3 METHOD OF PAPER CHROMATOGRAPHY

Inorganic polymeric phosphates are characterized by fairly high thermal
stability, which is why it is possible to classify them using the paper chro-
matography method. Synthesized di-, tri-, tetra-, and octahosphates, as well
as polymeric compounds, were investigated by the mentioned method. In
particular, crystalline samples were decomposed with an H-form cationic ion
exchanger. In this case, approximately 0.1 g of the substance was contacted
for 1 hour with an aqueous suspension of 2 g (KU-2, Dowex) type sulfo-
nated cation exchanger at approximately 0°C. Later, the disintegration of
the substance followed the scheme: cationite-H(solid) + M-phosphate(solid)
— cationite-M(solid) + H-phosphate(liquid). The liquid mass, containing
phosphoric acids, was treated with NaHCO, for neutralization and chro-
matographed using an acidic solvent CCL,-COOH-CH,COOH-CH,OH on
Filtrak FN-11 paper. The surface treatment of the obtained chromatograms
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was executed by spraying with a 5% solution of ammonium molybdate
(NH,)2MoO,. The final step was irradiation with ultraviolet light (A=400
nm) [33-34, 38, 40].

18.2.4 THERMO-GRAVIMETRIC ANALYSIS

DTA and TG analysis were employed for the study of thermal properties.
The DTA curves were recorded. For thermogravimetric analysis (TGA), a
Derivatograph Q1500-D was used with a heating rate of 10°/min in an air
atmosphere and a maximum temperature of 1200°C.

18.2.5 SCANNING MICRO-SPECTROSCOPIC ANALYSIS

Scanning micro-spectroscopic analysis was accomplished using a JEOL
JSM-6510LV scanning electron microscope (equipped with an energy-
dispersive X—Max N20 micro-X-ray spectral analyzer from Oxford Instru-
ments). SEM measurements were implemented using reflected BES as
well as secondary SEI electrons at an accelerating voltage of 20 kV, with a
working distance of 15 mm. Micrographs were taken at various magnifica-
tions. Micro-spectroscopic analysis was performed on the test point zones
and their surface area.

18.2.6 ROENTGEN PHASE’S ANALYSIS

The basic structural framework of synthesized double condensed compounds
is determined by X-ray diffraction method. The powder diffraction intensity
data collections were performed on a DRON—-3M diffractometer, with anodic
Cu-K_ radiation in the range of 260 = 10-60°, detector’s speed 2° min™, lattice
spacing d /n in A, and I/l , — 1s the relative intensity (used model/standard
data — by ASTM — American Society for Testing and Materials).

18.2.7 SOLID-PHASE SYNTHESIS METHOD

In addition to the foregoing, all compounds were studied and obtained by
the solid-phase synthesis method, through the thermal decomposition of
synthesized condensed matters from solution melts of polyphosphoric acids
for the first time.
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18.3 RESULTS AND DISCUSSION
18.3.1 SYSTEM CONTAINING GA AND MONOVALENT METALS

It is discovered that by crystallization from melts of polyphosphoric acids
the following double condensed compounds (namely the series of new
inorganic polymers) were obtained: double condensed di- and triphosphates,
cyclotetraphosphates, cyclooctaphosphates, cyclooctaphosphates, at the
molar ratio P,O,: M/, O: M" O, =15:2.5: 1.0; 15: 5: 1.0; 15: 7.5: 1.0; 15: 10:
1.0 and 15: 3.5: 1.5; 15: 5: 1.5; 15: 6: 1.5; 15: 7.5: 1.5; 15: 8.5: 1.5; 15: 12:
1.5. The present paper examines, investigates, and analyzes the formation
of several types/sequences of cyclo-, poly-, and/or diphosphates by thermal
decomposition, with the aim of providing reliable statistics for the produc-
tion of resistant inorganic polymers. Synthesized double acidic diphosphates
are interesting because, due to the presence of protons in the structure, they
are capable of further condensation to form highly condensed forms. For
example, at a temperature range of 330-340°C, the acidic diphosphate of
potassium-gallium forms the relevant cyclooctaphosphate:

2 KGa(H,P,0,),— K,Ga,P,0,, + 4H,0

278724

The thermogavigram of the double acidic diphosphate KGa(H,P,0.,), is
presented in Figure 18.1 and indicates that there is a mass loss equal to 2
moles of water. The first endothermic effect of condensation is at 330-340°C
and the second at 730-750°C, corresponding to the crystallization of the
cyclooctaphosphate K ,Ga2P,0,,. This compound melts by producing
KGaP,0, at 730°C, which in turn melts congruently at 930°C.

The process of the thermal decomposition of the double acidic triphos-
phate KGaHP,O, happens at 550°C and, the process takes place in two
different directions. We would like to point out that if the decomposition
process proceeds slowly, not abruptly, it’s more likely that the big cycles —
will be formed:

4KGaHP,0,,— 2KGaP,0, + K,Ga,P,0

278724

But if the temperature rise proceeds very quickly, abruptly, the decompo-
sition reaction is as follows:

2KGaHP, 0O,  — KGaP,0, + Ga(PO,), + KPO, (amorph) + H,O

The endothermic effect at approximately 750-775°C corresponds to the
formation of cyclooctaphosphate which melts at 800-840°C (Figure 18.2).
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FIGURE 18.1 Thermogavigram of the double acidic diphosphate KGa(H,P,0.),
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FIGURE 18.2 Thermogavigram of the double acidic triphosphate KGaHP,O, .
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Thermogavigram of the double acidic diphosphate RbGa(H,P,0.), indi-
cated that at the first stage, there is an endothermic effect that corresponds
to the transformation with the shaping of triphosphate RbGaHP,O,, form II,
which occurs within 230-350°C (Figure 18.2); Subsequently, a second effect
corresponding to decomposition is observed at the approximately 500°C.
The final compounds formed are diphosphate and amorphous phases.

Figure 18.3 illustrates thermogavigram of the double acidic diphosphate
RbGa(H,P,0.),. The scheme of reaction is as follows:

RbGa(H,P,0.), » RbGaHP,0,, — RbGaP,0,+ Amorphous phase

oo

=1

Mass loss, Mole H,0

ha

FIGURE 18.3 Thermogavigram of the double acidic diphosphate RbGa(H,P,0.),

Figures 18.4 and 18.5 illustrate the melting process of cyclooctaphos-
phate Rb,Ga PO, and of normal diphosphate RbGaP,O, consequently.
This last derivate melts congruently at approximately 800°C, and the final
products are polyphosphate Ga(PO,), and amorphous phase. As far as the
highly condensed compound — cyclooctaphosphate is concerned: it melts
incongruently, forming at thermal decomposition on 730°C polyphosphate
Ga(PO,), and melt.
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FIGURE 18.4 Thermogavigram of the double cyclooctaphosphate Rb,Ga P.O,,.
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FIGURE 18.5 Thermogavigram of the double normal diphosphate RbGaP,0..

18.3.2 SYSTEM CONTAINING K-IN AND MONOVALENT METALS

As far as the thermal decomposition of the acidic diphosphate of K-In is
concerned, the thermal endothermic effect is large: 325-380°C and the loss
of two moles of water is clearly visible (Figure 18.6).
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FIGURE 18.6 Thermogavigram of the double acidic diphosphate KIn(H,P,0.),.

The thermal behavior of K-In and Rb-In triphosphates has been studied.
The process of decomposition begins at 610-620°C (Figure 18.7), The
scheme is presented in Figure 18.7.

RbInHP,O  — In(PO,), + ¥2 H,0 + Amorphous phase
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W w0 0 8 ;4
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Viass loss, Mole H,0)

FIGURE 18.7 Thermogavigram of the double triphosphate RbInHP,O .
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In general, triphosphates are the most stable phases for the gallium
and indium-containing systems. All triphosphates are thermally stable at
temperatures around 500—-600°C. Figure 18.6 shows the thermal transformation
of triphosphate RbInHP,O,, which is stable even up to 615-620°C. It
should also be noted that as the ionic radius of the alkali metal increases, the
crystallization region of the acidic double diphosphates expands; whereas,
in the case of the gallium-indium transition, the crystallization region of the
triphosphates becomes increasingly narrow.

18.3.3 SYSTEM CONTAINING SC AND MONOVALENT METAL

During the investigation of the system with Sc and Ag, condensed phos-
phates were synthesized, notably the acidic double condensed triphosphate
AgScHP O, obtained at 155°C with a molar ratio of Ag,0 to Sc,0, equal to
5.0 to 6.5, and the acidic double diphosphate of scandium and silver
AgSc(H,P,0,)2. A thermogravimetric study of the triphosphate revealed two
endothermic effects: the first effect at a temperature of 200-210°C, which
corresponds to the evaporation of crystallization water, and the second effect
around 480-515°C, which apparently corresponds to the detachment of
chemically bound water (mass loss at the mentioned temperatures is shown
in Figure 18.8). The third effect at 530-540°C is associated with the melting

process of tetraphosphate AgScP,O .. The scheme of the reaction is as follows:

2AgScHP.O,, — AgScP,0 ,+ AgScP,0, +H,0
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FIGURE 18.8 Thermogavigram of the double triphosphate

aT

Mass loss, Mole H20



218 Advanced Topics in Polymer Chemistry and Materials Science

AgScHP,0,,.(0,5-1,0)H,0.

As previously noted, we have synthesized the acidic double diphosphate
of scandium and silver, AgSc(H,P,0.),, at a temperature range of 155°C to
165°C [12, 35]. This interesting compound was obtained for the first time at
the molar ratio Ag,0: Sc,0,=7,5; 8,0 and/or 10,0. Thermal decomposition is
according to the following schema:

AgSc(H,P,0,),— AgScP,0,,+ 2H,0

The temperature of the final melting process of tetraphosphate AgScP,O ,
is approximately 625-640°C. From a structural point of view, most of the
obtained compounds crystallize with an arrangement that is more or less
similar to Ga and In condensed phosphates; in principle, they are isomor-
phic in most cases. Scandium has certain resemblances to the mentioned
metals, although it is difficult to speak of a clear isomorphism between them.
However, at the same time, according to the Roentgen phase analysis, there
are certainly some similarities.

As a final estimation, we would like to emphasize that all condensed
compounds, such as oligophosphates, cyclophosphates, or polyphosphates,
are extremely interesting and promising from the point of view of practical
applications. This is the great merit of scientists [48—57], as evidenced by the
future-oriented publications in scientific journals, as well as their inclusion
in various valuable books, atlases of Infrared Spectra, etc. Some research can
be found in the SAO/NASA ADS-Physics Abstract Service — Astrophysics
Data System, INIS-IAEA data bulletin [12, 31, 45, 53], and in OSTI GOV
U.S. data (US Department of Energy Office of Scientific and Technical
Information).

18.4 CONCLUSION

All of the different types of condensed phosphates have been obtained by
solid-phase synthesis and through interactions in polycomponent systems
derived from polyphosphoric acid solution melts.

In general, triphosphates are the most stable phases for the gallium and
indium-containing systems. All triphosphates are thermally stable at tempera-
tures around 500-600°C. As the ionic radius of the alkali metal increases, the
crystallization region of the acidic double diphosphates expands; whereas,
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in the case of the gallium-indium transition, the crystallization region of the
triphosphates becomes increasingly narrow.

The study of the thermal behavior of double acidic diphosphates of
gallium and indium with potassium and rubidium demonstrates their capacity
to generate condensed phosphates with a high level of condensation—this
method is one of the production routes for double cyclo-octaphosphates. The
thermal decomposition of double acidic triphosphates of Ga and In with K
and Rb shows their ability to form condensed diphosphates and long-chain
polyphosphates as well. Obtained from molten solutions of polyphosphoric
acids, the acidic triphosphate of Ag-Sc, after thermal decomposition, forms
a crystalline tetraphosphate AgScP,O,,. In other words, it has been shown
that the cyclic compound can also be obtained by solid-phase condensation,
and a higher degree of condensation of the anion can be achieved. They can
be obtained not just from melts, but also via solid-phase synthesis, involving
previously synthesized condensed compounds.
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CHAPTER 19

Study of the Sorption Potential of
Carbon Materials Derived from Polymer
Waste: A Case Study of Pollutants in the
Leachate from the Tbilisi Landfill
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ABSTRACT

Today, the harmonization of the waste management process by the Georgian
government with European waste management policy is one of the priority
issues, which should focus on the reduction of waste generation and reuse.
This, in turn, is directly related to the transition from a linear economy to
circular economic development and the use of new economic management
models. The introduction of circular economy principles in Georgia is
unthinkable under the conditions of irrational management of one of the most
difficult-to-decompose wastes — polymer waste. Our preliminary studies
have shown that the share of one of the most difficult-to-decompose fractions
of municipal solid waste in Georgia — plastic — is 14%, namely 126 thousand
tons per year [ 1]. Our research includes the minimization of the amount of the
most harmful and hard-to-degrade organic fractions (polymers) of municipal
solid waste by obtaining sorbents and studying their sorption potential for
the treatment of leachate from the Tbilisi landfill (Norio) based on some
chemical indicators [2—4]. The results of our research show a high sorption
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potential for the main pollutants — heavy metals, biogenic substances, micro-
biological indicators, and organic impurities, averaging 80%.

19.1 INTRODUCTION

In November 2022, the Georgian government adopted the resolution “Vision
2030, Development Strategy of Georgia,” which notes that environmental pollu-
tion from waste remains a problem [2]. This is due to the challenges of managing
both municipal solid waste (MSW) and specific waste streams. Currently, the
government has approved a new resolution, “National Action Plan for Waste
Management (2022-2026).” Specifically, the NWAMP 2022-2026 includes
13 targets, with additions of biodegradable waste treatment and prevention
measures, hazardous waste management goals and objectives, measures related
to the prevention and reduction of plastics, and implementation of Extended
Producer Responsibility. Georgia’s commitment to sustainable development
and its continuous efforts in addressing waste management challenges are
validated by the aforementioned targets [3]. Regardless of the strategy adopted,
one of the most pressing problems in our country remains the management of
open landfills (including leachate), as well as the disposal of polymer waste
without any recycling. Our preliminary studies have shown that the share of
one of the most difficult-to-decompose fractions of municipal solid waste in
Georgia—plastic—is 14%, namely 126 thousand tons per year [1].

The aim of our research was to find solutions to these two problems:
in particular, to obtain carbon adsorbents from polymer waste and to treat
leachate water from some main pollutants using the obtained sorbent [4—6].
Currently, the main part of the solid waste generated throughout the country
is placed in open landfills (90%). The largest official landfill in Georgia
serves the capital city, Thilisi, and is located to the southeast of Thilisi, east
of the village of Didi Lilo (30 km from Tbilisi). The population of Didi Lilo
demands the conservation of the Tbilisi MSW landfill and its relocation. The
proximity of the landfill to the locals creates unbearable living conditions
due to environmental pollution [1, 6, 8].

19.2 EXPERIMENTAL METHODS AND MATERIALS
19.2.1 LEACHATE WATER

Originally a reverse osmosis device was installed at the landfill to treat
leachate water. The capacity of the existing reverse osmosis plant was 12
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m?* day, which was insufficient and an urgent task was to solve this problem
[10], as the leachate water cannot be treated in accordance with the legal
norms for discharge into the sewerage system [Maximum Permissible
Discharge (MPD)] [11]. To solve this problem, the leachate water from the
sedimentation system (reservoir) is pumped to the surface of the waste cell
using pumping machines; therefore, it circulates: reservoir — landfill cell.
This activity moistens the waste and, consequently, activates the biodegrada-
tion process and significantly increases the degree of pollution of leachate
water. In addition to all of the above, there is a high risk of environmental
pollution, which is mainly due to the high probability of emergent discharge
of the leachate water.

Namely, in the case of heavy precipitation, reservoirs (sedimentation
systems) are the most likely to overflow and discharge contaminated
water into the collector and then into the river Norikheva, which flows
in the natural ravine nearby, and then into Lochini, and finally to the
transboundary river Mtkvari, the main river of the capital city. From April
2021 to July 2023, we sampled leachate from the sedimentation system
of water every month. Physical and chemical indicators were measured
in the field (Consort 6010 Multiparameter Portable Analyzer), and then
in the laboratory, the determination of Chemical Oxygen Demand (COD)
(ISO 15705:2002); Biochemical Oxygen Demand (BOD,) (ISO 5815~
2:2003/2020); Total nitrogen (ISO 29441:2010); Ammonia nitrogen (ISO
5378:1978); Phenols (EPA 420.1); fats and oils (EPA 413.1); Cd, Cr, Pb,
Hg (ISO 17294-2:2016); E. coli and Total Coliforms (ISO 9308-2:2012)
was carried out.

19.2.2 OBTAIN OF SORBENT

To obtain carbon material in the framework of the study, at the first stage
of the study, the polymer fraction of municipal solid waste was sorted,
crushed, and the sorted secondary polymer raw material was prepared
for thermogravimetric analysis in order to study the optimal conditions
for obtaining sorbents. Thermogravimetric analysis of prepared samples
was carried out using STA 2500 Regulus Simultaneous Thermal Analysis.
The samples were heated from 25 to 550°C with a heating rate of 10°/
min. Based on the results of thermogravimetric analysis, the optimal
temperature for thermochemical treatment of polymer waste samples was
chosen —420°C. To obtain carbon from polymer waste, a stainless-steel
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reactor was used, which is a sealed capsule with two stainless steel pipes
— horizontal thermochemical method [5, 7]. Anaerobic conditions were
achieved using a two-way tube — nitrogen flow. The reaction continued
until the emission of exhaust gases ceased. In order to purify carbon mate-
rial from impurities and improve its sorption properties, the material (in
the mode of 24-hour exposure) was treated with an aqueous solution of
HCI 1:5 [5].

19.3 RESULTS AND DISCUSSION
19.3.1 ANALYSIS OF LEACHATE WATER

In 2023, the monthly samples analysis shows that on average the leachate
water have: turbidity 990 FTU, pH 7.8 (MPD 6.0-9.5); electrical conduc-
tivity 35.2 mS; TSS 120 mg/1 (MPD 300 mg/1); COD is 11,300 mgO/1 (MPD
600 mgO/1); Biochemical Oxygen Demand (BOD,) >4000 mgO/1 (MPD 300
mgO/1); total nitrogen 1680 mg/l (MPD 25 mg/1); phenol 0.98 mg/l 1 (MPD
0.25 mg/l); fats <5 mg/l (MPD 15 mg/l); Cr 1.65 mg/l (MPD 1 mg/l); Cd
0.72 mg/l1 (MPD 1 mg/1); Pb 1.71 mg/l (MPD 1 mg/1); Hg 0.6 mg/l (MPD 0.5
mg/l); E-coli<500 MPN/100 ml; Total coliforms 35,000 MPN/100ml (MPD
5000 MPN/100ml).

The conducted research shows that the main pollutants of leachate are
biogenic and organic substances, some heavy metals, and microbiological
indicators, which are tens of times higher than the norms (MPD) [9]. It
should be noted that the content of organic compounds and heavy metals in
freshwater decreases with increasing temperature and is maximum in winter,
while the number of microbiological parameters is thousands of times
higher in summer, despite increased dilution from abundant atmospheric
precipitation.

19.3.2 LEACHATE WATER TREAT WITH OBTAIN CARBON SORBENT

1 and 2 g of acid treated and sieved, different sizes (nano and micro) carbon
material were added to 50 ml of test waters and left for 1, 24 and 72 hours
under static conditions. per 50 ml of test waters, 1 g of carbon sorbent, left
under static conditions for 24 hours, showed the best results for all pollutants
(Table 19.1).
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TABLE 19.1 Sorption of the Main Pollutant of Leachate on Carbon Obtained from Polymers

(2023: 1g sorbent/50ml Leachate Simple/24 Hour Holding Time)

No. Pollutant Unit MPD Primary Result
(average), mg/l  mg/| % of sorption
1 NHA mg/l 20 35,5 12,31 65,32
2 BODS5 mg O/1 300 4320 1507, 68 65, 10
3 COD mg O/1 600 11300 5164, 10 54,30
4 phenol mg/1 0.25 0,98 0,24 75, 80
5 Cr mg/l 1 1,65 0, 62 62,42
6 Cd mg/l 1 0,72 0,01 98, 61
7 Pb mg/l 1 1,71 0, 68 60, 23
8 Hg mg/l 0.5 0,6 0, 01 98, 33
9 Total coliforms MPN/100ml 5000 35000 5250,00 85, 00

Figures 19.1 and 19.2 show that after the treatment of leachate samples
with the obtained carbon sorbents (micro fraction), the concentrations of the
main pollutants in the leachate are less than or approaching the relevant norms.
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FIGURE 19.1 Content of phenols and some heavy metals before and after sorption process.

19.4 CONCLUSION

The use of the carbon material obtained from polymeric waste with a particle
size of 120040 microns in static conditions showed that the sorption capaci-
ties are 60-99% for heavy metal ions, 50-80% for organic pollutants, and
80-95% for microbiological pollutants. According to the results of the
analysis, the use of nanomaterials is ineffective when water stagnates under
static conditions due to the formation of tarry solutions.
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FIGURE 19.2 Content of total coliforms before and after sorption process.

The research proves that the carbon sorbent obtained from polymeric
waste reduces the main impurities content of the most polluted wastewater
to a much lower level than MPD. The method can be an alternative to the
traditional and expensive reverse osmosis treatment method.
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ABSTRACT

The aim of the presented investigation is the elaboration of a new type of
ecologically friendly, highly effective, bioprotective fire extinguishing
foam-suspensions through the use of fire-extinguishing powders made from
local mineral raw materials. These foam-suspensions will have a higher fire
extinguishing capacity than powder, foam, and water taken separately, and
they can also regenerate damaged soil.

Foam suspensions are prepared by mechanically mixing fire-extinguishing
powders (zeolite, perlite, clay, shale, and dolomite) modified with ammo-
phos, water, and non-ionic, biodegradable surfactants. The process does not
require chemical treatment of materials. Therefore, the developed technology
for the production of foam-suspensions is simple and cost-effective.

The effectiveness of the foam-suspension depends on its performance
properties: stability of the suspension; the type and content of the surfactants;
the foam stability; and the multiplicity of foam. Performance characteristics
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are determined by standard laboratory methods. In order to determine fire
extinguishing ability, polygon test methods are used, which consider the
extinguishing of different classes of standard fires with the help of fire-
extinguishing construction. Based on experimental results, it is stated that the
obtained foam-suspensions are nontoxic, ecologically friendly, and character-
ized by higher fire-extinguishing ability compared to such powders.

At the same time, it should be noted that the use of zeolites and ammo-
phos as combined fertilizers decreases the acidity of the soil, regulates the
interchange of P, K, and N ions in the soil, and cultivates microorganisms.

Thus, we can predict that the obtained foam suspensions will not only
effectively extinguish fires, but they can also regenerate the soil damaged
by the fire. Therefore, they can be successfully used for the extinguishing of
large-scale fires—forest fires.

20.1 INTRODUCTION

Traditionally, for extinguishing fires, CO,, water, foam, and powders are
used. However, it should be mentioned that water is characterized by high
consumption, high electrical conductivity, insufficient wetting capacity, and
low adhesion to the object being extinguished. Therefore, surface-active
substances (surfactants) are added to water, which reduce water surface
tension, increase permeability, and decrease consumption. Unfortunately,
the use of foams for extinguishing large-scale fires requires significant
consumption of water and surfactants. At the same time, foams are not
universal, and their widespread use is ecologically dangerous. Today, the
most effective fire extinguishers are powder fire extinguishers. They are
the only means that can be used to extinguish practically all classes of fire.
It should also be noted that mass-produced fire-extinguishing powders
are finely dispersed mineral salts modified with various types of halogen,
phosphorus, and nitrogen-containing hydrophobizators of organic origin.
Therefore, most mass-produced powders do not meet modern requirements,
primarily in terms of effective and environmentally friendly use. It should
also be mentioned that fire-extinguishing powders are characterized by lower
heat capacity, low permeability, and a wetting effect compared to water and
foams. That’s why, when extinguishing large-scale fires, they cannot wholly
solve the problem of new ignition caused by the inflammation of flickering
foci in open space [1-5]. From the above, it follows that for extinguishing
large-scale fires, particularly forest fire extinguishing, the use of just fire
extinguishing powders is less effective.



New Type, Ecologically Friendly, Highly-Effective, Bioprotective 235

On the basis of local mineral raw materials: zeolite, perlite, clay-shale,
and dolomite, our group has developed a new type of fire-extinguishing
powder (patent U 2019-2013-Y), which is not inferior in efficiency to mass-
produced fire-extinguishing powders. Unlike them, it is non-toxic, environ-
mentally friendly, and characterized by high compatibility with water and
foam, which allows foam suspensions to be made on its basis. [6, 7]. Also,
it should be noted that the effectiveness of the foam suspension depends not
only on the effectiveness of the fire-extinguishing powders but is directly
related to the chemical composition of surfactants, their decomposition, and
their transformation forms.

Surfactants are chemical compounds that concentrate at the phase
boundary, cause a decrease in surface tension, stabilize the dispersion
system, and make it impossible for particles of the dispersed phase to
compact and coagulate. As a rule, these are organic compounds whose
molecules contain a non-polar (hydrocarbon) part—water-insoluble hydro-
phobic components—and a polar part—water-soluble hydrophilic compo-
nents. According to the type of hydrophilic groups, surfactants are divided
into four types: anionic, cationic, amphoteric, and non-ionic. Their main
quantitative characteristic is surface activity—the ability of a substance
to reduce surface tension at the phase boundary. The selection criteria
are: on the one hand, foaming ability; on the other hand, non-toxicity and
biodegradability. Anionic and non-ionic surfactants are considered more
effective. They are characterized by high surface activity, foaming ability,
and biodegradability. Anionic surfactants are biodegradable (up to 80%),
and non-ionic surfactants are fully biodegradable (up to 100%). Non-ionic
surfactants are considered to be the least toxic compared to other types of
surfactants and are safe for nature, as they completely decompose after use
and do not produce toxic compounds [8, 9].

The aim of the presented investigation is the elaboration of a new type
of ecologically friendly, highly effective, bioprotective fire extinguishing
foam-suspensions through the use of fire-extinguishing powders (developed
by us) and non-ionic, biodegradable surfactants, which will have a higher
fire-extinguishing capacity than powder, foam, and water taken separately.

20.2 MATERIALS AND METHODS

Foam suspensions were prepared using fire extinguishing powders
(zeolite, perlite, clay-shale, and dolomite) modified with ammophos,
water, and non-ionic surfactants. Ammophos is a heterogeneous inhibitor
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that is well soluble in water. In cases of suspension production based on
fire-extinguishing powders modified with ammophos, an increase in water
inhibition is expected. The presented fire-extinguishing powders belong
to hydrophobic substances. They mix easily with water. Powder particles
are evenly distributed in water, and their consolidation does not occur. The
additional introduction of non-ionic surfactants into suspensions causes
a decrease in surface tension, stabilizes the dispersion system, prevents
particles of the dispersed phase from compacting and coagulating, and
causes powder flotation, which enables spraying powder together with
water and foam [10, 11].

Thus, foam suspensions are prepared simply by the mechanical mixing
of fire-extinguishing powders modified with ammophos, water, and non-
ionic surfactants. The process eliminates the need for chemical treatment of
materials, making the developed technology for producing foam suspensions
simple and cost-effective.

At the same time, it should be noted that non-ionic surfactants are fully
biodegradable; they completely decompose after use and do not produce
toxic compounds. Thus, they are safe for nature and the soil. Zeolites and
ammophos, as combined fertilizers, decrease the acidity of soil, regulate
the interchange of P, K, and N ions in the soil, cultivate microorganisms,
and promote their growth, which in turn are indicators of soil productivity.
Thus, we can predict that the obtained foam suspensions can not only
effectively extinguish fires, but they can also decrease the concentration
of toxic gases in the medium, prevent the probability of their penetration
into the soil, and perform a kind of regeneration of the soil damaged by
the fire [12].

Based on all of the above, we can assume that the foam suspensions in
our preparation will be highly effective, non-toxic, environmentally friendly,
and bioprotective.

20.3 DETERMINATION OF PERFORMANCE PROPERTIES

The effectiveness of the foam suspension depends on its performance prop-
erties: stability of the suspension; the type and content of the surfactants; the
foam stability; and the multiplicity of foam. Performance characteristics are
determined by standard laboratory methods. The stability of the suspension
determines the powder dispersity and suspension viscosity, which in turn
depends on the powder volumetric concentration.
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The viscosity of the suspension is determined by the capillary viscometric
method with a stirring mechanism, which takes into account the time ratio of
the outflow of suspension and water from the capillary tube under constant
stirring conditions and is calculated by the formula:

At

s°s

Aty

/’ls :/’lO

where: # 4y — is the viscosity of water and x4, =0.001g, =0.001 g/cm.

sec; A,,A,A,,A,— the density respectively, of suspension and water, g/cm?;
1100~ time of flow foam-suspension and water sec.

* powder dispersity, x (%) — granulometric composition, mass concen-
tration of powder remains left on the sieve.

* Foam state —(7) is the time during which 50% of the liquid phase is
separated.

¢ Multiplicity of foam C (%), ratio of the received foam volume — V,
to initial volume of foaming agent water solution V.

C=(V/V)*100

The results of an experimental study of the performance properties of
fire-extinguishing foam suspensions are given in Table 20.1. An analysis of
the obtained results of the performance properties of powder suspensions
proved that the increase in powder volumetric concentration leads to an
increase in the viscosity of the suspension and a decrease in its stability
accordingly.

At the same time, it should be noted that the stability of the foam suspen-
sion is determined not only by the stability of the suspension but also by
the content of the surfactants. Test results show that with the increase in
the content of the surfactants, the stability of the foam suspension increases
significantly.

Based on the above, considering the stability of foam suspensions, we
have chosen optimal values: powder dispersity less than 250 um; powder
volumetric concentrations —20-25%; suspension viscosity — 0.015-0.018
Poise g/(cm. s); and a minimum amount of non-ionic surfactants —1%
(Table 20.1).



TABLE 20.1 Performance Properties

Materials Powder Suspension Suspension Foam Multiplicity of
Dispersity, S Viscosity, P (G Stability, State, T Foam, C (%),
(Mm) /Cm. Sec) (Sec) (Sec)

Powder-suspension powder (20%) + water (80%) #0.2-0.25 0.015 600

Powder-suspension powder (25%) + water (75%) #0.2-0.25 0.018 420

powder-suspension powder (30%) + water (70%) #0.2-0.25 0.025 240

Foam-suspension powder (20%) + water (80%) + foamer 0,5%) # 0.2-0.25 - 900 30

Foam-suspension powder (25%) + water (75%) + foamer 0,5%) # 0.2-0.25 - 600 20

Foam-suspension powder (30%) + water (70%) + foamer 0,5%) # 0.2-0.25 - 240 15

Foam-suspension powder (20%) + water (80%) + foamer 1.0%) # 0.2-0.25 - 1200 40

Foam-suspension powder (25%) + water (75%) + foamer 1.0%) # 0.2-0.25 - 900 30

Foam-suspension powder (30%) + water (70%) + foamer 1.0%) # 0.2-0.25 - 300 20

8€¢
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20.4 DETERMINATION OF FIRE- EXTINGUISHING ABILITY

In order to determine fire-extinguishing ability, the polygon test methods are
used, which consider the extinguishing of different class standard fires with
the help of fire-extinguishing constructions and enable the determination
of: minimum quantity of extinguishing materials consumed for fire focus
extinguishing or minimum mass concentration of extinguish (G); extinguish
time (t); material supply intensity (I). The results of an experimental study
of the fire-extinguishing ability of fire-extinguishing powders and foam
suspensions are given in Table 20.2.

TABLE 20.2 Fire- Extinguishing Ability

Materials Class of Time of Fire = Minimum Consumption Minimum Mass
Fire Extinguishing, Per Unit Area, G (kg/ Concentration,
7 (sec) m?) Cn (kg/m®)
Zeolite + Clay shale + Perlite A 12 1.6 2.8
Dolomite +Ammophos B 8 1.6
Foam suspension A 8 1.1 1.5
B 5 - 1.3

The fire-extinguishing ability of powders and foam-suspensions based
on the obtained powders are determined for the A (wood) and B (oil) class
standard fires.

Test results shows how, that the fire- extinguishing ability foam-suspen-
sions produced on the bases of powders (zeolites, perlites, clay-shales and
dolomites) modified with ammophos are higher than fire -extinguishing
ability of such powders.

20.5 RESULTS AND DISCUSSION

Foam suspensions are prepared simply by mechanically mixing fire-extin-
guishing powders from local mineral raw materials (our preparation patent U
2019 2013 Y) modified with ammophos, water, and surfactants. The process
does not require chemical treatment of materials. Therefore, the developed
technology for the production of foam suspensions is simple and cost-effective.

Considering the stability of suspensions, we have chosen optimal values:
powder dispersity less than 250 pum; powder volumetric concentrations
—20-25%,; suspension viscosity —0.015-0.018 poise g/(cmes).

We selected a type (non-ionic, biodegradable) and a minimum amount
(1%) of surfactants, which decrease surface tension, stabilize the disper-
sion system, prevent particles of the dispersed phase from compacting and
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coagulating, and cause powder flotation, enabling the spraying of powder
together with water and foam.

Ammophos is a heterogeneous inhibitor that is well soluble in water. In the
case of suspension production based on fire-extinguishing powders modified with
ammophos, water inhibition increases. Additionally, the diluting effect of burning
gases and water heat capacity is also increased. Hence, ammophos significantly
raises the fire-extinguishing capacity of foam suspensions. Based on the above,
we can suggest that foam suspensions produced from powders (zeolites, perlites,
clay shales, and dolomites) modified with ammophos are characterized by higher
inhibition capacity and cooling effect than water; they have permeability (high
dispersion of sprayed water) and wetting effects similar to water and foam, but
unlike them, they provide both homogeneous and heterogeneous inhibition of
the burning process. Thus, the foam suspensions produced will have a higher
extinguishing effect than water, foams, or powders taken separately.

Fire-extinguishing powders made from local mineral raw materials such
as zeolite, perlite, clay-shale, and dolomite are non-toxic and ecologically
friendly. Non-ionic surfactants are fully biodegradable; they completely
decompose after use and do not produce toxic compounds. Thus, they are
safe for nature and soil. Zeolites and ammophos are combined fertilizers that
decrease soil acidity and increase the nutrient content of the soil (P, K, and N
ions). Based on the above, we can predict that the foam suspensions produced
not only effectively extinguish fires but can also regenerate damaged soil.

From all of the above, one can suggest that the fire-extinguishing foam
suspensions are ecologically friendly, highly effective, and bioprotective.
Therefore, they can be used for extinguishing large-scale fires, such as forest
fires, and do not require additional antiseptic measures.
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CHAPTER 21

Features of Sorption Extraction of
Rhenium Ions by Interactivated
Hydrogels in the Lewatit CNP LF(H*)-
Poly-2-Methyl-5-Vinylpyridine
Interpolymer System
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1A.B. Bekturov Institute of Chemical Sciences, Almaty, Kazakhstan

“The Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan

ABSTRACT

To assess the possibility of interaction between Lewatit — P2M5VP (poly-
2-methyl-5-vinylpyridine) hydrogels and ammonium perrhenate, the effect
of hydrogen ion concentration and electrical conductivity is considered. At
0 hours, the aqueous medium has a low pH value, indicating a high content
of H* ions in the aqueous medium. An increase in the interaction time of the
components up to 48 hours leads to a decrease in the pH value, indicating an
increase in the content of H* ions in the rhenium solution. With the ratios 6:0,
0:6, and 5:1 in the Lewatit CNP LF (H*)-P2MS5VP intergel systems, the range
of maximum and minimum pH values is observed. At ratios of 6:0 and 5:1,
maximum electrical conductivity is observed in the Lewatit CNP LF (H*)-
P2M5VP system. The results obtained indicate that Lewatit CNP LF(H*) has
the maximum sorption in the interpolymer system, while P2M5VP has the
opposite effect, as a result of which the interpolymer system in the presence
of P2ZMS5VP poorly sorbs rhenium, while the ion-exchange resin Lewatit
CNP LF(H") promotes the sorption of rhenium ions. The maximum value of
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the rhenium content after sorption was shown in the ratios of 6:0 and 5:1 at
48 hours of remote interaction.

21.1 INTRODUCTION

Rhenium is obtained from a mineral known as molybdenum. In addition, this
metal is found in technological solutions by leaching other minerals. In this
regard, numerous ion-exchange sorbents for various purposes are currently
being produced in the world. However, the tests carried out showed that a
significant number of these sorbents are not widely used due to low efficiency
and selectivity and do not have high sorption activity with respect to rare
carth metals (REM) and rare metals [1]. Therefore, the task of developing
methods for creating more selective and universal sorbents for the extraction
of rare earth metals and rare metals is currently in demand. In this regard,
the purpose of this work is the sorption extraction of rhenium from aqueous
solutions and the study of the possible use of sorbents in an interpolymer
system [9].

21.2 EXPERIMENTAL PART

A MARK 603 conductometer (Russia) and a Metrohm 827 pH-Lab pH
meter (Switzerland) were used to measure electrical conductivity. The mass
of swollen hydrogel samples for subsequent calculation of the degree of
swelling (o) was determined by weighing on an electronic analytical balance,
SHIMADZU AY220 (Japan).

To measure the optical density for the subsequent calculation of the
rhenium concentration, a KFK-3M spectrophotometer (Unico-Sys, St.
Petersburg, Russian Federation) was used.

21.2.1 MATERIALS

Industrial Ionite Lewatit CNP LF(H*) and laboratory-synthesized P2M5VP
were used for experiments. Poly-2-methyl-5-vinylpyridine was synthesized
by radical polymerization of distilled monomer 2-methyl-5-vinylpyridine in
the presence of benzoyl peroxide initiator and epichlorohydrin crosslinking
agent in dimethylformamide medium.
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21.2.2 ELECTROCHEMICAL RESEARCH

The experiments were carried out at room temperature. Studies of the
intergel system were carried out in the following order: (I) each hydrogel in
its dry initial state was placed in a special cell made of polypropylene mesh
(the polypropylene mesh cell was permeable to low molecular weight ions
but impervious to hydrogel dispersion); (II) then each hydrogel in the dry
state in the polypropylene mesh cells was placed in a glass with ammonium
perrhenate [6]; the electrical conductivity and pH of the solutions were
measured in the presence of hydrogels, and aliquots were obtained after a
certain period of time [2]. To study the processes of sorption of thenium ions,
an aqueous solution of ammonium perrhenate with a concentration equal to
100 mg/l was used.

21.2.3 METHOD OF DETERMINATION OF RHENIUM IONS

The method of determination of rhenium ions in solution is based on the
formation of a colored complex compound of the organic analytical reagent
thioglycolic acid with ions of REM and rare metals.

Thioglycolic acid, in the presence of SnCl,, forms a C-Re complex with
a 1:2 component ratio, colored pink with a maximum light absorption in
the region of 320-350 nm [14]. The degree of extraction (sorption) was
calculated by the formula:

H=C,—C_x100%, (2).

where C,_ is the initial concentration of the metal in the solution g/l, and C__
is the residual concentration of the metal in the solution g/l.

21.3 RESULTS AND DISCUSSION

To assess the determination of the rhenium concentration, a calibration curve
was constructed (Figure 21.1).

From Figure 21.2, we can see that the maximum electrical conductivity
is observed at ratios of 6:0 and 5:1 for 48 hours, which corresponds to
the concentration measurements on the spectrophotometer after 48 hours.
It should be assumed that high values of electrical conductivity at the
maximum point indicate high concentrations of charge carriers. The results
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FIGURE 21.1 Calibration curve of ammonium perrhenate in an aqueous medium.

The results of measuring the electrical conductivity of an interpolymer
system in an ammonium perrhenate solution are shown in Figure 21.2.
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FIGURE 21.2 Dependence of the specific electrical conductivity of the Lewatit CNP
LF(H+) and P2MS5VP interpolymer system in the presence of an aqueous solution of
ammonium perrhenate on time.

of measuring the pH of the interpolymer system in rhenium solution are
shown in Figure 21.3.
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FIGURE 21.3 Dependence of the pH of the Lewatit CNP LF (H*) and P2M5 VP interpolymer
system in the presence of an aqueous solution of ammonium perrhenate on time.

pH measurements also show that the minimum pH values are observed at
6:0 and 5:1 for 48 hours, where we observe high concentrations of H* ions.
This is due to the fact that hydroxyl ions are neutralized by protons, resulting
in a high concentration of positive ions [11]. Moreover, analyzing the pH
data of solutions, it was found that during sorption, the acidity of solutions
increased due to the replacement of H* ions in the Lewatit CNP LF(H*)
structure with rhenium ions, displacing the latter into the solution [5].

The presence of an intergel system in an aqueous solution of ammonium
perrhenate leads to various processes affecting the electrochemical equilib-
rium in the solution [3]. According to the results of the residual concentration
of salts in the solution, the highest degree of sorption (55.0%) was observed
after 48 hours at a ratio of 6:0. This is due to the fact that at this ratio, the
Lewatit CNP LF(H*) hydrogel is in a highly ionized state [7].

According to the data on the specific electrical conductivity of solutions,
a slight increase in this parameter was detected over time; the maximum
values were reached after 48 hours [12]. Moreover, analyzing the pH data of
solutions, it was found that during sorption, the acidity of solutions increased
due to the replacement of H* ions in the Lewatit CNP LF(H*) structure with
rhenium ions, displacing the latter from polymers [4]. There is also a linear
dependence of the concentration change at the initial moment (0.5 h of inter-
action), and from 1 h, clear peaks are observed at the ratios Lewatit CNP
LF(H*)-P2M5VP 6:0. Figure 21.4 shows the graph of sorption of rhenium
ions by the Lewatit CNP LF(H*)-P2MS5VP interpolymer system according
to the ratios.
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FIGURE 21.4 Graph of sorption of rhenium ions by the Lewatit CNP LF(H*)-P2M5VP
interpolymer system according to the ratios.

The results obtained show that starting from 1 hour of remote interaction,
the zones of increased sorption are the ratios Lewatit CNP LF(H*) - P2M5VP
6:0 and 5:1 [8]. The maximum sorption of rhenium occurs at 48 hours of
remote interaction of ion exchangers at a ratio of 6:0, the initial concentra-
tion of rhenium in saline solution decreases from 100 mg/I to 44.93 mg/l. A
significant part of the metal is sorbed from the saline solution within 48 hours.

The degree of binding of the polymer chain (relative to thenium ions) of
the Lewatit CNP LF(H*)-P2M5VP interpolymer system is shown in Table
21.1. Figure 21.5 illustrates the graph of sorption of rhenium ions by the
Lewatit CNP LF(H*)-P2M5VP interpolymer system of various time ratios.
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FIGURE 21.5 Graph of sorption of rhenium ions by the Lewatit CNP LF(H+)-P2M5VP
interpolymer system of various time ratios.
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TABLE 21.1 The Degree of Binding of the Polymer Chain with a Different Ratio of Ion
Exchangers (%)

6:00 0.55 1.31 2.35 3.32 4.16 4.16 4.64
5:01 0.38 1.16 231 3.23 3.97 3.99 4.46
4:02 0.39 1.38 1.77 2.93 4.21 4.05 4.45
3:03 0.20 1.06 1.51 3.02 3.33 3.59 4.20
2:04 0.32 1.00 1.72 242 3.56 3.43 4.09
1:05 0.29 0.67 1.75 2.68 2.96 3.02 4.07
0:06 0.18 0.48 1.43 2.36 2.93 3.01 3.60

The degree of binding increases with time, and the most significant
increase in the parameter is observed at the Lewatit CNP LF(H*)-P2M5VP
molar ratios of 6:0 and 5:1. The degree of binding is 0.55% and 0.38% for
these ratios after 0.5 hours of remote interaction. For the other ratios, the
degree of binding in this case is relatively low at 0.20% and 0.18%, respec-
tively. After 48 hours of interaction, the degree of binding of the polymer
chain increases in the ratios of 6:0 and 5:1 to 4.64% and 4.46%, respectively.

The effective dynamic volumetric capacity of the Lewatit CNP LF(H*)-
P2M5VP interpolymer system, relative to rhenium ions, shown in Table
21.2, depends on the molar ratios of ion-exchange resins and the interaction
time. The sorption of rhenium ions is accompanied by a strong increase in
the volumetric capacity for Lewatit CNP LF(H*) with a ratio of 6:0 from
the beginning of sorption (0.5 h)—it is 0.00029 mmol/g; while the capacity
is 0.00012 mmol/g for a pair of Lewatit CNP LF(H*): P2M5VP in the ratio
of 1:5 and 0.00008 mmol/g for P2M5VP. A strong increase in the sorption
parameter is observed after 48 hours; for Lewatit CNP LF(H*) with a ratio of
6:0, it is equal to 0.00246 mmol/g, and for a pair of interpolymers in a ratio
of 1:5, it is 0.00177 mmol/g; for P2M5VP—0.00151 mmol/g after 48 hours
of sorption.

TABLE 21.2 Effective Dynamic Sorption Capacity

6:0  0.00029 0.00070 0.00125  0.00177  0.00221  0.00221 0.00246
5:1  0.00019 0.00058 0.00117  0.00163  0.00200  0.00201 0.00225
4:2  0.00019 0.00067 0.00086 0.00142  0.00204 0.00196 0.00215
3:3  0.00009 0.00049 0.00070  0.00141  0.00155 0.00167 0.00195
2:4  0.00014 0.00044 0.00076  0.00108  0.00158  0.00152 0.00181
1:5 0.00012 0.00029 0.00076  0.00116  0.00128  0.00131 0.00177
0:6  0.00008 0.00020 0.00060  0.00099 0.00123  0.00127 0.00151
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Also, during the experiments, desorption was carried out in an aqueous
solution of 2% nitric acid for 72 hours. Figure 21.6 illustrates the dependence
of the relative optical density during desorption in a 2% solution of HNO,-
NaOH of ammonium perrhenate.

D [—=— NH4ReO4 desorption|
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FIGURE 21.6 Dependence of the relative optical density during desorption in a 2% solution
of HNO,-NaOH of ammonium perrhenate.

A desorption schedule was drawn up after 72 hours for Lewatit CNP LF(H*)
and P2MS5VP ion exchange resins. Desorption is maximal for a ratio of 6:0,
which corresponds to Lewatit CNP LF(H". Figure 21.7 illustrates the graph of
rhenium desorption from Lewatit CNP LF(H*) cationite according to the ratios.
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FIGURE 21.7 Graph of rhenium desorption from Lewatit CNP LF(H*) cationite according
to the ratios.
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From the graph of cationite desorption, it can be seen that the minimum
desorption value corresponds to 1 mole of Lewatit CNP LF(H*) with indi-
cators of 22.49 mg/liter. Further, with an increase in desorption indicators
to 6 moles of Lewatit CNP LF(H*), the indicator rises to 55.05 mg/liter.
The data indicate that those cationite that interacted with P2MS5VP anionite
show a lower desorption concentration than a separate Lewatit CNP LF(H*)
cationite.

Figure 21.8 illustrates the graph of rhenium desorption from P2M5VP
anionite depending on the molar ratio.
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FIGURE 21.8 Graph of rhenium desorption from P2M5VP anionite depending on the molar
ratio.

From the graph of anionite desorption, it can be seen that the minimum
desorption value corresponds to 1 mole of P2M5VP with indicators of 11.99
mg/L, further with an increase in desorption indicators to 6 mole of P2M5VP
with an indicator of 39.2 mg/L.

It follows from the graph that in the Lewatit CNP LF(H*) interpolymer
system, has a high sorption, which indicates desorption data.

Figure 21.9 illustrates the graph of rhenium desorption from P2M5VP
anionite and Lewatit CNP LF(H*) cationite by initial ionite ratios.
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FIGURE 21.9 Graph of rhenium desorption from P2M5VP anionite and Lewatit CNP
LF(H") cationite by initial ionite ratios.

Table 21.3 summarizes the results of sorption and desorption of rhenium
Ions by the Lewatit CNP LF(H*)-P2M5VP interpolymer system in mg/L.

TABLE 21.3 Results of Sorption and Desorption of Rhenium Ions by the Lewatit CNP
LF(H*)-P2MSVP Interpolymer System in mg/L

Ratios Residual Concentration of Concentration > Desorption ) (C Sorption+
Concentration Rhenium Ions After of Rhenium Ions From Lewatit C Desorption)
in Solution Desorption from After Desorption CNP LF(H+)

Cationite From Anionite and P2MSVP

6:0 44.93 55.05 - 55.05 99.98

5:1 48.45 38.86 11.99 50.85 99.3

4:2 49.47 36.95 13.48 50.43 99.9

3:3 53.09 32.21 14.7 46.91 100

2:4 55.05 25.78 17.62 434 98.45

1:5 55.25 22.49 19.98 42.47 97.72

0:6 60.80 39.2 39.2 100

Figure 21.10 illustrates the graph of rhenium desorption from P2M5VP
anionite and Lewatit CNP LF(H") cationite by moles.
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FIGURE 21.10 Graph of rhenium desorption from P2MS5VP anionite and Lewatit CNP

LF(H") cationite by moles.

Table 21.4 summarizes the results of desorption per 1 mole of ionite ions.

TABLE 21.4 Results of Desorption Per 1 Mole of Ionite Ions

Ratios Desorption Desorption per 1 Desorption Desorption per 1
from Lewatit  mole of Lewatit CNP  from P2M5VP Mole of P2ZMSVP
CNPLFH+) LFH+)

6:0 55.05 9.17

5:1 38.86 7.77 11.99 11.99

4:2 36.95 9.23 13.48 6.74

3:3 32.21 10.73 14.7 49

2:4 25.78 12.89 17.62 4.405

1:5 22.49 22.49 19.98 3.99

0:6 39.2 6.53

Figure 21.11 illustrates the graph of rthenium

desorption from P2M5VP

anionite and Lewatit CNP LF(H*) cationite by ratios per 1 mol.
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FIGURE 21.11 Graph of rhenium desorption from P2M5VP anionite and Lewatit CNP
LF(H") cationite by ratios per 1 mol.

21.4

CONCLUSION

The sorption of rhenium ions by an intergel system consisting of a weakly
acidic hydrogel, Lewatit CNPLF(H*), containing functional acid carboxyl
groups —COOH, and a weakly basic hydrogel, poly-2-methyl-5-vinylpyridine
(gP2M5VP), was studied.

L.

In the process of remote interaction of hydrogels in the Lewatit
CNPLF(H*) — P2M5VP intergel system, the specific electrical
conductivity and pH of aqueous solutions change [13]. Comparing
the dependence of pH and y on the ratio of Lewatit CNPLF(H")
— P2MS5VP shows that the dependence of the specific electrical
conductivity is significantly different; the maximum values of
electrical conductivity at ratios of 6:0 and 5:1 coincide with the pH
dependent on the ratio of components.

The sorption process was studied with the Lewatit CNPLF(H*) -
P2MS5VP intergel system in an aqueous medium, during which the
specific electrical conductivity and pH of aqueous solutions were
measured, and pH peaks were observed at ratios of 6:0 and 5:1
in the Lewatit CNPLF(H*) — P2M5VP intergel systems. From the
data obtained, most of the rhenium is extracted within 72 hours of
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desorption; at a ratio of 6:0, Lewatit CNPLF(H*) — P2M5VP, 55
mg/l is extracted. The results obtained indicate the possibility of
creating polymer intergel systems selective to rhenium ions for a
highly efficient adsorption technology for the extraction of rhenium
ions from industrial solutions [10].

3. The rhenium content in the aqueous medium after sorption showed
the maximum value in the ratios of 6:0 and 5:1 at 48 hours of remote
interaction.
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Natural Organic Substances’
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Water Under Solar Radiation
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ABSTRACT

The article summarizes the results of the authors’ long-term research on the
most important groups of natural organic substances in surface water bodies
of Ukraine. The main attention is focused on the research of humic substances
(HS), carbohydrates, and protein-like compounds (PLC). The concentrations
of the mentioned groups of organic substances in the water bodies under study
are within a fairly wide range: HS — 1.2-120.5 mg/L, carbohydrates — 0.4—4.9
mg/L, and PLC—0.03—1.41 mg/L. A case study of the Dnipro cascade reservoirs
showed that the share of HS in the total balance of dissolved organic matter
was 52.8-76.5%, while carbohydrates and protein compounds were 7.2-9.8%
and 1.1-3.2%, respectively. The studied groups of natural organic substances
are mainly high molecular weight compounds. Thus, among the different frac-
tions of HS, the fraction with a molecular weight of 20—5 kDa dominates. The
relative content of high-molecular fractions (>5.0 kDa) reached 43.6-59.6%
of HS_ . Carbohydrates and protein-like compounds are characterized by a
wide range of molecular weight (1-70 kDa). Polysaccharides dominate among
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carbohydrates, the share of which reaches 67.7% to 83.7%. The weight-
average molecular weight (M, ) for HS and PLC, which varied over a wide
range — from 2.3 to 11.4 kDa and 11.6 to 43.0 kDa, respectively, has been
calculated. In this case, average values of M accounted for 4.6-7.4 kDa and
22-30 kDa, respectively. It is characteristic of both humic acids and fulvic
acids that M varies in a wide range of values (6.9-12.2 and 1.8-7.3 kDa,
respectively). The studied groups of organic substances are distinguished by
different resistance to the effects of water environment factors. HS undergoes
transformation mainly under the effect of solar radiation, while carbohydrates
and protein compounds are organic substances that are easily oxidized. Their
decomposition occurs mainly due to temperature increases and the activation
of biological processes, in particular bacterial activity. Data on the ratio of
substances with various molecular weights in the studied groups of organic
compounds in different seasons are presented.

22.1 INTRODUCTION

Dissolved organic matter (DOM) in surface natural waters represents a wide
spectrum of organic compounds differing in their structure and properties
[1-3, 4]. It is highly diverse in its component composition. DOM includes
substances from various classes and groups — humic substances (HS),
carbohydrates, lipids, amino acids, nucleic acids, and the products of their
decomposition, lower fatty acids, urea, light organic compounds, phenols,
and many other components [1, 3]. These substances differ in their struc-
ture, properties, molecular size, origin, and content, which to a large extent
depends on a number of factors, in particular on the presence of HS sources
within the catchment area, the trophic state of water bodies, the primary
production—decomposition ratio, and also on surface runoff.

Natural organic matter in surface water bodies is the main source of
organic carbon and some nutrients, including nitrogen, phosphorus, silicon,
iron, etc. It significantly affects the chemical composition of surface waters
and determines the quality of the aquatic environment as a habitat for aquatic
organisms [3, 4]. The most common group of DOM is HS, which mainly
belong to terrigenous organic compounds by their origin. A certain portion of
HS can be formed in the reservoirs themselves (the so-called “water humus”),
but their share in the overall balance is much lower than that which enters
with surface runoff. An important role is also played by exometabolites —
organic substances that are released by phytoplankton and higher aquatic
vegetation during growth and decay. First of all, these are carbohydrates
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and protein-like compounds (PLC). These organic substances are especially
common in surface water bodies with high bio productivity.

Thus, the DOM of natural surface water bodies, in terms of its origin, can
be subdivided into allochthonous and autochthonous substances. The first
group of substances comes with the surface runoff, whereas the second group
is formed as a result of the vital activity of aquatic organisms, including
algae, higher aquatic plants, fish, etc. [5]. Moreover, under conditions of
warming, the share of autochthonous organic substances in the general
balance of DOM can significantly increase [5]. It is important to note that
the prolonged period of warmth and abundant solar radiation affects not only
the DOM cycle but also its component composition.

Among natural organic substances of surface waters, HS are the most
widely distributed [ 1-3, 6]. Their contribution to the total balance varies from
50% in rivers to 90% in swamps [1, 2, 6]. For the most part, these substances
belong to compounds of terrigenous origin because they are removed from
the soil complex and enter rivers and water bodies with surface runoff. The
concentration of carbohydrates and PLC depends to a large extent on the
intensity of biota development and on their influx from plant and animal
remnants, and is of considerable interest as well [7, §].

Data on the various groups of organic substances’ contribution to the
total balance of river water’s DOM are given in monograph [2]. These data
suggest that in rivers, the contribution of HS to the total content of carbon in
organic matter is not less than 50%. The above groups of organic compounds
play an important role in the detoxification of the aquatic environment by
binding metal ions into complexes and organic xenobiotics through the
formation of adducts.

Over a long period of time, studies have been conducted not only on the
component composition of DOM but also on the molecular weight distribu-
tion of individual groups of compounds of DOM, as indicated above. On
the one hand, this allows for evaluating the ratio of high-molecular and low-
molecular compounds, and therefore their ability to complex. On the other
hand, based on these results, we can discuss the potential bioavailability of
DOM with different molecular weights for assimilation by hydrobionts. In
addition, information on seasonal changes in the molecular weight distribu-
tion of organic compounds in each of the DOM groups makes it possible to
find out how actively they occur at different times of the year.

The transformation of natural organic substances under the effect of
solar radiation and the activation of biological processes, in particular, the
strengthening of microbiological activity, deserves special attention [5, 9].
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In this article, the main focus is on summarizing the results of our many
years of research, which are related to the study of the transformation of natural
organic substances under the effect of aquatic environment factors. These studies
are based on the results of a gel-chromatographic study of the molecular-weight
distribution of HS, carbohydrates, and protein compounds in Ukraine’s various
water bodies (rivers, reservoirs, lakes, including small lakes in urban areas).

22.2 EXPERIMENTAL METHODS AND MATERIALS

The studies of the component composition of DOM, carried out during the
periods of 1992—-1998 and 2011-2019, covered the reservoirs of the Dnipro
Cascade, the rivers of the Prypyat River basin, the Danube River, the Desna
River, the Pivdennyi Bug River, the Seret River, the Lyutsymir and Velyke
Chorne lakes (the Shatsk lake group), as well as the lakes of Kyiv City
(Tel’bin and Verbnoye lakes, and also lakes included in the Opechen system).

Water samples were taken mainly from the surface layer (~0.5 m) using
the Ruttner water sampler or the modified sampler-glass [10]. Suspended
matter was isolated by the method of membranous filtration. In this case,
a water sample of 1.0-1.5 L volume was filtered through the “Synpor”
nitrocellulose membranous filters (Czech Republic) or through the “Fioroni”
filters (China) with 0.40 and 0.45 pm openings, respectively.

The component composition of DOM was studied using the methods of
ion exchange and gel chromatography. The method of ion exchange chroma-
tography was applied to separate and extract individual groups of dissolved
organic substances. Accordingly, 0.5-1 L of the natural water filtrate was
successively passed through glass columns filled with diethylaminoethyl
(DEAE) cellulose and carboxymethyl (CM) cellulose ion exchangers
manufactured by the SERVA firm. Elution was carried out using solutions
of 0.3 mol/L NaOH, 0.02 mol/L H,SO, (three-step elution from the column
with DEAE cellulose), and 0.1 mol/L HCI (elution from the column with
CM cellulose). The columns have the following parameters: length — 27.5
cm, diameter — 2.5 cm, sorbent layer — about 4.5 cm, free volume — 12.5
ml. After the column separation, three fractions of DOM were obtained as
follows: acidic fraction with HS predominance, basic fraction with PLC
predominance, and neutral fraction with carbohydrates predominance. The
performed manipulations were described previously [11]. During the process
of adsorption, the concentration of HS significantly increased (mainly by a
factor of 25-50 depending on the type of water body, and also depending on
the concentration of HS in water). In some cases, the obtained concentrate
of HS was separated into the fractions of humic acids (HA) and fulvic acids
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(FA). This procedure was carried out in acidic media at pH 1.5-2.0 and
during the process of heating to = 50°C for several hours. The formation
of the precipitate of HS lasted for one day. After that, it was separated by
centrifugation. The fraction of FA was in a slightly acidic solution, the pH
value of which was closely similar to that registered in the initial natural
water. The precipitate of HA was dissolved in an alkaline solution. In its total
solution, pH was brought to its initial value.

To separate the above-mentioned groups of organic substances into
fractions with various molecular weights, glass columns filled with TOYO-
PEARL HW-50F and HW-55F gels (Japan) and pre-calibrated by substances
with known molecular weights (polyethylene glycols — 0.6, 1.0, 2.0, 15.0,
and 20.0 kDa; insulin — 5.8 kDa; albumin — 68.0 kDa; dextran — 70 kDa;
and glucose — 0.18 kDa) were used. The free volume of the columns was
determined using high-molecular blue dextran (2000 kDa, LOBA CHEMIE,
Austria). The column parameters were as follows [12, 13]: HS (gel HW-50F)
— length 82.0 cm, diameter 2.8 cm, gel layer height 62.0 cm, and the free
volume (V) 160 mL; carbohydrates and PLC (gel HW-55F) — length 81.0
cm, diameter 2.8 cm, gel layer height — 60.5 cm, V- 138 mL. Phosphate
buffer solution (0.025 mol/L) with pH 7.0 was used as the eluent. After gel-
chromatographic separation, the fractions of 15 mL volume were collected
into glass tubes using the DOMBIFRAK collector (Ukraine).

The HS concentration was measured by various methods, in particular
by the methods of spectrophotometry and fluorescence, and also using the
method of photometry [14]. The indirect method of determining HS in the
filtrate of natural water and in the fractions after their gel-chromatographic
separation was also used. It is based on measuring the water color index
using the dichromate-cobalt scale [15]. The concentration of protein-like
compounds (PLC) and carbohydrates was assessed by the photometric
method using, respectively, Folin’s and anthrone reagents [16, 17].

22.3 RESULTS AND DISCUSSION

22.3.1 THE CONCENTRATIONS AND DISTRIBUTION PATTERNS
OF VARIOUS GROUPS OF NATURAL ORGANIC SUBSTANCES IN THE
UKRAINE'’S SURFACE WATER BODIES

The HS, carbohydrates, and PLC concentrations in the water bodies of
Ukraine, located in different physical and geographical zones, vary widely:
1.2-120.5, 0.4-4.9, and 0.03—1.41 mg/L, respectively (Figure 22.1). HS
predominates in the overall balance of DOM. Thus, their share in the Dnipro
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cascade’s reservoirs is 52.8—76.5%, while the share of carbohydrates does not
exceed 7.2-9.8%, and PLC is 1.1-3.2%. Somewhat higher values of protein
compounds (9.49%) and organic substances — bacterial metabolites (17.68%)
content are observed for the upper section of the Beiyun River (PRC) [3].
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FIGURE 22.1 Limit (/, 2) and averaged (3) concentrations of HS (a), carbohydrates (b)
and PLC (c) in the water bodies from different physical and geographical zones of Ukraine:
I — mixed forests zone (1, 2 — the Stvyga and Prypyat’ rivers, 3, 4 — the Lyutsymir and Velyke
Chorne lakes, 5 — the Kyiv Reservoir); Il — forest-steppe zone (6 — the Kaniv Reservoir,
7-10 —the Desna, Pivdennyi Bug, Ros,” and Seret rivers, 11 — the Ternopil Reservoir, the Seret
basin, 12 — the upper Kytaivsky Pond, Kyiv City, 13 — Tel’bin Lake, Kyiv City); III — steppe
zone (14 — the Kakhovka Reservoir, 15 — the Kiliya Danube delta, 16 — the Sasyk Reservoir,
the Danube basin).
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The highest concentration of HS is registered in the river waters of the
Prypyat River basin because they are supplied mainly by the swamp waters
of Polissya, which are enriched by these natural organic acids. Rather high
concentrations of HS are registered in the upper reservoirs of the Dnipro
River, including the Kyiv and Kaniv reservoirs, as noted previously [18]. As
we move down the cascade of the Dnipro reservoirs, concentrations of HS
decrease significantly, as can be observed in the Kakhovka Reservoir, which
closes the cascade. The average content of this group of organic substances
in this reservoir is almost three times lower than in the Kyiv Reservoir [6].

In small and medium rivers located beyond the zone of Polissya, which
are unaffected by swamp waters, the content of HS is essentially lower. This
is supported by the results of long-term investigations carried out by Nataliia
Osadcha [19]. From north to south, the concentration of HS decreases signifi-
cantly, which is distinctly registered for the reservoirs of the Dnipro River
and also for the river waters of some basins. The relative content of HS in
the total balance of DOM in the studied water bodies ranges on average from
56.0% to 82.4% [20]. As we might expect, FA contributed significantly to
the total content of HS [21]. In Ukraine’s surface water, their relative content
attained 80.8%—94.8%. Low concentrations of HA were explained by their
lower solubility compared to FA. In addition, with their molecular weight
being higher, they are easily adsorbed by the suspended matter particles and
sediments [22]. As an example, it is appropriate to provide data on the ratio
of HA and FA in different types of natural water (Figure 22.2) [1].

Ratio of FA to HA

Types of natural water

FIGURE 22.2 The ratio of fulvic acids (FA) to humic acids (HA) in various types of natural
water: | — low water colority, II — high water colority, III — interstitial solution.
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It can be verified that in water bodies with low water colority, the ratio
of FA to HA is as much as 10:1, meaning FA dominates. Many researchers
estimate that in surface waters, FA makes up the majority of HS, while HA
makes up only 10% of HS [1, 20-22]. The above-mentioned ratio is signifi-
cantly reduced in water bodies with high water colority, and FA:HA changes
to 5:1. FA also prevails in these waters, but the share of HA increases signifi-
cantly. The interstitial solutions of sediments are dominated by HA, and the
ratio of FA to HA is 1:3.

The lowest carbohydrate concentrations were observed in water bodies of
the Steppe zone (Figure 22.1). In the Prypyat River basin, the carbohydrate
content is rather high despite elevated HS concentration. It is believed that
in waters with high HS content, phytoplankton growth is inhibited. This, in
turn, affects the carbohydrate concentration, which in such water bodies is
mainly low. On the other hand, HS and carbohydrates are believed to be the
main components of turf formed in swamps [23]. During the flood period,
they enter rivers with surface runoff [24].

The concentration of PLC in surface water depends on the trophic
status. This fact is supported by the average concentrations of protein
compounds in water bodies of Ukraine located in different physical and
geographic zones (Figure 22.1). The effect of physical and geographic
zones on the concentration of PLC is unlikely to be distinct. For example,
in the water of the Prypyat River basin with a high color index, the protein
compounds content is low, probably due to the rather high HS concen-
tration inhibiting phytoplankton growth [24]. In the Kiliya delta of the
Danube River, marked by low phytoplankton growth associated with high
water turbidity and water flow, the concentration of PLC was also rather
low — about 0.2 mg/L [25].

22.3.2 MOLECULAR WEIGHT DISTRIBUTION OF NATURAL ORGANIC
SUBSTANCES

In surface water bodies, natural organic substances are constantly undergoing
transformation, which is caused by the effect of a number of abiotic and biotic
factors of the aquatic environment. One of the important characteristics is
the molecular weight of substances. Therefore, changes in their molecular
weight as a whole, as well as individual components, can be detected, first of
all, by gel-chromatographic studies. Undoubtedly, the resistance of certain
groups of natural organic substances to such transformation is not the same
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and depends on their properties. A vivid example of this can be HS, carbo-
hydrates, compounds of protein nature, etc., the resistance of which to the
action of environmental factors is significantly different.

22.3.2.1 HUMIC SUBSTANCES

HS are characterized by macromolecular or supramolecular structures due
to the association of relatively small heterogeneous components, and also
due to the formation of large and very large aggregations in aquatic solu-
tions [21, 26-28]. The molecular weight of HS varies over a wide range
[26-31]. Data on the limiting values of the molecular weight of HS, as
well as on their dominant fractions, are contradictory [1, 32]. These values
depend on many factors, including the origin of HS, their concentration in
natural water, and the methods of isolation and identification of individual
fractions of HS. For example, the use of the method of ultra-filtration has
shown that in the river water relationship between the fractions of HS was
as follows: >100 kDa — 9.0%, 100-10 kDa — 15.0, 10-1 kDa — 63.0, and
<1 kDa — 13.0% [1].

Studies of the molecular-weight distribution of humic substances seem
important, first of all, from the ecological point of view, as the assimila-
tion of these compounds by phytoplankton and aquatic vegetation greatly
depends on their molecular weight. There is a general opinion that high-
molecular fractions of HS cannot penetrate biological membranes due to
their size [27, 33]. A number of publications [34] state that such penetra-
tion is possible only for molecules with a molecular weight of up to 5.0
kDa. As an example, data on the molecular weight distribution of HS in
surface water bodies of Ukraine are shown in figure 22.3. It can be verified
that the fraction with a molecular weight of 20.0-5.0 kDa dominates. The
relative content of this fraction amounted to 41.0-58.4% of the HS _ |
concentration. The total content of high-molecular fractions (>5.0 kDa)
reached 43.6-59.6% of HS _ .

For greater clarity Figure 22.4 provides the data about the weight-average
molecular weight (M) for HS in each of the studied objects. The values
of M varied over a wide range — from 2.3 to 11.4 kDa. In this case, their
average values accounted for 4.6-7.4 kDa. It is characteristic both for HA
and FA that M varies in a wide range of values (6.9-12.2 and 1.8-7.3 kDa,
respectively). The fact that draws attention is that M of FA in the studied
water objects turned out to be rather high.
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FIGURE 22.3 Ratio of humic substances fractions with different molecular weight (averaged
data) in studied water bodies according to results of spectrophotometric measurements of
their concentrations. Water bodies: Lutsymir Lake (1), Velyke Chorne Lake (2), Desna River
(3), Ros’ River (4), Kaniv Reservoir, Desenka branch of the Kaniv reservoir (5), upper Kytaiv
pond (6), Pivdennyi Bug River (7), Seret River (8), and Ternopil’ Reservoir (9).
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FIGURE 22.4 Limit (I* 2*) and averaged (3*) values of the weight-average molecular
weight (M, kDa) of HS in the Ukraine’s surface water bodies: 1, 2 — the Lyutsymir and
Velyke Chorne lakes, 3 — Desna River, 4 — Ros’ River, 5 — Pivdennyi Bug River, 6 — Seret
River, 7 — Girskyi Tikych River, 8 — the Kaniv reservoir, 9 — the Ternopil reservoir, 10 — the
upper Kytaivskyi Pond.

Rather high values of M for HS in river and swamp waters are reported
in the review article by I.V. Perminova and co-authors (5.2-9.5 kDa and
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7.3-16.1 kDa, respectively) [35]. At the same time, the M, of FA in swamp
waters is within 10.8-13.1 kDa. Therefore, it can be assumed that these
were FA associates, which are usually characterized by higher values of M,
[36-38]. It is often believed that these compounds have comparatively low
molecular weight values. However, this does not apply to FA associates.
Apparently, the value of M for HS in general and for FA in particular is
greatly influenced by their source of origin, concentration in the water of one
or another water body and water pH [34, 39, 40].

The molecular weight of HS fractions varies with their concentration
in natural water. With an increase in the concentration of HS in water,
the proportion of the high-molecular weight fraction (>5.0 kDa) increases
noticeably, and this occurs both under natural conditions (Figure 22.5) and
in the process of their concentration on a column with DEAE-cellulose
when extracted from natural water (Figure 22.6). The rivers of the Pripyat
River basin are characterized by the highest HS concentrations. Therefore,
they are usually dominated by high-molecular fractions with a molecular
weight > 5.0 kDa — from 64.6% to 81.8% of HS . The concentration of
HS in the river waters of Desna and Ros’ is incomparably lower than in the
rivers of the Pripyat River basin. However, as the concentration of HS in
them increases, the share of high-molecular weight fractions (>5.0 kDa)
goes up noticeably.
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FIGURE 22.5 Effect of HS concentration on their molecular weight distribution in natural
conditions. @ — Tsyr River (Prypyat’ River basin), C, = 112.4 mg/L, C,=41.6 mg/L; b — Desna
River, C, = 11.2 mg/L, C, = 21.0 mg/L; ¢ — Ros’ River, C, = 7.2 mg/L, C, = 9.9 mg/L (C,,
C, — concentration of HS); Molecular weight: 7 —>5.0 kDa; I — <5.0 kDa.
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FIGURE 22.6 The effect of HS concentration on their molecular-weight distribution in
natural water from the Desenka branch (Kaniv reservoir) during extraction. K — concentration
coefficient; / — >5.0 kDa; 2 — <5.0 kDa.

22.3.2.2 CARBOHYDRATES

Fractionation of carbohydrates in terms of their molecular weight makes it
possible to assess the contribution of their individual fractions to the total
balance and to establish the relationship between high molecular and low
molecular weight compounds. This allows for a better understanding of their
transformation in the natural aquatic environment.

It has been found that in Ukraine’s surface water bodies, the molecular weight
of carbohydrates varies over a wide range — from <1.0 to >70.0 kDa (Figure
22.7). It is known that mainly polysaccharides subjected to further transforma-
tion are released by phytoplankton and higher aquatic plants. As a consequence,
the content of individual fractions also varies from season to season.
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FIGURE 22.7 Ratio of carbohydrates’ fractions with various molecular weights in water of
upper Kytaivskyi pond (Kyiv City) for 2011-2012;% to Carbohydrates
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High molecular compounds (polysaccharides) prevail. The average
annual content of the fractions with a molecular weight >70.0 kDa accounted
for 10.8-20.9%, 70.0-50.0 kDa—10.7-23.4%, 50.0-20.0 kDa— 13.7-25.9%,
20.0-5.0 kDa — 7.7-19.5%, and 5.0-1.0 kDa — 5.8-13.7% of the total
concentration of dissolved carbohydrates. The contribution of the fraction
of low molecular carbohydrates (<1.0 kDa) accounted for 16.3-32.3%. It
is known that this fraction contains simple sugars — monosaccharides and
disaccharides. Thus, carbohydrates were represented mainly by polysaccha-
rides. Their contribution ranged in total from 67.7% to 83.7%.

A wide range of molecular weights of carbohydrates is typical for these
organic compounds, as they are characterized by a polymer structure. For
example, it has been found that in the products of bacterial degradation of
green algae, the molecular weight of carbohydrates varied within 0.7-200.0
kDa [41]. In swamps, about 15% of dissolved organic carbon was repre-
sented by carbohydrates with a molecular weight >100 kDa [42].

22.3.2.3 PROTEIN-LIKE COMPOUNDS

The findings of gel-chromatographic studies have shown that PLC registered
in Ukraine’s surface water bodies as carbohydrates are characterized by a
wide range of values for their molecular weight — from <1.0 to >70.0 kDa
(Figure 22.8) [43]. Such a pattern of the distribution of PLC among various
fractions differing in their molecular weight was reported previously in
studies of this group of organic compounds in the Dnipro reservoirs [44].
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FIGURE 22.8 Ratio of protein-like compound (PLC)’ fractions with various molecular
weights in water of upper Kytaivskyi pond (Kyiv City) for 2011-2012;% to PLC,_  (roman
numerals are months).
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Among various fractions of PLC, the fraction with a molecular weight
of <1 kDa dominates. In the total balance of PLC, the maximal total content
of the fractions with molecular weights of 5.0-1.0 and <1.0 kDa attains
27-76% (Figure 22.8).

A similar situation was observed in the other water bodies under
study. The contribution of the above-mentioned fractions accounted for
39.3-57.9% of PLCtot. Previously, it has been shown that in summer, in
the Dnipro reservoirs, the contribution of PLC with a molecular weight of
<5.0 kDa attains 74.5-90.2% of their total content in the water [44]. Data
on the seasonal dynamics of the relative content of the PLC fractions with a
molecular weight of <5.0 kDa in the studied water bodies are characterized.
In some of them, the contribution of these fractions essentially increases
in spring and summer, which is probably caused by the intensification of
the processes of decomposition of high-molecular protein compounds under
the effect of extracellular hydrolytic enzymes of animal, algal, and bacterial
origin. However, in some cases, the content of these fractions significantly
decreases during the same period, which is explained by the assimilation of
the compounds with a rather low molecular weight by hydrobionts during the
process of their growth [1, 45]. Since excretion, decomposition, and assimi-
lation processes in water bodies occur simultaneously, seasonal changes in
the relative content of these fractions of PLC with a molecular weight of
<5.0 kDa are difficult to reveal.

A wide range of the molecular weights of protein compounds is discussed
in the literature. For example, in the water of the Delaware estuary (USA),
the contribution of the compounds with a molecular weight of <1.0 kDa
to the total content of the dissolved combined amino acids accounted for
about 60%. At the same time, they included substances with a molecular
weight of more than 100.0 kDa [46]. In the lakes of Germany and Japan, a
high contribution of proteins and polypeptides with a molecular weight of
<5.0 kDa accounted for 55—74% of the total content of protein compounds
[47-49]. Proteins with a molecular weight of >50.0 kDa predominated in
the products of bacterial destruction of green algae [41]. Thus, the obtained
results correlated well with literature data.

Results of the study of molecular-weight distribution of the dissolved
PLC were used in calculating their weight-average molecular weight (M ).
It has been found that M of protein compounds in the studied water bodies
varied over a wide range — from 11.6 to 43.0 kDa (Figure 22.9). The average
values of M are in limits 22-30 kDa.
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FIGURE 22.9 Limit (/*, 2*) and averaged (3*) values of the weight-average molecular
weight (M, kDa) of PLC in the Ukraine’s surface water bodies: 1 — the Pivdennyi Bug River,
2 — the Ternopil reservoir, 3 — the Desenka branch (the Kaniv reservoir), 4 — the Lyutsymir
Lake, 5 — the Seret River, 6 — the Velyke Chorne Lake, 7 — the upper Kytaivskyi Pond, 8 — the
Ros’ River, 9 — the Desna River.

At some time, based on result of fluorescent investigations in lakes of
China the dissolved PLC were represented by the compounds with a lowe
M, (about 3.0 kDa) [50]. The fractional composition of these compounds
was as follows: >3.0 kDa — 12.4-18.6%, 3-2 kDa — 44.3-54.7%, 2—1 kDa —
16.8-21.5%, and <1.0 kDa — 15.6-16.1%. As it is evident, the contribution
of the fraction with the molecular weight of 3-2 kDa was maximal.

The M values of PLC also varied from season to season, which was prob-
ably conditioned by the influence of the above mentioned processes. It is not
inconceivable that high-molecular compounds prevail during the process of
PLC excretion. However, their decomposition is accompanied by the forma-
tion of large amounts of substances with a relatively low molecular weight,
which influences the value of M. It essentially decreases. On the other hand,
assimilation of protein compounds with a lower molecular weight by hydro-
bionts results in the predominance of high molecular compounds in aquatic
environment, which, in its turn, results in the increase in the value of M.

22.3.3 EFFECT OF THE SOLAR RADIATION AND BIOLOGICAL
ACTIVITY ON THE RATIO VARIOUS FRACTIONS OF NATURAL ORGANIC
SUBSTANCES IN SURFACE WATER OBJECTS

Solar radiation can significantly affect the physical, chemical, and biological
processes occurring in surface water, and water bodies with slow water
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exchange (lakes, reservoirs, estuaries, wetlands) are most vulnerable to
its effects [51, 52]. Impacts on chemical processes refer mainly to DOM,
particularly those characterized by fluorescent properties. These include
natural organic compounds such as HS, FA, and HA, aromatic amino acids,
including tryptophan, tyrosine, and phenylalanine, as well as substances of
anthropogenic origin used for bleaching and household purposes (diamino
stilbene, distyrylbiphenyl, etc.) [53, 54]. Solar irradiation of surface water
causes changes in the optical and chemical properties of organic substances
exhibiting fluorescent properties, reducing their capacity to absorb sunlight
(the so-called phenomenon of photobleaching). Degradation of DOM can
occur as a result of direct photolysis, in which the molecule is transformed
after absorption of sunlight, as well as indirect photolysis, whereby natural
organic substances (photosensitizers) absorb a photon, producing a number
of reactive intermediate species that can transform molecules [55, 56].

Solar radiation experiments show a shift in the composition of natural
organic matter (NOM). Due to irradiation, the concentration of high
molecular weight (HMW) fractions decreases, and that of the low molecular
weight (LMW) fractions increases [52, 54, 57, 58].

Carbohydrates and PLC belong to easily oxidized DOM. They undergo
bacterial destruction at increased water temperatures and activation of
microbiological activity. However, there is evidence that carbohydrates are
also photodegraded in the presence of HS [59].

22.3.3.1 HUMIC SUBSTANCES

HS belong to stable organic compounds of natural waters, as they experi-
ence little bacterial degradation in contrast to other organic substances,
such as carbohydrates, PLC, etc. However, it is known that HS strongly
absorb ultraviolet (UV) radiation from sunlight and undergo photochemical
changes [60—62]. The HS ability to absorb ultraviolet light decreases when
their concentration decreases. As a result of photochemical oxidation, the
transformation of high-molecular fractions of HS into compounds with a
lower molecular weight occurs [60].

The findings of our studies have shown that HS undergo the greatest
transformation in the spring and summer periods when the intensity of
photochemical processes reaches its maximum. There is an increase in the
share of the HS fraction with a molecular weight not exceeding 5 kDa in
general and < 1 kDa in particular during this period (Figure 22.10).
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The share of HS in Kaniv Reservoir with a molecular weight of <5 kDa
noticeably rises in summer by 2.8 and 2.4 times, respectively, compared to the
winter and autumn periods. This is attributed to the manifestation of various
factors, including the effect of solar radiation. The share of the HS fraction
with a molecular weight of <5 kDa in Ternopil Reservoir is highest in the
spring and summer periods. It is assumed that the effect of photochemical
processes on the transformation of HS is more noticeable in this small water
body than in Kaniv Reservoir.

22.3.2.2 CARBOHYDRATES

Carbohydrates occupy an important place in the total balance of natural
organic substances of surface waters. According to the available data, carbo-
hydrates in river waters account for about 10-23%, and in lake waters—for
20.0-24.5% of C,, [1, 13, 63]. Polysaccharides, i.e., compounds of poly-
meric nature, most often prevail [51, 64—66]. As has been already mentioned
above, Ukraine’ surface water bodies are also dominated by polysaccharides
[13, 66].

31%
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FIGURE 22.10 Ratio of HS’ fractions with various molecular weights (1, >5 kDa; 2, <5
kDa);% of total content in waters of (A) upper part of the Kaniv Reservoir (Dnipro River
basin) and (B) Ternopil Reservoir (Seret River basin) in different seasons; (a—d) winter,
spring, summer and autumn, respectively, 2011-2013 and 2016-2017 [51].

Molecular weight distribution of carbohydrates in water bodies under
study is characterized by some special features [67]. In some of them, the
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transformation of HMW carbohydrates is noticeable in spring and summer.
As an example of such water bodies, (Figure 22.11) are the data on the
molecular weight distribution of carbohydrates in the water of the Kytaivskyi
pond and the Pivdennyi Bug River in different seasons.
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FIGURE 22.11 Ratio of carbohydrates’ fractions with various molecular weights (1, >
5 kDa; 2, < 5 kDa);% of total content in waters of (A) Kytaivskyi pond (Kyiv City) and
(B) Pivdennyi Bug River in different seasons; (a—d) winter, spring, summer and autumn,
respectively, 2011-2013 and 2016-2017.

In these water bodies, the share of carbohydrates with a molecular weight
of < 5 kDa was the highest in the spring and summer seasons, which is
consistent with the general trend. However, in some other water bodies,
a similar transformation of carbohydrates becomes noticeable only in the
autumn, when biological processes gradually “subside.” During this period,
the assimilation of carbohydrates with a LMW is significantly reduced; as
a result, they accumulate in the aquatic environment and, accordingly, their
share in the overall balance increases. An example of such water bodies can
be the Obolon Bay of the Kaniv Reservoir and Horikhuvatskyi Pond No. 5 in
Kyiv city. In these water bodies, the share of carbohydrates with a molecular
weight of < 5 kDa increases to 38—48% compared to 8-25% and 23-29% in
other seasons.

At the same time, in some water bodies, in particular, in rivers, no notice-
able changes in the molecular weight distribution of carbohydrates were
found (Figure 22.12). The largest share of compounds with a molecular
weight of < 5 kDa was detected in the summer-autumn or winter-spring
periods of the year.
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FIGURE 22.12 Mass share of carbohydrate fractions with different molecular weights,% of
their total content in waters of (a) the Desna River (mouth), (b) the Seret River (downstream
of the Ternopil’ Reservoir), and (c) the Ros’ River (Bilotserkovs’ke Reservoir) in different
seasons of the year, 2011-2013. C_  — total content of carbohydrates in the water; Wn, Sp,
Sm, Au — winter, spring, summer, and autumn accordingly.

Since carbohydrates and protein compounds belong to easily oxidized
organic substances, the main role in their transformation is played by
biological processes, first of all, with the participation of bacteria, the
activity of which increases significantly with increasing temperature.
Therefore, under the conditions of global warming, we should expect the
activation of destructive processes in the transformation of natural organic
compounds. At the same time, the appearance of organic compounds with
a LMW in natural conditions cannot always be detected, since they become
biologically active and are assimilated by hydrobionts. This is the reason
why seasonal changes in the molecular mass distribution of carbohydrates
and protein compounds are not always clearly manifested. Nevertheless,
the results of our many years of observations indicate that these transfor-
mations are taking place, and in the conditions of modern climate changes,
they will take place even more actively.

22.4 CONCLUSION

Dissolved organic substances of surface water bodies are an important
component of the chemical composition of natural water, undergoing
noticeable seasonal changes in their component composition and signifi-
cantly affecting the state of the aquatic environment as a habitat for aquatic
organisms. In this situation, humic substances and carbohydrates, as the
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most widespread groups of natural organic compounds, are of considerable
interest, as they undergo various transformations, affect the bio-productivity
of water bodies, and the behavior of other chemicals, in particular, metals
and biogenic substances.

Humic substances belong to stable organic compounds of natural waters,
as they experience little bacterial degradation in contrast to other organic
substances, such as carbohydrates, protein-like compounds, etc. However, it is
known that humic substances strongly absorb ultraviolet (UV) radiation from
sunlight and undergo photochemical changes. The ability of humic substances
to absorb ultraviolet light decreases when their concentration decreases. As
a result of photochemical oxidation, the transformation of high-molecular
fractions of humic substances into compounds with a lower molecular weight
occurs. Most often, this transformation occurs in the spring-summer period
when photochemical oxidation processes are activated. The mass fraction of
substances with a molecular weight < 5.0 kDa increases maximally during
this period to 50-60% of the total content of humic substances.

Carbohydrates and protein-like compounds belong to easily oxidized
DOM. They undergo bacterial destruction at increased water temperatures
and activation of microbiological activity. However, there is evidence that
carbohydrates are also photodegradable in the presence of HS. The largest
share of carbohydrates with a molecular weight < 5 kDa is observed in
autumn (38-48%), when biological processes and bioaccumulation of low
molecular weight fractions gradually decrease.

Regardless of which factors of the water environment exert the greatest
influence on the transformation of natural organic substances, the formation of
compounds with a LMW leads to their greater bioavailability and, as a result,
significantly affects the development and functioning of aquatic organisms
that assimilate these compounds. At the same time, the complexing ability
of natural organic substances with respect to metal ions changes, as well as
the toxicity of the water environment. We can argue about a number of other
potential changes in the chemical composition of natural water in surface
water ecosystems. Under conditions of modern warming, these changes will
intensify, as the intensity of photochemical and biological processes increases.
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ABSTRACT

The paper deals with the findings of the authors’ long-term research on the
role of various groups of dissolved organic matter in metal complexation
in Ukraine’s surface water bodies. It has been found that humic substances,
carbohydrates, and protein-like substances play an important role in metal
complexation in surface waters. Humic substances, as a rule, play the main
role in complexation since they prevail in content among other groups of
dissolved organic matter. The share of metal complex compounds with
carbohydrates increases with a decrease in humic substances concentration
and an increase in carbohydrates concentration. This is typical for high bio
productivity water bodies with low humic substances concentration and is
mainly observed in summer and autumn. The greatest transformation of
high-molecular weight complex metal compounds to low-molecular weight
complexes, which become bioavailable to aquatic organisms, also occurs
during these seasons. The share of the labile fraction as potentially bioavail-
able varied widely from a few percent to almost 100%, and on average was
within 15-84% of the dissolved metals concentration. It should be noted that
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the share of the labile fraction of metals increases in water bodies with low
HS concentration that are subject to significant human impact. The share
of anionic complexes with humic substances was, on average, 41.6—72.8%
(AlD), 42.0-71.8% (Cu), 40.5-65.7% (Zn), 59.5-72.8% (Pb), and 52-82%
(Fe) of dissolved metal concentration. The share of the investigated metals
in neutral complexes with carbohydrates was 9-57% of dissolved metal
concentration. The smallest share is made up of metal complexes with
protein compounds (cationic fraction). The fraction of cationic complexes
may also include free (hydrated) ions and hydroxocomplexes. It was found
that complex metal compounds with humic substances were mainly repre-
sented by complexes with a molecular weight of less than 5 kDa, with their
share varying within 42—-74% of the total metal concentration in complexes
with HS. The molecular weight distribution of metals’ neutral complexes
with carbohydrates has a slightly different nature. Most of the specified
complex compounds are high molecular weight, and the share of complexes
with a molecular weight < 5.0 kDa, as a rule, does not exceed 50% of their
total content in the neutral complexes’ composition. The molecular weight
distribution of the metal complexes with PLC wasn’t investigated due to
their low concentrations in the water of the studied water bodies.

23.1 INTRODUCTION

In surface water bodies, metals migrate in dissolved, colloidal, and suspended
forms [1-5]. In this case, the suspended form can be represented by metals
contained in the crystalline lattice of mineral particles of the suspended
substance or adsorbed on their surface, as well as metals in the composi-
tion of biota and detritus. Metals in the dissolved state can be in the form of
aqua- and hydroxocomplexes, and also in the form of complex compounds
with inorganic (hydrocarbonate, sulfate, chloride ions, etc.) and organic
ligands, including primarily humic substances (HS), carbohydrates, protein-
like compounds (PLC), and many other chemical substances, which are the
products of aquatic organisms’ metabolism [1, 6]. The dissolved forms of
metals are characterized by high migration ability and bioavailability. At the
same time, the suspended forms of metals are inaccessible to hydrobionts [7].

From an environmental point of view, there is insufficient data on the
total concentration of metals in the surface waters. These data don’t allow
for assessing metals’ potential toxicity and biological role in aquatic ecosys-
tems, which depend on the physical and chemical state of metals in the
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natural environment [8—10]. The total concentration of metals in the water
makes it impossible to assess their mobility and possible transformations
of their coexisting forms under the effect of the environmental factors and
processes occurring in water bodies [3, 11]. The state of metals in surface
waters depends on hydrolysis, complexation, adsorption on the surface of
suspended solids, and sedimentation. Complexation is accompanied by an
increase in the migration activity of metals as a result of their transformation
into the dissolved state. Adsorption on suspended particles is accompanied
by a decrease in the migration activity of metals that settle to the bottom with
suspended solids when the water velocity decreases. The degree of adsorp-
tion of complex metal compounds differs significantly from the adsorption
of their free ions. Thus, information on the total concentration of metals in
the water can be used only in assessing the degree of water body contamina-
tion and its spatial and temporal changes.

The metals’ bioavailability and toxicity in surface waters depend to a
large extent on the relationship between their coexisting forms. The dissolved
metal forms are considered more bioavailable for assimilation by hydrobi-
onts. However, the dissolved form of the metals also includes some portion
of colloidal particles. Mainly, the term “metal bioavailability” implies the
portion of metal available to aquatic organisms [12]. To assess this form of
metals, it is essential to know the most widely distributed dissolved forms
of metals in surface water (Figure 23.1). The metals in the labile fraction
are more bioavailable than those in the form of complexes with dissolved
organic substances or those in colloidal and suspended forms [9, 13].

Thus, metals’ labile fractions include primarily their free ions, hydroxo-
complexes, and complexes with inorganic ligands (in the scheme, they are
indicated by the dotted line). The metal complexes’ lability with natural
organic compounds largely depends on the strength of bonds, the resistance
of organic substances to environmental factors, and also on the molecular
weight of their individual fractions. High-molecular metal complexes can’t
penetrate through the biological membrane.

An important coexisting form of metals in natural surface waters is repre-
sented by complex compounds with various groups of dissolved organic
matter (DOM) and different molecular weight (Figure 23.1). Complexation
leads primarily to an increase in the metals solubility, to a change in the ratio
of their oxidized and reduced forms, to a decrease in the metals toxicity, as
well as to a change in their bioavailability and ability to adsorb on suspended
substances [14—16].
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Complexation with HS as the dominant group of DOM in surface waters
has been studied to the greatest extent [3, 14, 17-23]. Often, it is with HS
that the predominant part of dissolved metals is associated, which was also
established for surface water bodies of Ukraine [24]. The research findings
described in recent publications indicate that not only HS, but also other
groups of DOM are involved in the complexation, in particular carbohy-
drates, protein-like compounds (PLC), and other chemical substances that
are metabolic products of phytoplankton, higher aquatic plants, and microor-
ganisms [25, 26, 27]. The proportion of autochthonous organic compounds,
including polysaccharides, can reach 25% of the total DOM content in fresh
waters during intensive algae growth (algal bloom) [28]. In particular, this
is true of eutrophic water bodies, where the HS concentration in water is
rather low. At the same time, it is known that carbohydrates and protein
compounds belong to the group of readily oxidized substances. An increase
in water temperature and microbial activity leads to the transformation of
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high-molecular compounds into compounds with a lower molecular weight,
which are bioavailable to aquatic organisms. Metal complexes with such low
molecular weight organic compounds become bioavailable.

The article summarizes the results of the authors’ long-term research
on the role of various groups of DOM in metal complexation in Ukraine’s
surface water bodies.

23.2 EXPERIMENTAL METHODS AND MATERIALS
23.2.1 REAGENTS, EQUIPMENTS, METHODS

Standard solutions of Al (MCO 0535:2003 — 10.0 mg/mL), Fe (MCO
0518:2003 — 1.00 mg/mL), Mn (MCO 0521:2003 — 1.00 mg/mL), Cu (MCO
0524:2003 — 10.0 mg/mL), Zn (MCO 0032:1998 — 1.00 mg/mL), and Pb
(MCO 0525:2003 — 1.00 mg/mL) were used in this study. The reference
and model solutions were prepared using double-distilled water. Solutions
of KOH (0.3 mol/L) and H,SO, (1.0 mol/L) were prepared by diluting 45%
and 98% solutions of high-purity grade, respectively. Chrome Azurol S,
1,10-phenanthroline, luminol (Fluka Chemie, Germany), and H,O, (30%)
solutions were also used.

Unico UV 2800 spectrophotometer, KFK-2 photo colorimeter, chemilu-
minescence photometer, pH meter pH 150MI (Russia), a device for membrane
filtration, a device for UV treatment with a DRT-1000 mercury-quartz lamp,
glass columns for ion-exchange and gel chromatography research, and a
collector of fractions “Dombifrak” were used.

Spectrophotometry, chemiluminescence, ion-exchange and gel chro-
matography, membrane filtration, and UV treatment have been applied to
investigate the coexisting forms of metals in surface waters.

23.2.2 SAMPLING AND SAMPLE PREPARATION

Water samples were taken in surface water bodies of various types: reser-
voirs of the Dnipro cascade (Kyivs’ke, Kanivs’ke (upper section, including
the Desenka arm), Dniprovs’ke, Kakhovs’ke); small reservoirs (Yurpils’ke,
Girskyy Tikych River, Chorna Kamyanka village; Middle Bilotserkivs’ke,
Ros’ River, Bila Tserkva City; Ternopils’ke, Seret River, Ternopil City);
rivers Tsyr, mouth; Prypyat,” Svalovychi village (Prypyat’ River basin);
Desna, mouth; Pivdennyy Bug, Khmelnitsky city; Seret, Ternopil City;
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Kiliya Danube Delta, Kiliya arm; lakes (Lyutsymir, Chorne Velyke of the
Shatsk group, Volyn’ region); Yordans’ke and Verbne, within the Kyiv city;
the upper Kytayivskyy and second Gorikhuvatskyy ponds, within the Kyiv
city) using Ruthner bathometer or modified bathometer-bottle [29].

To separate suspended solids, a freshly collected water sample was
passed through a nitrocellulose membrane filter with a pore diameter of 0.4
um (Czech Republic) under the pressure of about 2 x 10° Pa. The extrac-
tion of HS from the natural water filtrate and their concentration by at least
25-50 times was achieved by ion-exchange chromatography using a column
filled with diethylaminoethylcellulose (DEAE-cellulose) manufactured by
SERVA. HS was eluted from the column using a 0.3 mol/L KOH solution.
The elution rate was about 1.0 mL/min. To separate HS into humic acids (HA)
and fulvic acids (FA) fractions, the resulting HS concentrates were acidified
to pH 1.5-2.0 and heated to approximately 50°C for several hours. Then,
the resulting HA precipitate was allowed to settle for a day and centrifuged
at 5000 rpm for 15 minutes. The solution above the precipitate containing
FA was decanted. The HA precipitate was dissolved in 3—5 mL of 0.3 mol/L
KOH solution. The pH value of the thus obtained solutions of FA and HA
was adjusted to the original natural water value.

The molecular weight distribution of HS, FA, HA, and their complex
compounds with metals was studied by gel chromatography. For this
purpose, a glass column filled with TOYOPEARL HW-50F gel (Japan) was
used. The column length was 82 cm, diameter — 2.8 cm; gel layer height — 62
cm; column free volume (V) — 160 mL.

The ion-exchange chromatography was also used in separating carbo-
hydrates from the other organic matter, including HS. Water filtrates were
passed successively through two columns filled with ion exchangers. The
first column contained DEAE-cellulose, which was used for the extraction
of HS (acidic group), whereas the second column contained carboxymethyl
cellulose (CM) — for PLC (basic group). Carbohydrates were mainly in the
neutral fraction, that is, in the water filtrate that passed through the columns
with the above-mentioned ion exchangers.

The molecular weight distribution of carbohydrates and protein
compounds, and their complexes with metals was also studied by gel chro-
matography using a glass column filled with TOYOPEARL HW-55F gel
(Japan). Column parameters: length — 81.0 cm, diameter — 2.8 cm, gel layer
height — 60.5 cm, V - 138 mL.

The columns were calibrated using solutions of polyethylene glycols
with molecular weight of 1.0, 2.0, 15.0, and 20.0 kDa, insulin — 5.8 kDa,
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albumin — 68.0 kDa, dextran — 70 kDa, and glucose (0.18 kDa). The concen-
trations of polyethylene glycols, proteins, dextran, and glucose were 2.0,
1.0, and 0.5 mg/mL, respectively. The eluent was 0.025 mol/L phosphate
buffer solution with pH 7.0. The V value was measured using a solution of
bludextran (2000 kDa).

The sequence of work on columns with ion-exchange celluloses and gels
is outlined in earlier publications [30].

23.2.3 PHOTOCHEMICAL OXIDATION OF ORGANIC SUBSTANCES

The metals concentration in the obtained groups of DOM was measured after
their destruction by UV irradiation in an acidic medium, pH =~ 1.0-1.5, with
the addition of 0.1 mL of 30% H,0O,. The UV treatment was accomplished
in 50-mL quartz glasses for 2.0-2.5 hours using a DRT-1000 mercury-quartz
lamp.

23.2.4 METHODS FOR DETECTING METALS CONCENTRATION

The AI(III) and Fe(III) concentrations were measured photometrically using
the Chrome Azurol S [31] and o-phenanthroline [32] reagents. Mn(Il),
Cu(Il), and Cr(Ill) concentrations were detected using chemiluminescent
analysis methods [33-35]; Zn(II) and Pb(II) content was determined by
anodic stripping voltammetry [36].

23.3 RESULTS AND DISCUSSION

The dissolved metals concentration in Ukraine’s surface water bodies is

within a wide range: Al —4.2-580 pg/L,Fe,  —4.9-1306,Mn,
-5.2-1990,Cu, . . —2.3-579,Zn, . —54-130.0,Pb, —0.7-28.6,
and Cr, ~— 2.7-48.0 pg/L. [24]. The maximum values are usually

observed in water bodies with a high content of DOM, in particular HS.
However, concentrations of some metals (Mn, Fe) increase significantly due
to their migration from the bottom sediments of surface water bodies under
dissolved oxygen deficiency and the formation of anaerobic conditions in
the bottom layer.
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23.3.1 LABILE FRACTION OF METALS

The labile fraction of metals includes free (hydrated) ions, hydroxocom-
plexes, and inorganic complex compounds, as well as organic complexes
that are capable of dissociation depending on the environmental conditions,
as already mentioned (see Figure 23.1). This form of metals is the most
bioavailable and toxic to living organisms because it is able to penetrate the
cell membrane due to its size. High-molecular organic compounds and metal
complexes with them can’t be transported through the cell membrane and
therefore belong to indifferent compounds. However, such compounds can
be assimilated by aquatic organisms from natural water after their destruc-
tion into low molecular weight compounds. Microorganisms, as well as solar
radiation, can contribute to such destruction.

The share of the labile fraction of some metals in the studied water bodies
is given in Figure 23.2. The largest share of the labile fraction is typical of
Mn(I), as it is the least capable of binding with natural organic ligands. The
degree of Mn(II) binding into complexes increases significantly in water with
high water color values. This is confirmed by the results of studies of the rivers
of the Pripyat River basin, as well as the Kyiv reservoirs, which differ from
other reservoirs of the Dnieper cascade in terms of high concentrations of HS.
The labile fraction of Cu(II) in the studied water bodies was the lowest, due to
its active binding in complexes with natural organic compounds. Other metals,
in particular Al(III), Fe(Ill), Zn(II), Pb(Il), and Cr(III), like Cu(II), migrate in
water mainly in the form of complex compounds. It should be noted that the
share of the labile fraction of metals increases in water bodies with low HS
concentration, as well as in rivers and reservoirs that are subject to significant
anthropogenic impact (the so-called water bodies of the urban area).

It is important to note that the share of the labile fraction also signifi-
cantly depends on the methods of metal detection. The most reliable results
can be obtained using anodic stripping voltammetry and chemiluminescence
methods. Overestimated results of labile Al(III) and Fe(IlI) concentration are
obtained when using photometric methods.

23.3.2 PATTERNS OF THE METALS DISTRIBUTION AMONG
COMPLEX COMPOUNDS WITH NATURAL ORGANIC SUBSTANCES

The HS, carbohydrates, and protein-like compounds are potential natural
organic ligands that bind the metal ions into complexes. This is confirmed by
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FIGURE 23.2 Share of the labile fraction of manganese (a), copper (b), aluminum (c¢) and
iron (d) in Ukraine’s surface water bodies. 1 — Prypyat River, 2, 3, 4, 5 — Kyivs’ke, Kanivs’ke,
Dniprovs’ke, Kakhovs’ke reservoirs of the Dnipro cascade, 6, 7, 8, 9 — Danube, Desna,
Teteriv, Girskyi Tikych rivers, 10 — upper Kytaivskyi Pond (Kyiv City), 11, 12, 13 — lakes
Tel’bin, Verbne and lakes belonging to the Opechen’ system (Kyiv City), 14 — Lybid’ river
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the convincing findings of our long-term studies of the component composi-
tion of DOM and the distribution of metals among complex compounds with
various groups of natural organic substances. As an example, the data on
the distribution of metals among anionic, cationic, and neutral complexes in
various types of water bodies are given in Figure 23.3.

For this purpose, water bodies characterized by different HS concentra-
tions in the water were selected. So, in particular, the HS concentration in the
water of the Kyiv reservoir is 15.5-45.3 mg/L, of the Dniprovske reservoir
—9.4-18.2 mg/L, of Telbin Lake — 5.2-8.2 mg/L, and of the Kiliya Danube

Delta — 5.0-7.3 mg/L.
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FIGURE 23.3 Mass fraction (M, .,70) of anionic (A), cationic (C), and neutral (N)
complexes of aluminium, copper, zinc, lead, chromium, and iron with various groups of DOM
in the water of Kyivs’ke (a) and Dniprovs’ke (b) reservoirs (the Dnipro cascade), Tel’bin
Lake, Kyiv City (c), Kiliya branch of the Kiliya Danube Delta (d). M ., — metal total
concentration of dissolved form. A — metal complexes with HS, C — metal complexes with
protein-like compounds, N — metal complexes with carbohydrates.

A number of previous studies of the metal complexes in surface waters
[37,38] have revealed the key role of the HS, as the most widespread group of
the DOM, in metal binding. The predominant part of the dissolved metals in
the water of the studied water bodies was found in the acidic (anionic) group
of the DOM. In particular, the share of anionic complexes was, on average,
41.6-72.8% (Al), 42.0-71.8% (Cu), 40.5-65.7% (Zn), 59.5-72.8% (Pb), and
52-82% (Fe). It can be verified that with a decrease in the HS concentration,
the share of anionic complexes of metals decreases. At the same time, the
share of metals’ neutral complexes with carbohydrates is increasing. This is
especially true for small water bodies in an urbanized area, such as Tel’bin
Lake (Figure 23.3). Carbohydrates concentration in the water of this lake in
the summer reaches the maximum values — almost 4.0 mg/L. At the same
time, it is known that carbohydrates in surface waters are able to bind metal
ions into complexes [39, 40, 41]. In addition, there is evidence that polysac-
charides can be used as adsorbents for the removal of metals from polluted
waters [42]. If in the water of the Kyivs’ke reservoir the share of neutral
complexes of metals with carbohydrates is on average 13.5-24% of M

dissolv’
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then in the water of Lake Telbin it reaches 12.5-35.4% of M, . The smallest
share is made up of metal complexes with protein compounds. This is caused
by the low content of PLS in the water of the studied water bodies. In addi-
tion, the fraction of cationic complexes may include free (hydrated) ions and
hydroxocomplexes of metals with a positive charge.

The summarized data on the seasonal dynamics of the neutral complexes
make it possible to conclude that the share of the complexed metal increases
markedly in summer and autumn, when the carbohydrate concentration rises
[43]. To some extent, this is confirmed by the findings of the Kanivs’ke
Reservoir research (Figure 23.4). On the other hand, the share of zinc and lead
neutral complexes, on the contrary, is noticeably higher in winter. It should
be noted that such seasonal dynamics are sometimes poorly expressed, and
it can be difficult to explain.

60 Cu n

FIGURE 23.4 Seasonal variations in the relative content of the neutral carbohydrate metal
complexes (% M ) in the upper part of the Kanivs’ke reservoir.

dissolv

23.3.3 MOLECULAR WEIGHT DISTRIBUTION OF METAL COMPLEXES
WITH VARIOUS GROUPS OF DOM

23.3.3.1 METAL COMPLEXES WITH HUMIC SUBSTANCES

The molecular weight distribution of anionic complexes requires special
attention since HS plays a key role in binding metal ions in surface water
bodies. The obtained research results are important for understanding the
role of different fractions of HS in complexation, as well as for assessing the
potential bioavailability for hydrobionts of complex metal compounds with
different molecular weights.
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The generalized data on the molecular weight distribution of the anionic
metal complexes are given in figure 23.5. The distribution of metals among
complex compounds with HS has some features depending on the concentra-
tion of this group of DOM in water. The majority of metals in the water of
the Tsyr River were found in the composition of high molecular fractions of
HS (> 20 and 20-5 kDa) — 58.4% of Al . , 58.7% of Fe__. , and 83.8% of
Cu,_ . This is due to the high concentration of HS, as a result of which their
composition is dominated by high-molecular fractions. As the HS concentra-
tion decreases, the share of high-molecular complexes of metals with the
above mentioned ligands also decreases. This is already becoming noticeable
for the Kanivs’ke Reservoir, where the share of high molecular weight metal
complexes (> 20 and 20-5 kDa) does not exceed 37-45% of M. (37.6% of
Al . ,45.0%ofFe . ,44.00fCu . ,37.0%0fZn . ,383%ofPb_ . ,and
41.2% of Cr_. . HS concentration in the water of Tsyr River and Kanivs’ke
Reservoir were 112,5 and 26,5 mg/L respectively.
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FIGURE 23.5 The share of anionic complexes of metals with different molecular weights
(% M,,,,,) in the water of the Tsyr River (@), the Pripyat River (b), the upper part of the
Kanivs’ke reservoir (¢), and the Kiliya Danube Delta, Skhidnyi arm (d). C,, a — 112.5 mg/L,
b—-46.8 mg/L,c—26.5mg/L,d— 6.4 mg/L.

A similar distribution of metals among different fractions of HS is typical
for other Ukraine’s water bodies where the major fraction of the studied
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metals was detected in the HS fractions with the relatively low molecular
weight (<1 and 1-5 kDa): 51.6-70.3% of Al _ ., 55.6-74.0% of Fe___ .,and
41.8-65.8% of Cu, . (Al ., Fe . andCu . . - total metal concentra-
tion in complexes with HS). For example, the data on the distribution of these
metals among anionic complexes with HS in the water of the Pivdennyy Bug
River and Desna River are given (Figure 23.6).

Al Fe

Al

63%N

T4%
B>50kDa B<5,0kDa
FIGURE 23.6 Relative content (on average values) of various metals’ anionic complexes

with HS in water of the Pivdennyy Bug River (A) and the Desna River (B), in% to the total
concentration of each of the metals in the mentioned complexes’ composition.

A significant part of dissolved metals in surface waters migrates as part
of their complexes with HS. The transformation of DOM, including HS,
under the effect of solar radiation is inevitably accompanied by changes in
the molecular weight of complex metal compounds with them. This can be
confirmed by the example of the Kanivs’ke Reservoir, where the transforma-
tion of humic substances takes place in summer due to the impact of solar
radiation. The share of Fe(Ill) complexes with HS of relatively low molecular
weight (< 5.0 kDa) increased to 63% in summer compared to the winter-
spring period, when their share was 43% and 35%, respectively (Figure 23.7).

I's b c d

439, 63% 53%

FIGURE 23.7 The share of Fe(Ill) complexes with HS of various molecular weights in the
overall balance of anionic complexes in the water of the Kanivs’ke Reservoir at different seasons.
I —>5.0kDa, 2 — <5.0 kDa. a—d — winter, spring, summer, autumn.
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23.3.3.2 METAL COMPLEXES WITH CARBOHYDRATES

Polysaccharides, as protein and lipids are important components of extracel-
lular polymeric substances secreted by microalgae cells. Polysaccharides
make up from 45 to 95% of extracellular polymeric substances. An impor-
tant characteristic of carbohydrates is their polyfunctionality, which usually
results in several possible coordination sites for metal atoms [44, 45]. They
contribute to the metal detoxification in the water environment due to their
complexing properties [46].

Polysaccharides dominate among carbohydrates, and their molecular
weight is in a wide range. Thus, two fractions of polysaccharides were
detected in seawater using gel chromatography (Sephadex-25) — polysac-
charides with molecular weight < 4.0 kDa (7-13% of total dissolved carbo-
hydrates) and > 4.0 kDa (20-33% of total dissolved carbohydrates) [47].
There are also data on the molecular weight of polysaccharides, which is
estimated to be within 700 kDa [48]. Therefore, it should be expected that
the molecular weight of metal complexes with polysaccharides will also be
characterized by a wide range of values.

Data on the molecular weight distribution of carbohydrates and
Cu(Il) complexes with carbohydrates in the water of the upper part of the
Kanivs’ke Reservoir are given as an example in Figure 23.8. As expected,
carbohydrates and their complexes with Cu(Il) are characterized by a
wide range of molecular weights. Polysaccharides were dominant, and
the share of low molecular weight compounds increased only in autumn.
Accordingly, complex compounds of Cu(Il) with carbohydrates are also
characterized by a wide range. The share of complex compounds with
lower molecular weight (5—1 kDa and < 1 kDa) in the overall balance of
neutral complexes increased noticeably in spring and autumn (43% and
53%, respectively).

The molecular weight distribution of metal complexes with carbo-
hydrates (neutral fraction) follows a slightly different pattern. Most of
the specified complex compounds are of high molecular weight, and the
share of complexes with a molecular weight < 5.0 kDa does not exceed
50% of their total content in the neutral complexes’ composition (Figure
23.9). The share of the latter can increase due to the transformation of
carbohydrates and the occurrence of lower molecular weight compounds
in their composition in summer and autumn. Organic substances—exome-
tabolites of algae—usually contain not only carbohydrates but also PLC
that are able to form complexes with metal ions [49]. This applies mostly
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FIGURE 23.8 Molecular weight distribution of carbohydrates (a) and Cu(Il) complexes
with carbohydrates () in the water of the upper part of the Kanivs’ke Reservoir in different
seasons of 2016. A — winter, B — spring, C — autumn. C_;: A — 0.90 mg/L; B — 1.05 mg/L;
C-1.70 mg/L. C_,, — concentration of carbohydrates. C A-103 pg/L; B—12.4 png/L;
C-17.5pg/L.

Cu(neutral)*

to cyanobacteria [50]. The molecular weight range of PLC is known to
be very wide [50, 51]. However, the molecular weight distribution of the
corresponding metal complexes with these ligands hasn’t been investi-
gated due to their low concentrations in the water of the studied water
bodies.
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FIGURE 23.9 The share of carbohydrates (CH) and neutral complexes of Al, Fe, and Cu
with carbohydrates with different molecular weight (1 —> 5.0 kDa, 2 — < 5.0 kDa) in waters
of the Kanivs’ke Reservoir, Obolon’ Bay (a) and Horikhovats’kyy Pond no. 5, Kyiv City (b)
in different seasons of the year, 2016. M, total content of metals (Al, Fe or Cu) in the
composition of neutral complexes. Wn, Sp, Sm, Au — winter, spring, summer, autumn.

23.4 CONCLUSION

An important form of existence for metals in natural surface waters is complex
compounds with various groups of dissolved organic matter (DOM) and
different molecular weights. It is the complexation that contributes to the
increase in the metals’ migration mobility and their preferential presence
in a dissolved state. This significantly affects metal toxicity and potential
bioavailability. Among the dissolved organic substances in surface waters,
humic substances (HS), carbohydrates, and protein-like substances can play
an important role in the complexation of metals. HS play a primary role in
complexation due to the fact that they dominate among other groups of DOM
in most surface water bodies of Ukraine. However, in water bodies with a
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relatively low content of HS and high bioproductivity, the binding of metal ions
into complexes also occurs with other DOM groups, particularly carbohydrates
and, to a much lesser extent, protein-like compounds (PLC). It is known that
carbohydrates and PLC belong to the group of readily oxidized substances. An
increase in water temperature and microbial activity leads to the transforma-
tion of high-molecular compounds into compounds with a lower molecular
weight, which are bioavailable to aquatic organisms. Metal complexes with
such low molecular weight organic compounds become bioavailable.

The labile fraction of metals is the most bioavailable and toxic to living
organisms because it is able to penetrate the cell membrane due to its size.
This fraction includes free (hydrated) ions, hydroxocomplexes, and inor-
ganic complex compounds, as well as organic complexes that are capable of
dissociation under the influence of environmental conditions. The share of
the labile fraction of metals increases in water bodies with low HS concen-
tration, as well as in rivers and reservoirs that are subject to significant
anthropogenic influence. Among the studied metals, the largest share of the
labile fraction is observed for manganese, since it is characterized by the
least complex binding. The share of the labile fraction varied widely from
a few percent to almost 100%, and on average was within 15-84% of the
dissolved metals concentration.

Metals in surface waters are mostly bound into complexes by humic
substances. The share of anionic complexes was, on average, 41.6—72.8%
(AlD), 42.0-71.8% (Cu), 40.5-65.7% (Zn), 59.5-72.8% (Pb), and 52-82%
(Fe). It was found that the share of anionic complexes of metals decreases
when HS concentration decreases too. At the same time, the share of metals’
neutral complexes with carbohydrates is increasing. The share of the inves-
tigated metals in neutral complexes with carbohydrates was 9—57%. The
highest share of the neutral complexes is observed in water bodies which are
characterized by a high bioproductivity and relatively low HS concentrations.
An increase in the share of metal complexes with carbohydrates is usually
observed in the spring-summer period. The smallest share consists of metal
complexes with protein compounds, attributed to the low PLS content in the
studied water bodies. Additionally, the cationic complexes may include free
(hydrated) ions and positively charged metal hydroxocomplexes.

Complex compounds of metals with humic substances were mainly
represented by complexes with a molecular weight of less than 5 kDa, the
share of which varies between 42 and 74% of the total metal concentra-
tion in complexes with HS. It has been found that the proportion of metal
complexes with humic substances with a molecular weight of less than 5 kDa



300 Advanced Topics in Polymer Chemistry and Materials Science

can increase in summer, probably due to photochemical processes in surface
waters. For example, the share of Fe(III) complexes with HS of relatively low
molecular weight (< 5.0 kDa) increased to 63% in summer compared to the
winter-spring period, when their share was 43% and 35%, respectively. The
molecular weight distribution of metals’ neutral complexes with carbohydrates
has a slightly different character. Most of the specified complex compounds
are high molecular weight, and the share of complexes with a molecular
weight < 5.0 kDa, as a rule, does not exceed 50% of their total content in
the neutral complexes’ composition. The share of the latter can increase due
to the carbohydrates’ transformation and the occurrence of compounds with
a lower molecular weight in summer and autumn. The molecular weight
distribution of the metal complexes with PLC wasn’t investigated due to their
low concentrations in the water of the studied water bodies.
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ABSTRACT

Iron(0) pentacarbonyl Fe(CO), is widely used to obtain magnetic materials
containing ultra-dispersed iron for different functional applications. By its
impregnation and subsequent transformation, it becomes possible to obtain
nano-zero valent iron and iron oxides supported in various (organic and
inorganic) matrices. Previously, we carried out the chemical transformation
of Fe(CO), impregnated in porous sorbents and biopolymers. The aim of this
work was to intercalate magnetic clusters, such as ferromagnetic free iron Fe
and its ferrimagnetic oxide — magnetite Fe O,, in hexagonal 2D materials,
such as graphene G, graphene oxide GO, reduced graphene oxide rGO, and
hexagonal boron nitride h-BN. The structural similarity of these compounds
determines the similarity of their chemical properties. h-BN:Fe, h-BN:Fe.O,,
rGO:Fe, and rGO:Fe O, composites were obtained by the thermal treatment of
h-BN-Fe(CO),, h-BN-Fe(CO).~H,0, GO-Fe(CO),, and GO-Fe(CO)~-H,0
systems in an autoclave at 200°C. h-BN doped with Fe or Fe O, can serve as
delivery agents for boron-'°B isotope atoms to cancer cells. Nano powders
of pure h-BN and h-BN:Fe and h-BN:Fe, O, composites were obtained, and
their chemical and phase compositions, crystal structure, and morphology
were investigated. In the case of thermal treatment of the GO-Fe(CO),~-H,O
system in an autoclave, rGO was obtained from GO, on which magnetite was
deposited, with a particle size of 20—-60 nm. In this case, exfoliation of GO
and formation of bulky rGO:Fe,O, composite powder does not occur, as it
happens with vacuum-thermal treatment of GO-Fe(NO,), complex at 130°C.
Fourier- Transform-infrared spectra of the obtained nanocomposites were
recorded. Magnetization curves at room temperature were also measured
for composites containing a magnetic phase, and the numerical values of
their main parameters (saturation and remnant magnetizations and coercive
force) were established. It is concluded that the nanocomposite powder of
hexagonal boron nitride doped with magnetite nanoclusters h-BN:Fe,O, will
be an effective nano-agent for delivering boron-10 (1°B) isotope atoms to
tumor cells in Boron Neutron Capture Therapy (BNCT).

24.1 INTRODUCTION

Magnetic nanoparticles delivering therapeutically active agents consist of
two components: a chemically functional constituent (biomolecules such as
peptides, aptamers, antibodies, as well as chemical therapy drugs, nucleic
acids, radionuclides, etc.) and magnetic materials (iron, nickel, cobalt, their
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oxides, etc.). Among them, nanopowder boron compounds, and in particular,
hexagonal boron nitride (h-BN) doped with ferromagnetic clusters, may find
interesting applications in cancer BNCT (Boron Neutron Capture Therapy)
[1]. The physical mechanism of BNCT involves accumulating a critically
high concentration of boron-10 ('°B) isotope atoms in the tumor cells and
then irradiating the patient with an appropriate dose of thermal neutrons.
Such accumulation can be enhanced by applying an external magnetic field
targeting the tumor, directing the '°B isotope atoms contained in boron nitride
magnetic particles.

Exfoliation of h-BN-like 2D materials such as graphite, several-layer
graphene and its oxides, molybdenum disulfide, tungsten disulfide, metal
carbides, carbonitrides, and so-called M Xenes are well studied. It is possible
to conduct this by vacuum, ultrasound, microwave, thermal, intercalation,
and other methods. In the case of h-BN, the simplest method of separation
and activation is to heat the material to a high temperature (900—1000°C) in
air. As a result of partial oxidation, the B—-OH functional groups are formed.
This helps to increase the distance between neighboring hexagonal BN layers
and, in this way, facilitates the intercalation of other phases.

The structural similarity of h-BN or “white graphite” with several-layer
graphene makes it possible to obtain their composites by similar methods.
This circumstance was also taken into account when developing the methods
of depositing component phases on h-BN, graphene, and graphene oxide
surfaces. We suggested [2, 3] several methods of deposition and intercala-
tion of magnetic clusters on hexagonal boron nitride, which were based on
different chemical processes: (1) Obtaining h-BN—Fe composite by reduc-
tion of FeSO, through sodium borohydride; (2) Preparation of h-BN-Fe
composite by reduction of h-BN-Fe O, composite with hydrogen according
to the scheme: Fe** ? Fe(OH), ? FeOOH ? Fe O, ? Fe; (3) Obtaining the h-BN-
Fe.O, composite by co-precipitation of iron(IT) and iron(IIl) compounds in
the presence of boron nitride on the basis of chemical reaction: FeSO, +
2FeCl, + 8NH,OH ? Fe,O, + (NH),SO, + 6NH Cl + 4H,0O; (4) Iron deposi-
tion on h-BN using iron(O) pentacarbonyl; and (5) Obtaining h-BN-Fe,O,
composite using iron(O) pentacarbonyl.

Due to the structural-morphological features of hexagonal boron
nitride, graphene, and its oxides, it is possible to intercalate them with
magnetic clusters or coat their surface using the same chemical processes.
These methods are used in works [4, 5]. Recently, a lot of attention has
been paid to obtaining hybrid composites containing graphene oxide and
studying their biocidal properties. Biocidal properties can be enhanced
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by coating nanosized metal particles or their compounds (especially
oxides) [6—11].

Previously, the ability of graphene oxide to exfoliate in a vacuum was
used to intercalate nanosized metals and their oxides into it. Based on
graphite, graphite foil, and its wastes, graphene and its oxides were obtained.
A new method of obtaining composites containing nanosized metallic
silver and copper, as well as copper, iron, and titanium oxides, based on
vacuum-thermal exfoliation of graphene oxide complexes at 100-130°C,
was proposed in [12—14].

The present work aims to develop methods for obtaining composites of
the above-mentioned 2D materials with a hexagonal structure doped with
magnetic clusters and their characterization.

24.2 EXPERIMENTAL

In this section, we describe the starting materials, the technological equip-
ment used, and the measuring apparatus, as well as the methods of synthe-
sizing 2D-material-magnetic nanocomposites consisting of graphene (G),
graphene oxide (GO), reduced graphene oxide (rGO), or hexagonal boron
nitride (h-BN) on one hand, and elemental iron (Fe) and magnetite (Fe,O,)
on the other hand.

Organic compounds and polymers (carbohydrates, glucose, sucrose,
cellulose, polyvinyl alcohol, polyvinylpyrrolidone, etc.) were used as a
carbon source (both for carbidization and as a reducing agent), which
pyrolysis produced so-called carbon black (activated amorphous carbon).
Natural flake graphite and its powder were used to obtain GO, rGO, and
finally, G. Graphite flake, natural, 325 mesh — 99.98% (on a metallic basis),
was purchased from Alfa Aesar. By grinding graphite foil, a powder with a
particle size of 140 um was obtained, which was also used to obtain GO.

Amorphous boron and boric acid were used to obtain boron nitride.
Ammonia, ammonium chloride and ammonium hydroxide were used as
nitrogen sources. As iron sources, its compounds such as FeSO,7H,O,
FeCl,-6H,0, Fe(NO,),-9H,0 and Fe(CO), were used. Their reduction was
performed with sodium borohydride NaBH, purchased from Sigma Aldrich.
KMnO,, NaNO,, H,SO, (98%) and HCI (37%) were purchased from Sigma
Aldrich. An inert environment was created in the reaction area using nitrogen
and argon.

The degree of purity of chemical reagents and solvents used for synthesis
reached 99.00-99.99%. Reagents purchased from Sigma Aldrich were used
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without prior purification. Powders” morphology and microstructure were
studied with a SEM (Scanning Electron Microscope) JEOL-JSM 6510 LV
equipped with an energy dispersive analyzer (Dispersive Micro-X-ray Spec-
tral Analyzer X-MaxN, Oxford Instruments), through which the elemental
composition of magnetic composites was determined. XRD (X-Ray Diffrac-
tion) patterns were obtained with DRON—-3M (Cu Ka, Ni filter, 2°/min) and
XZG—4 (Cu Ko, A = 1.5418 A) diffractometers. Then, the powder particle
sizes were determined by the Scherer method. Thermal treatment (<1500°C)
of GO and rGO was implemented in a high-temperature vacuum furnace
Kejia. High-temperature vacuum furnaces STG-100-17 (1700°C) and Kejia
were used for boron nitride synthesis and iron(III) chloride intercalation. In
the same furnaces, metal oxides deposited on boron nitride were reduced in
a hydrogen flow.

For the ultrasound treatment and homogenization of suspensions, an
ultrasonic cleaner (45 kHz) and JY92-IIDN Touch Screen Ultrasonic
Homogenizer (20-25 kHz, 900 W) were used. GO and rGO particle sizes
were determined by a photon correlation nanoparticle size analyzer, Winner
802 DLS, and Malvern Instruments Mastersizer. The specific surface area
of the composite powder was measured using a Micromeritics Gemini VII
Instrument.

FTIR (Fourier Transform InfraRed) spectra were recorded with an
Agilent Cary 630 spectrometer (350-5000 cm™).

VSM (Vibrating Sample Magnetometer) Lake Shore 7300 was used for
the general characterization of the magnetic state of the obtained material by
measuring its magnetic properties, namely, magnetization. Information on
saturation and remnant magnetizations, coercive force, etc., was obtained.
Superparamagnetic properties of nanostructured materials doped with
magnetic particles were also determined. Several versions of the chemical
synthesis method are elaborated for G, GO, rGO, h-BN, and their composites
with Fe and Fe,O,.

The synthesis of GO was carried out by modifying the method known
in the literature. The method is based on adding concentrated sulfuric acid
to a mixture of expanded graphite and potassium permanganate powders.
We used graphite plate powder instead of expanded graphite powder. The
synthesis was carried out as follows: 1.5 g of finely ground KMnO, was
added to 0.5 g of graphite plate powder, and the mixture was placed in a 250
ml flask. To the mixture cooled to 0°C, 10 ml of 98% H,SO, was added in
one portion. The mixture was stirred for 1 h. After that, the temperature of
the reaction mixture was increased to 40°C and stirred again for 1.5 hour. 50
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g of ice was added to the flask and heated to 70°C. Two drops of 30% H,0,
were added to the reaction mixture.

The resulting yellow suspension was stirred for 1 h. Separation of GO
from the suspension was performed by centrifugation.

For vacuum exfoliation of GO and obtaining rGO, 0.5 g of GO plates
were cut into small pieces (2—4 mm) and placed in a 1 | glass flask. After
vacuuming the flask, it was heated at a rate of 5°C/min to 220-250°C. In
this temperature range, there was a volumetric exfoliation of the GO plates
and the formation of a fluffy black powder. Vacuuming was continued for
1 h, and then the flask was cooled under vacuum. The bulk density of the
obtained powder reached 20-30 mg/ml.

All the operations of obtaining rGO-Fe composite described below
were carried out in a fume cupboard with full compliance with safety rules
because iron carbonyl is a strong poisonous substance. 1.5 g of graphene
oxide was placed in a Teflon test tube, and 1.5 ml of iron (O) pentacarbonyl
was added. The test tube was placed in a 0.5 1 iron reactor — Teflon lined
autoclave. The autoclave was heated at a rate of 50°C/min and kept at 230°C
for 2 h. After that, the autoclave was connected to the vacuum system and
vacuumed for 2 h at 120-140°C (2—4 mmHg). A black magnetic powder
was obtained, which was stored in a desiccator. The process of obtaining the
rGO-Fe O, composite was carried out by a similar route, with the difference
that water was additionally introduced into the autoclave. The composition
of the reaction mixture was rGO - 0.3 g, Fe(CO), - 0.3 g, and H,O - 0.1
ml. When obtaining G from rGO, the initial rGO contained 15-17 wt.%
oxygen because it consists of various types of oxygen-containing functional
groups. Their removal was performed by heating the rGO to high tempera-
tures (>1000°C) in a vacuum under an inert gas or hydrogen. Graphene was
obtained through heating at 1000-1200°C for 5 h in a vacuum. Graphene
obtained by this method contained 2—5% oxygen. Graphene with a defective
structure was obtained by a chemical method.

For obtaining G-Fe, O, composite using iron(O) pentacarbonyl, 0.3 g of
fluffy graphene powder is placed in teflon test tube and 0.3 ml of iron(O)
pentacarbonyl was added. The mixture was stirred with a magnetic stirrer
under argon for 1 hour. 0.1 mL of water was added to the reaction mixture,
and then the test tube was placed in a 0.5 L iron reactor in the form of a
Teflon-lined autoclave. The reaction was carried out at 230°C for 2 hours.
After that, the autoclave was connected to the vacuum system and vacuumed
for 2 hours at 120-140°C (2-4 mmHg). A black magnetic powder was
obtained, which was stored in a desiccator.
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The exfoliation and activation of boron nitride are often used to obtain
various inorganic and polymeric composites. During exfoliation, there is a
partial breakdown of the crystal lattice and its functionalization, as a result
of which it is easier to intercalate boron nitride with different compounds.
Currently, many methods for the exfoliation of 2D compounds have been
developed. Among them, the thermal exfoliation method is the simplest in
terms of technical performance. Thermal exfoliation and activation of h-BN
were carried out at 900-1000°C in air, as a result of which its surface was
functionalized. The process was carried out as follows: 15 g of h-BN was
placed in a corundum jar, which was heated in air for 2 hours. The mass
increase due to the oxidation of the sample was 16—18%. After the sample
cooled, the activated h-BN was milled in a nanomill, and the powder was
boiled in ethyl alcohol to remove the boron oxide formed during the process.
Before starting the intercalation with iron compounds, the powder was pre-
ground in an ultrasonic homogenizer.

To obtain h-BN—Fe composite, 100 ml of 50% alcohol solution, 5 g of
activated h-BN powder, and 5 g of FeSO,-7H,0 were placed in 250 ml three-
necked flask equipped with thermometer, gas tube, and dropping funnel. The
reaction mixture was cooled with ice water. Argon was pumped into flask,
and after 30 min of stirring, a 0.5 M NaBH, solution in ethanol was added
drop-wise. Molar ratio Fe*:NaBH, = 1:10. Reduction time was 120 min.
The obtained black precipitate was attached to the bottom of the flask with
a magnet and washed three times with ethanol. Then, the suspension was
filtered under an argon stream and dried in a vacuum (24 mmHg) at 70°C
for 4 hours.

The method of obtaining the h-BN-Fe, O, composite by co-precipitation
of iron(II) and iron(I1I) compounds in the presence of activated h-BN is based
on the chemical reaction: FeSO, + 2FeCl, + 8NH,OH — Fe O, + (NH,)2S0O,
+ 6NH,CI + 4H,0O. For its realization, 2.8 g of activated h-BN, 0.7 g of
FeSO,7H,0, and 1.3 g of FeCl,-6H,0 were placed in a 250 ml three-necked
flask equipped with a gas tube, thermometer, and dropping funnel. Argon
was pumped into the flask, and 100 ml of freshly distilled water was added.
The suspension was heated to 70°C, and after 30 minutes, 15 ml of 25%
ammonium hydroxide (NH,OH) solution was added dropwise. The resulting
black suspension was stirred for 1 hour at 75°C. The reaction mixture was
cooled to room temperature. The obtained black precipitate was attached to
the bottom of the flask with a magnet and washed three times with water and
ethanol. Then, it was filtered in an argon stream, and the obtained precipitate
was washed again with anhydrous ethanol. The wet mass was dried in a
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vacuum at 120°C (6 hours, 2—4 mmHg). The brownish-black powder of
h-BN-Fe O, was obtained and kept in a desiccator.

24.3 G-, GO- AND RGO-MATRIX COMPOSITES

Let’s start with considering the processes of obtaining G and its reducing
from GO. GO consists of oxygen-containing functional groups. FTIR data
showed that GO samples contain OH, C=0, CO, COH, C=C and some other
functional groups: OH — 3200-3700, CH, — 2924 and 2854, aromatic ring
C=C - 1641, C=0 — 1744, epoxy C-O — 1213 cm™!, etc. Figure 24.1 shows
XRD patterns of GO obtained by the method of oxidation from the system
H,SO,~KMnO ~graphite.
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FIGURE 24.1 XRD patterns of GO obtained by oxidation with adding H,SO, to KMnO —
graphite mixture (Upper) and KMnO, powder to the H,SO,~graphite mixture (lower).

When GO is heated, water molecules adsorbed on it are removed. At
200-230°C, it undergoes a fundamental transformation and gives the rGO
phase. With increasing temperature (200-1000°C), the GO diffraction
maximum at 20 = 10—12.5° disappears, and new peaks at 20 = 20.03-26.16°
appear, which correspond to rGO and G with a defective structure.
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EDX (Energy Dispersive X-ray) analysis determined that the GO sample
contained 27-33 w/w% oxygen. When heated to 250°C, due to the partial
removal of oxygen-containing functional groups, rGO was formed with
an oxygen content of 15-17%. However, as the temperature was raised
to 1000°C, its content in the resulting graphene decreased to 3—5%. The
geometrical shape of GO plates did not change when heated in air or any gas
stream. When samples were heated in a vacuum (0.01 MPa, 220-250°C),
instant expansion and the formation of a bulky powder occurred. The
thermal treatment of the resulting powder at 1000°C yielded graphene with a
defective structure. Graphene obtained by the chemical method had a defec-
tive structure with a peak at 20 = 26.16°. According to the EDX spectrum,
graphene obtained under these conditions consisted only of carbon and
oxygen in a wt.% ratio ranging approximately from 20:1 to 29:1.

At the next stage of the research, we used the ability of GO to expand in
vacuum for the intercalation of iron and iron oxides. The paper [14] describes
in detail the methods of receiving biocidal composites containing nanosized
particles of metallic silver, copper, and iron and titanium oxides intercalated
in rGO. The technology of obtaining composites containing graphene layers
is described in the work [15], where the method of exfoliating graphene
oxide in vacuum is used as well.

As GO consists of oxygen-containing functional groups and forms
complex bonds with metal ions, it undergoes vacuum separation and forms
composites containing metal oxides. At the initial stage, we synthesized the
GO-Fe(NO,), complex. Its vacuum decomposition led to the formation of
the non-magnetic (namely, antiferromagnetic) composite rGO-Fe,O,. The
composite was obtained in vacuum at a temperature of 120-135°C. According
to the EDX analysis, the rGO-Fe,O, composite contained 9.7 wt.% Fe,
although the diffractogram did not show the Fe,O, phase because it was
amorphous [ 14]. Nitrogen oxides, oxygen, and water were released during the
thermal treatment of the GO-Fe(NO,), complex. A high pressure developed
between the layers of GO included in the nitrate complexes, which led to its
decomposition into nanosized plates, and, accordingly, a powder with a larger
surface area was obtained. It is established that the characteristic peak of GO
registered at the 20 = 10.07-12.30° range corresponds to the (001) plane.

According to the literature, during the reduction of GO to rGO by different
methods, the maxima of diffraction peaks appear at different values of 260
between 20.0 and 26.64° [16, 17]. By XRD analysis, it is established that
during the decomposition of the GO-Fe(NO,), complex, rGO was formed
with the XRD peak at 20 = 24-25°.
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Partial reduction of the rGO-Fe,O, composite obtained by vacuum
exfoliation (400—450°C) with hydrogen resulted in the magnetic composite
rGO-Fe 0, and complete reduction of rGO-Fe.

Magnetic composites on graphene and its oxides were obtained using
iron(0) pentacarbonyl. The method is based on the decomposition of Fe(CO),
in a closed system in the presence of GO, rGO, and G. By decomposing
iron carbonyl, zero-valent nanoiron was obtained, which was intercalated
between the GO (or G) layers, and the rGO-Fe magnetic composite was
obtained. If the same process is carried out in the presence of water, the
rGO-Fe O, composite is formed.

Previously, similar technology was used to deposit nano-zerovalent iron
and magnetite phases on cellulose, wood, biochar and biopolymers. As
described in the experimental section, the rGO-Fe-Fe O, composite was
obtained by the interaction of GO and Fe(CO), at 230°C in an autoclave.
It is established that GO under pressure does not undergo expansion and
the plates retain their original geometric shapes containing the metallic iron
phase. It is seen from the XRD pattern, in this case both iron and magnetite
phases were formed. GO’s diffraction maximum at 26 = 11.37° disappeared,
but new peaks 26 = 20.03—-24.98° appeared instead. They correspond to rGO.

XRD pattern of the rGO-Fe-Fe,O, composite product was compared
with that of GO, and not rGO, since the starting material was GO with the
addition of iron carbonyl Fe(CO),, and it is impossible to obtain an XRD
pattern of the rGO-Fe(CO), mixture because, at room temperature, Fe(CO),
is a liquid substance (and at the same time very toxic). The absence of a GO
maximum in the lower XRD pattern allows us to conclude that it is trans-
formed into rGO and forms the target composite product rGO-Fe-Fe.O,.

The rGO-Fe, O, composite was obtained by a similar procedure, with
the difference that water is added to the reaction zone. Since the GO does
not expand in the autoclave, it is better to use pre-exfoliated rGO to obtain
rGO-Fe O, composite powder.

rGO-Fe O, consists of separate plates deposited with the magnetite phase,
the amount of which in the composite can be varied within wide limits, and it
depends on the rGO: Fe(CO), molar ratio. The elemental composition of one
of the rGO-Fe O, composite samples determined by EDX analysis is: C —
74.19, 0 —22.17, and Fe — 3.64 wt.%. The SEM micrograph of the obtained
composite tGO-Fe,0, and EDX mapping of elements distribution in this
composite show that iron is evenly distributed in the sample bulk, which is
an advantage of the used method compared to the co-precipitation one.
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By a similar method, the magnetite phase was impregnated in activated
graphene. The relevant procedure was described in the experimental section.

rGO was obtained by vacuum exfoliation of GO, which consists of trans-
parent plates. By heating it in a vacuum at 1000°C, defective graphene of the
same morphology was formed. Graphene consists of thin plates, the size of
which reaches 1360 nm.

After depositing the magnetite phase on it, the size of the plates was
reduced by two times, and the average size reached 710 nm.
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FIGURE 24.2 XRD patterns of GO (Upper), and rGO-Fe-Fe,O, (Middle) and also rGO-
CoO composites (Lower) obtained, respectively, by vacuum exfoliation of GO-Fe(NO,), and
GO-Co(NO,), complexes at 120-130°C.

Figure 24.2. represents XRD patterns of GO and rGO-Fe-FeO,
composite (and also rGO—CoO composite for comparison) obtained by the
vacuum exfoliation method, while Figure 24.3 shows morphology of the
rGO-Fe-Fe,O, composite obtained from GO-Fe(CO), system at tempera-
ture of 250°C in autoclave.
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FIGURE 24.3 SEM image of rGO-Fe-Fe, O, composite obtained from GO-Fe(CO), system.

24.4 H-BN-MATRIX COMPOSITES

The magnetite phase was impregnated in activated h-BN as well. The
relevant procedure is described in the experimental section.

Note that XRD pattern of the magnetic composite obtained from activated
h-BN-Fe(CO),~-H,O system does not reveal the magnetite phase. This can
be related to its low content or formation in amorphous state.

h-BN-Fe composite obtained by Fe(OH), deposition on the h-BN surface
and reduction in hydrogen flow does not reveal any iron oxide phase in
Co-rays, while traces of Fe,O, and Fe O, are visible in Cu-rays (Figure 24.4).
From the SEM image (Figure 24.5), it appears that the magnetite phase was
present as filaments wrapped around the boron nitride grains. The magnetite
phase was unevenly distributed on the grains of the activated h-BN-Fe,O,
composite.

Tables 24.1 and 24.2 and Figure 24.6, respectively, show examples of
elemental composition, its statistics, and elements distribution mapping in
the obtained h-BN-based composites determined by EDX analysis.
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FIGURE 24.4 XRD patterns in Co- (Lower) and Cu-rays (Upper) of h-BN-Fe composite
obtained by Fe(OH), deposition on h-BN and further reduction by hydrogen at 450°C.
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FIGURE 24.5 h-BN-Fe,O, composite obtained in autoclave by decomposition of Fe(CO),
in presence of h-BN: (a) SEM image and (b) EDX spectrum.

FTIR spectroscopy was used to determine the chemical and structural
nature of the obtained h-BN-Fe and h-BN-Fe,O, composites. In the h-BN—
Fe composite, strong and broad peaks at 1351 and 762 cm™ were observed,
apparently due to B—N stretching and out-of-plane B-N-B bending vibra-
tions, respectively. These two peaks are typical for sp?> bonds in h-BN,
and they provide essential proof of the h-BN presence. Their placement is
determined by the material synthesis conditions, crystal structure, composite
mixture, physical-chemical properties, etc. The broad absorption bands at
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TABLE 24.1 Elemental Composition of h-BN-Fe, O, Composite

Element Map Sum Spectrum, wt.%
B 20.02
C 26.24
N 34.51
o 13.03
Mg 0.17
Al 0.02
Si 0.01

S 0.07
Fe 5.35
Cu 0.33
Zn 0.23
Total 100.00

TABLE 24.2  Statistics of Elements Distribution in h-BN-Fe,O, Composite
Element, wt.% B C N (0 Mg Al Si S Fe Cu Zn

Maximum 20.02 26.24 34.51 13.03 0.17 0.02 0.01 0.07 535 033 0.23
Minimum 20.02 26.24 34.51 13.03 0.17 0.02 0.01 0.07 535 033 0.23
Average 20.02 26.24 34.51 13.03 0.17 0.02 0.01 0.07 535 033 0.23
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C

FIGURE 24.6 EDX mapping of elements distribution in h-BN-Fe,O, composite obtained
in autoclave by decomposition of Fe(CO), in presence of h-BN: (a) B, (b) N, (c) Fe and (d) O.
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around 3420-3250 cm™ could be related to B-O-H stretching of absorbed
water molecules.

Spectra of another group of h-BN-Fe samples also showed two main
peaks characteristic of hexagonal boron nitride at 1356 and 762 and 1349
and 758 cm™', which could be related to B-N tension and B-N-B bending
vibrations, respectively. The fingerprint peak characteristic of maghemite
(Fe,0,) was not clearly observed, indicating the reduction of iron oxide
with hydrogen. It is known that such reduction depends on various factors,
including the size of nanoparticles, reaction routes, processing conditions,
etc. The broad absorption bands at around 3400-3200 cm™ in these samples
could be ascribed to the hydroxyl group —OH vibrations.

In the FTIR spectra of h-BN-Fe, O, composite samples again exhibited
characteristic peaks for hexagonal boron nitride: 1366 and 794, and 1349 and
766 cm™', respectively. In comparison to h-BN—Fe, spectra of these samples
reveal extra peaks at 560 and 562 cm™, which are characteristic of the Fe—O
bond, indicating that these materials are composed of h-BN and Fe,O,. Note
that the exact positions and intensities of the peaks are a combination of
both h-BN and magnetite and can vary depending on the concentration of
magnetite dopants and their specific crystallographic sites within the h-BN
lattice. Another absorption peak at around 3200 cm™' could again be ascribed
to the hydroxyl group —OH vibrations.

The magnetic properties, namely magnetization curves, i.e., magnetiza-
tion as a function of the applied magnetic field, of such composites were
studied in [18]. Such curves provide important information about material
magnetic parameters, including saturation and remnant magnetizations,
as well as coercive force. They should be analyzed by taking into account
that the magnetic properties of ferro- and ferrimagnetic powder materials
depend on particle size. As is known, saturation and remnant magnetizations
increase with crystallinity, and the coercivity variation can be caused by
several combined factors, such as atom distribution in the magnetic phase
structure and crystallite size and distribution in the composite.

Some of the obtained samples exhibited magnetic behavior characteristic
of soft magnetic materials. One among them was close to the behavior of
superparamagnetic materials.

Magnetization curves of another group of samples showed the so-called
S-shaped hysteresis loops, which are extremely thin due to the absence
of remnant magnetization and negligible coercivity. In particular, in one
sample, there is actually no coercivity, and therefore, this nanocomposite
exhibits superparamagnetic behavior.



320 Advanced Topics in Polymer Chemistry and Materials Science

24.5 CONCLUSION

In summary, several versions of exfoliation and chemical synthesis methods
have been developed to form graphene oxide, reduced graphene oxide,
graphene, and hexagonal boron nitride matrix magnetic nanocomposites by
coating or intercalating their nanoparticles with ferromagnetic elemental iron
or ferrimagnetic iron oxide — magnetite. The structure, morphology, and some
physical properties of the hexagonal 2D-material-magnetic nanocomposites
obtained in this way are studied. These materials would be prospective for
a variety of high-tech applications, in particular, in medicine as controlled
drug delivery agents.
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CHAPTER 25

Analysis of Engineering Properties and
Applications of Polymer Composites
Using Deep Learning Techniques

LELA MIRTSKHULAVA

Department of Computer Science, Ivane Javakhishvili Tbilisi State
University, Thilisi, Georgia

ABSTRACT

Polymer composites, characterized by their distinct properties, are pivotal
for a myriad of applications, yet optimizing their attributes remains complex.
Recently, deep learning has positioned itself as an instrumental tool in mate-
rials science, adept at deciphering extensive data to forecast properties and
potential uses. This paper offers an exhaustive review of the integration of
deep learning in evaluating the engineering characteristics and applicability
of polymer composites. Discussions encompass facets from data curation to
model creation and validation. Through detailed examples, the paper delves
into deep learning applications in determining the mechanical, thermal, and
electrical properties of polymer composites. Discussions encompass facets
from data curation to MT-NN model creation and validation.

25.1 INTRODUCTION

Polymer composites have emerged as an important class of materials with
unique combinations of properties that make them suitable for various
applications. However, the optimization of their properties and applications
is still a challenging task. Deep learning has emerged as a powerful tool
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in materials science, offering a way to extract insights from vast amounts
of data and to make predictions of properties and applications [1, 2]. This
paper provides a comprehensive review of the use of deep learning in the
analysis of engineering properties and applications of polymer composites.
The review covers various aspects of the use of deep learning, including data
preparation, model development, and validation. It also provides examples of
applications of deep learning in the analysis of various properties of polymer
composites, including mechanical, thermal, and electrical properties [3—6].
The paper highlights the advantages of deep learning in materials science,
including its ability to handle high-dimensional data, learn complex relation-
ships between different variables, and make predictions with high accuracy.
The review also identifies the challenges in the use of deep learning in mate-
rials science, such as the need for large amounts of high-quality data and the
potential limitations of the models [7—12].

Overall, this review provides a valuable resource for researchers and
engineers working in the field of polymer composites. It summarizes the
current state of the art in the use of deep learning in materials science and
identifies areas for future research. The paper also provides references to
recent studies that have applied deep learning to the analysis of engineering
properties and applications of polymer composites, which can help guide
further research in this area. The landscape of materials engineering has
been revolutionized by the convergence of advanced computational methods
and the vast array of materials, particularly polymers, that offer varied and
unique properties. Among these computational methods, deep learning, a
subset of machine learning, has been at the forefront, showing incredible
promise in deciphering complex patterns and relationships within data.
Polymer composites, known for their customizable properties by combining
different materials, provide an excellent subject for these computational
explorations [13—-17].

Polymer composites, being mixtures of polymers and other materials
(often fibers or fillers), bring together the best of both worlds, i.e., the
flexibility and processability of polymers and the strength and rigidity of
reinforcing agents. Their wide range of applications, from aerospace to
consumer goods, owes to their tailorability, allowing engineers to design
materials with specific desired properties [18, 19].

Deep learning, particularly with neural networks, can model non-linear
relationships in large datasets without the need for explicit feature engi-
neering. Given the multifaceted nature of polymer composites, which can
have a vast array of constituents leading to a myriad of properties, deep
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learning becomes an apt tool to map these intricate relationships. The
aim here is to delve deep into the potential of deep learning techniques in
analyzing the engineering properties of polymer composites. By harnessing
the computational prowess of deep learning, one can:

1. Predict the mechanical, thermal, and electrical properties of new
polymer composite combinations.

2. Accelerate the material discovery process by identifying promising
polymer composite candidates for specific applications.

3. Understand the underlying factors that influence the behavior of
polymer composites, thus refining the design process.

25.2 A POLYMER REFERENCE MODEL
25.2.1 DEFINITION AND DEVELOPMENT

A polymer reference model is a theoretical representation of a polymer’s
structure and behavior based on fundamental principles and experimental
data. It serves as a starting point for understanding and predicting various
properties of polymers. The model incorporates key features of polymer
chains, such as monomer units, bond angles, bond lengths, and the arrange-
ment of side groups.

Some commonly used approaches for creating polymer reference models
include:

1. Molecular Dynamics (MD) Simulations: This use classical
mechanics to model the motion of atoms and molecules over time.
In the case of polymers, MD simulations track the movements of
individual atoms in the polymer chain, considering interatomic
forces and thermal effects. MD simulations can provide insights into
polymer conformation, mechanical properties, and thermal behavior.

2. Monte Carlo Simulations: These are used to explore the confor-
mational space of polymer chains by randomly sampling different
configurations. These simulations are particularly useful for under-
standing the thermodynamics of polymer systems and predicting
phase transitions.

3. Quantum Mechanics (QM) Calculations: It provides a more
accurate representation of the electronic structure and bonding in
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polymers. QM calculations can be applied to study electronic prop-
erties, molecular orbitals, and charge distributions in polymers.

4. Statistical Mechanics: These are based on statistical ensembles
and can provide information about the thermodynamic properties of
polymer systems, such as heat capacity, entropy, and free energy.

5. Density Functional Theory (DFT): It is a quantum mechanical
approach that allows the calculation of electronic properties and
energies of polymers with reasonable computational cost. It is often
used to study the electronic structure and properties of polymer
chains and their interactions with other molecules or surfaces.

6. Empirical Models: These use experimental data to establish rela-
tionships between various properties of polymers. These models are
often simple and computationally efficient, making them practical
for large-scale simulations and predictions.

It is important to note that the accuracy and complexity of a polymer
reference model depend on the specific application and the level of detail
required. Researchers often choose the most appropriate modeling technique
based on the research objectives and available computational resources.

25.2.2 POLYMER COMPOSITES - CHALLENGING TASKS
25.2.2.1 BACKGROUND

Polymer composites are materials composed of two or more constituents,
typically a polymer matrix reinforced with fibers or particles, resulting in a
combination of properties that are superior to those of the individual compo-
nents. These composites have gained immense popularity in various indus-
tries, including aerospace, automotive, construction, and consumer goods,
due to their lightweight, high strength-to-weight ratio, corrosion resistance,
and other unique properties. As a result, polymer composites have opened
up new possibilities for engineering applications, leading to innovations in
diverse fields [20-22]. The engineering properties of polymer composites,
such as mechanical strength, thermal conductivity, and electrical conduc-
tivity, play a crucial role in determining their performance and suitability
for specific applications. Understanding and optimizing these properties are
essential for the development of advanced materials that meet the growing
demands of modern industries.
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25.2.2.2 SIGNIFICANCE

Despite the numerous advantages of polymer composites, the process of opti-
mizing their properties and predicting their applications presents significant
challenges. Traditionally, materials scientists have relied on experimental
testing and simulation techniques, which can be time-consuming, expensive,
and limited by the complexity of composite materials.

This is where deep learning comes into the picture. Deep learning, a subset
of artificial intelligence, has shown immense promise in various domains,
including image and speech recognition, natural language processing, and
healthcare. In recent years, researchers have started exploring its potential
in materials science, specifically in the analysis of polymer composites.
The significance of using deep learning in this context lies in its ability to
handle vast amounts of high-dimensional data efficiently and learn complex
relationships between different variables. By utilizing deep learning models,
researchers can gain valuable insights from extensive datasets and make
accurate predictions about the properties and applications of polymer
composites. This technology has the potential to accelerate materials
discovery and development processes, leading to the creation of new, inno-
vative, and high-performance materials for various industries.

Furthermore, the integration of deep learning with materials science is in line
with the ongoing trend of digitalization and Industry 4.0. The ability to predict
material properties and performance accurately can reduce the time and cost of
materials development, enhance materials selection for specific applications,
and even enable the design of tailor-made materials with desired properties.

In conclusion, the use of deep learning in the analysis of engineering prop-
erties and applications of polymer composites represents a groundbreaking
approach that holds great promise for revolutionizing the field of materials
science and advancing technological advancements in numerous industries.
By offering new insights, efficient data analysis, and accurate predictions,
deep learning can unlock the full potential of polymer composites and pave
the way for the development of high-performance materials that meet the
demands of the modern world.

25.3 POLYMER PROPERTIES PREDICTED USING DEEP LEARNING
TECHNIQUES

25.3.1 PREDICTING POLYMER PROPERTIES

Predicting polymer properties using deep learning techniques has emerged
as a promising approach in recent years. Deep learning is a subset of machine
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learning that utilizes artificial neural networks to automatically learn patterns
and representations from large datasets. When applied to polymer proper-
ties, deep learning models can analyze complex relationships between the
molecular structure of polymers and their resulting properties. Here’s how
polymer properties are predicted using deep learning techniques:

1.

Data Collection — A large dataset of polymer samples with known
properties. This dataset should encompass various types of polymers,
their chemical structures, and corresponding property measurements.

Data Preprocessing: The collected data may need to undergo
preprocessing steps, such as cleaning, normalization, and feature
extraction, to ensure that the input is suitable for deep learning
models.

Model Architecture: Deep learning models, like convolutional
neural networks (CNNs) or recurrent neural networks (RNNs), are
chosen or designed for the specific prediction task. The architecture
of the neural network determines how data is processed and infor-
mation is extracted.

Training: The deep learning model is trained on the preprocessed
data using a process called backpropagation. During training, the
model adjusts its internal parameters to minimize the difference
between predicted polymer properties and the actual measured
properties in the training dataset.

Validation: After training, the model is validated using a separate
dataset to assess its performance on unseen data. This step helps
ensure that the model generalizes well and does not overfit the
training data.

Testing and Prediction: Once the model is trained and validated, it
can be used to predict polymer properties for new, unseen samples.
By inputting the molecular structure or relevant features of a polymer
into the trained model, it can provide predictions of various proper-
ties, such as mechanical strength, glass transition temperature, or
thermal stability.

Model Optimization: The model’s performance can be further opti-
mized through hyperparameter tuning, regularization techniques, or
by using more advanced deep learning architectures, such as atten-
tion mechanisms or transformer-based models.
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8. Continual Improvement: The predictive model can be continu-
ally improved by incorporating new data, refining the architecture,
or using transfer learning techniques to leverage knowledge from
related domains.

By utilizing deep learning techniques, researchers and engineers can effi-
ciently analyze vast amounts of data, discover intricate patterns in polymer
properties, and make accurate predictions, ultimately advancing the develop-
ment and understanding of polymer materials for diverse applications.

25.4 ENGINEERING PROPERTIES AND APPLICATIONS OF
POLYMER COMPOSITES

25.4.1 ENGINEERING PROPERTIES OF POLYMER COMPOSITES

Polymer composites are materials that consist of a polymer matrix rein-
forced with fibers, particles, or fillers. The engineering properties of polymer
composites are influenced by the type and arrangement of the reinforcement,
the nature of the polymer matrix, and the manufacturing process. Here are
some of the key engineering properties of polymer composites:

1. Strength: Polymer composites can exhibit high strength, especially
when reinforced with materials like carbon fibers, glass fibers, or
aramid fibers. The fibers carry the majority of the load, while the
polymer matrix holds them in place.

2. Stiffness: The stiffness of polymer composites is significantly
influenced by the stiffness of the reinforcing material and its volume
fraction in the composite. Composites with high stiffness are suit-
able for applications that require structural rigidity.

3. Density: Polymer composites are generally lightweight compared to
metals, which is one of their most significant advantages. The low
density contributes to their high strength-to-weight ratio, making
them attractive for weight-sensitive applications.

4. Fatigue Resistance: Some polymer composites possess good
fatigue resistance, meaning they can withstand repeated loading
cycles without failure. This property is essential in applications
where components are subject to dynamic and cyclic loading.
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Impact Resistance: Polymer composites can exhibit excellent
impact resistance, especially when reinforced with tough fibers.
This property makes them suitable for applications where the mate-
rial needs to absorb and dissipate energy during impact events.

Thermal Properties: The thermal behavior of polymer composites
depends on the choice of the polymer matrix and reinforcing mate-
rial. Some composites have low thermal conductivity, making them
useful for thermal insulation applications.

Electrical Properties: Depending on the type of polymer and
reinforcement, polymer composites can have electrical insulating
properties, making them suitable for electrical and electronic
applications.

Chemical Resistance: The chemical resistance of polymer compos-
ites depends on the choice of the polymer matrix and reinforcement.
Some composites can resist corrosion and chemical attack, making
them suitable for harsh environments.

Dimensional Stability: Polymer composites can exhibit good
dimensional stability, meaning they are less prone to deformation
under varying temperature and humidity conditions.

Design Flexibility: The manufacturing process of polymer compos-
ites allows for complex shapes and customization, giving engineers
greater design flexibility to tailor the material for specific applications.

Creep Resistance: Creep is the time-dependent deformation that
occurs under constant load or stress. Some polymer composites can
have good creep resistance, making them suitable for applications
that require long-term structural integrity. Water Absorption: The
water absorption characteristics of polymer composites depend on
the nature of the polymer matrix and reinforcing materials. Some
composites can be engineered to have low water absorption, which
is crucial for certain applications.

APPLICATIONS OF POLYMER COMPOSITES

Aerospace: Polymer composites are widely used in the aerospace
industry for aircraft components like wings, fuselage sections, and
tail structures due to their high strength-to-weight ratio.
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2. Automotive: In the automotive sector, polymer composites are
utilized to manufacture lightweight body panels, interior compo-
nents, and suspension parts, contributing to fuel efficiency and
reduced emissions.

3. Marine: Polymer composites find applications in boat hulls, decks,
and other marine structures because of their corrosion resistance and
lightweight nature.

4. Wind Energy: Wind turbine blades are often made from polymer
composites due to their high strength and fatigue resistance.

5. Construction: Polymer composites are employed in construction
for bridges, reinforcements, and architectural components due to
their design flexibility and corrosion resistance.

6. Sports and Recreation: In sporting goods, such as tennis rackets,
golf clubs, and bicycle frames, polymer composites provide a
balance of strength, stiffness, and lightweight properties.

7. Electrical and Electronics: Polymer composites are used in
electrical insulators, circuit boards, and electronic housings to take
advantage of their electrical insulation properties.

8. Medical: Some medical devices, prosthetics, and dental materials
are made from polymer composites due to their biocompatibility and
customizable properties.

The engineering properties of polymer composites, combined with
their versatility and tailorable nature, make them a valuable class of
materials for a wide range of applications in various industries.

25.5 EXPERIMENTAL RESULTS

25.5.1 POLYMER ENGINEERING PROPERTIES PREDICTION USING
POLYMER GENOME WITH THE USE OF MULTI-TASK DEEP NEURAL
NETWORKS (MT-NN) MODELS

Predicting polymer engineering properties using a polymer genome with
multi-task deep neural networks (MT-NN) models is a cutting-edge approach
that leverages the power of deep learning to efficiently analyze large-scale
polymer datasets and make accurate predictions for multiple properties
simultaneously. Here’s how this process works:
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Polymer Genome Data: The polymer genome refers to a
comprehensive database that contains information about various
polymer materials, including their chemical structure, composition,
processing conditions, and a wide range of engineering properties.
This dataset serves as the foundation for training and validating the
MT-NN model.

Data Preprocessing: The polymer genome data may undergo
preprocessing steps to clean the data, handle missing values, and
extract relevant features. Feature engineering techniques may also
be employed to represent the polymer structures effectively for input
into the deep neural network.

Multi-Task Deep Neural Network Architecture: The MT-NN
model is designed to handle multiple prediction tasks simultaneously.
It typically consists of multiple interconnected layers of neurons,
such as convolutional layers, recurrent layers, or fully connected
layers. Each task corresponds to predicting a specific engineering
property, such as tensile strength, melting temperature, or impact
resistance.

Training with Multi-Task Learning: During training, the MT-NN
model is fed with the preprocessed polymer genome data, and it
learns to predict multiple engineering properties simultaneously.
The model optimizes its internal parameters using backpropagation
and gradient descent to minimize the combined loss across all the
tasks.

Task-Specific Layers: In the MT-NN architecture, there may be
layers specifically dedicated to each task to capture task-specific
features and relationships. These task-specific layers help the model
learn the unique aspects of each engineering property.

Regularization and Optimization: To prevent overfitting and
improve generalization, regularization techniques, such as dropout
or L2 regularization, may be applied. Additionally, various optimi-
zation algorithms are used to fine-tune the model’s performance.

Validation and Hyperparameter Tuning: The MT-NN model is
validated on a separate dataset to assess its performance on unseen
data. Hyperparameter tuning may be performed to find the optimal
configuration for the model’s architecture and learning parameters.



Analysis of Engineering Properties and Applications of Polymer Composites 335

8. Predicting New Polymer Properties: Once trained and validated,
the MT-NN model can be used to predict engineering properties for
new polymer materials. By inputting the relevant information about
a particular polymer into the model, it can output predictions for
multiple properties simultaneously.

This approach offers several advantages, including the ability to leverage
shared information among different engineering properties, efficient handling
of large-scale polymer datasets, and the potential for improved accuracy
compared to single-task models. MT-NN models are an exciting develop-
ment in polymer materials research, as they hold the promise of accelerating
materials discovery and optimization for various applications.

The SMILES (Simplified Molecular-Input Line-Entry System) employs
concise ASCII strings to depict the structure of chemical entities. The specific
SMILES format detailed here is our custom version tailored for polymers,
making it distinct from other standard SMILES formats. It’s essential to
adhere to the guidelines provided below to ensure accurate outcomes.

25.5.2 PREDICTING NEW POLYMER THROUGH SMILE

Using multi-task deep neural networks (MT-NN) models in polymer genome,
we predicted polymer (Figure 25.1).

OH

FIGURE 25.1 Predicted polymer.

* SMILE Formula for Predicted Polymers

*« [*]CCC3CCC2CCICC(C)C(C)CC(O)CCIC(O)c(O)ec2cC(0)
C30[*].

* Electronic Properties

Bandgap (chain) — 4.5 eV
Bandgap (bulk) — 4.3 eV
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Electron affinity — 2.3 eV
Ionization energy — 6.2 eV

* Dielectric and Optical Properties

Frequency dependent dielectric constant
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where:

Dielectric constant (crystal) — 4.6
Refractive index (bulk resin) — 1.6
Refractive index (crystal) — 1.9

*  Thermal Properties
Glass transition temperature — 400 K
Melting temperature — 475 K
Thermal decomposition temperature — 684 K
Thermal conductivity — 0.21 W/mK

* Physical and Thermodynamic Properties
Density — 1.2 g/cc
Atomization energy —5.94 eV/atom
Heat capacity — 1 J/gK
Tendency to crystallize — 36%
Limiting oxygen index — 34%
Fractional free volume — 0.18

*  Mechanical Properties
Tensile strength — 80 MPa
Young’s modulus — 2 MPa

*  Permeability Properties
He gas permeability — 1.8 Barrer
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H, gas permeability — 2.0 Barrer
CO, gas permeability — 1.7 Barrer
N, gas permeability — 0.8 Barrer
O, gas permeability — 1.1 Barrer
CH, gas permeability — 0.8 Barrer

25.6 CONCLUSION

In the given chapter, we have explored deep learning techniques that not
only facilitate accurate predictions of the properties of polymer compos-
ites but also accelerate the iterative process of material design, optimiza-
tion, and application. This ensures that the next generation of materials
is not only superior in performance but also tailor-made for specific
applications, catering to the evolving demands of industries ranging from
aerospace to consumer electronics. In essence, the marriage of polymer
composites and deep learning exemplifies the epitome of technological
evolution, where empirical knowledge meets computational brilliance,
setting the stage for a future where the possibilities in materials science
seem boundless. The intersection of deep learning and materials science,
specifically in the domain of polymer composites, represents a dynamic
frontier in modern engineering and research. The intricate nature of
polymer composites, characterized by their varied constituents and
resultant properties, is aptly addressed by the robust capabilities of deep
learning. This synergy promises to redefine the pace and precision of
material discovery and design.
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ABSTRACT

In the article, the sources of errors in the calculation of stability constants
of fulvate complexes with heavy metals are discussed. It is shown that in
the weak acid area (pH 3-4), when non-dissociated forms of fulvic acids
participate in complex formation processes, to correctly display the stability
constants of fulvate complexes, the equilibrium constant of the reaction
should be multiplied by the dissociation constant.

When determining the values of stability constants of fulvate complexes,
if hydroxo complexes are involved in the complex formation process with
fulvic acids, the calculation of ionic forms using hydroxo complexes or
hydrolysis constants leads to only one result: it artificially increases the value
of the stability constant. This is because the smaller the denominator is in the
expression of the stability constant, the greater its value.
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The article shows the optimal variants for calculating the composition
and stability constants of fulvate complexes when using solubility and gel
chromatographic methods.

26.1 INTRODUCTION

Fulvic acids are high molecular weight natural compounds. They take an
active part in complex formation reactions with heavy metals and radionu-
clides through functional groups that have ionization ability, which stipulates
their migration forms in natural waters, as well as in bottom sediments and
soils [1-9].

26.2 EXPERIMENTAL METHODS AND MATERIALS

The spectra of methods used for investigating the complex formation process
of fulvic acids with heavy metals are very diverse: ionometry, electron
paramagnetic resonance (EPR), gel chromatography, spectrophotometry, ion
exchange, potentiometric titration, etc. All of these methods have their advan-
tages and limitations. For example, when using the ion exchange method,
fulvic acids are adsorbed on the ionites. When using the gel chromatographic
method, the free metal ions are adsorbed on the stationary phase. When
using potentiometric titration, it is necessary to work with high concentra-
tions of metals (>>10~* M), which in turn is a prerequisite for the formation
of polynuclear hydroxocomplexes and hydrolysis. The main problem when
using ionometry is the adsorption of fulvic acids on the electrodes, and in the
solubility method, the choice of solid phase is very important. It should be
characterized by stability over time and low solubility.

Thus, the choice of experimental method for the investigation of fulvic
acids with heavy metals is the result of a compromise between the goal of the
work and the limitations of the chosen method. From the discussed methods
for the investigation of fulvate complexes, particularly, the determination of
their composition and stability constants using solubility and gel chromato-
graphic methods are the most optimal [1, 28-36].

26.3 RESULTS AND DISCUSSION

In fulvic acids, the main complex formation centers are the fragments of sali-
cylic and phthalic acids. It is not entirely definitive which groups (carboxyl
groups or phenolic groups) are more actively involved in the complex
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formation process. This issue is not resolved even in the simplest analogs of
fulvic acids, such as salicylic acid. The participation of carboxyl or phenolic
hydroxyl groups in the complex formation process, besides the value of pH,
depends on the nature of the metal. For example, the coupling of fulvic acids
to copper(Il) is accomplished predominantly via a carboxyl group, and to
zinc(II) via a phenolic hydroxyl group [10].

If we assume that fulvic acids are bidentate acids, in water solutions
according to pH, theoretically the following types of reactions could be
between heavy metals and fulvic acids:

Me*+H,FA 5 MeFA’+2H* (26.1)
Me*+2H FA 5 Me(FA),>+4H* (26.2)
Me*+H FA +H,0 5 MeOHFA" +3H"* (26.3)
Me>*+ HFA" 5 MeFA° +H* (26.4)
Me?*+FA> 5 MeFA? (26.5)
MeOH*+FA> S MeOHFA- (26.6)
Me(OH) +FA> & Me(OH),FA? (26.7)

The first four reactions, based on the dissociation constants of fulvic
acids, characterize the acids’ area (pH 2—4), where non-dissociated forms
of fulvic acids dominate. Generally, according to pH stability constants,
fulvate complexes differ from each other in several ranges [1-27]. When
analyzing these data, the authors noted an important fact: in the weak acid
area (pH 2—4), when studying the complex formation process, fulvic acids
are typically presented as protonated ligands (HL"). However, it is unclear
and, moreover, incorrect to refer to the stability constants of fulvates as the
equilibrium constants calculated under given conditions. To illustrate what
was mentioned above, a simple scheme should be considered.

Me+HL" S MeL+H* (26.8)
K is the Equilibrium constant of the reaction (26.8)
K=[MeL][H*]/[Me][HL] (26.9)

Numerator and denominator of (Eq. 26.8) reaction should be multiplied
by [L].[L] is the concentration of ligand.

K=[MeL][H*][L]/[Me][HL[L]= B, /K, (26.10)
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B, = K, K (26.11)

where K, —dissociation constant of acid,B,, , —stability constant of complex.
B,, 7K. Thus, in such cases when non-dissociated forms of fulvic acids
participate in the complex formation process, to obtain stability constants of
fulvate complexes, the equilibrium constant of the given reaction should be
multiplied by the dissociation constant of fulvic acids. Additionally, when
calculating the stability constant according to the dissociation constant of
fulvic acids, a correction of the concentration of [L] should be made. Another
source of error is to calculate the concentration of free metal by using of
hydroxo complexes constants(or hydrolysis constants) when calculation of
stability constants of fulvate complexes.

B=[MeL ]/{ [Me,_][L]} (26.12)

Let’s assume in given environment, heavy metal forms two hydroxo
complexes MeOH*and Me(OH),°. By simple transformations is obtained
that the concentration of free metal

[Me, ] =[Me (tota)]/(1+B, , [OH]+B, , [OHT?) (26.13)

free

Taking into consideration equations 26.13, 26.12 equation will take such
form:

B=[MeL ]/{ [Me (total)] /(1+?  [OH]+B, , [OH)]} [L]} (26.14)

Equation (26.14) presents such universal formula, by means of is calcu-
lated stability constants of fulvate complexes in wide range of pH. At first
glance, the formula is flawless; even the processes of hydrolysis are taken
into account in it. However, if it is examined carefully, it is not difficult to see
that Eq. (26.14) (as well as its analogues) fixes the ability of participation of
just one form of heavy metal in the complex formation process. Meanwhile,
fulvic acids can react with ionic and hydroxo complexes of heavy metals
Egs. (26.15-26.17) reactions. Besides, when using Eq. (26.14), in the case
of two metals that have the same ability for complex formation, the stability
constants of fulvate complexes could differ significantly from each other.
The more hydrolyzable the metal ion, the greater the difference will be.

To put it simply, if hydroxo complexes participate in the complex forma-
tion reaction with fulvic acids, then calculating the ionic form by hydroxo
complexes or hydrolysis constants leads to only one result: it artificially
increases the value of the stability constant, because the smaller the denomi-
nator is in the expression of the stability constant, the larger its value is.
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When using the solubility method, choosing the correct solid phase is
practically impossible for polynuclear hydrolysis. The gel chromatographic
method can determine those fractions where the possible existence of fulvate
complexes may occur. When using these methods, the composition of fulvate
complexes is determined in different ways [1, 35, 36]. In a heterogeneous
system, for reaction (Eq. 26.15) (for simplicity, the charges of ions are
not written in the reaction), (m) represents the numerical meaning of the
stoichiometric coefficient or the amount of ligands in the inner coordina-
tion sphere, which equals the tangent of the tilt angle built in coordinates:
lglMFAm] and Ig[FA]. The concentration of fulvate complexes in solution
[MFAm] equals to the difference between the total amount of metal [M(II)
ol TECEIVEd after formation of fulvate complex and initial concentration of
metal [M(I), ] existed before adding ligand in solution.

M(II),_+ mFAl [MFAm] (26.15)
B = [MFAm}/ (IM(ID),_]x[FA]" (26.16)
[MFAm]= [M(Il),__] - [M(II), ] (26.17)

In homogeneous systems, where [M(II), ] is not constant value, numeral
meaning of stoichiometric coefficient (m), equals to tangent of tilt angle
built in coordinates: Ig([MFAm]/[M(II), 1) and Ig[FA]. When using of gel
chromatographic method, [MFAm] equals to the concentration of metal,
determined in high weight molecular fraction and

[M(II), ]=[M(I)_ ]-[MFAm] (26.18)

free] = total]

By the opinion of authors, using of Leden’s method is the most optimal
for the calculation of stability constants of fulvate complexes [37].

Leden’s method is based on the using of Leden’s F(L) function, which, in
turn, is based on the using of the complex formation function:

F =(®-1)/[FA]=B1,1+ B1.2 [ L] (26.19)
where f is the function of complex formation
q):[Me total]/[Me free] (2620)

where [Me _]is the total quantity of metal in solution, [Me ,_]is the quantity
of metal which is not included in the complex. Inserting Eq. (26.20) into Eq.
(26.19), Leden’s function is obtained, which in this case will look like this

F(L)=F(FA)=[MeFA]/(IM(D),  Jx[FA  D=(IMAD), -[MID, DV
([M(II),_x[FA,_])==B +Bx[FA,_] (26.21)
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where [FA,_]is free ligand, [FA ]=[FA total] —[MFA]. By using the graph-
ical variant of Leden’s function, it is possible to find the stability constant of
fulvate complexes. When the concentration of the ligand approaches zero,
the section cut on the ordinate by the line built in the coordinates F(FA) and
[FA, ] equals the stability constant. In order to minimize systematic errors,
it is advisable to use the least squares method to determine the values of both
the composition and the stability constant:

tga =(n T xiyi -ZxiZyi) /(nZxi*-(Zxi)?) (26.22)

where

xi= Ig[FA] (26.23)

In heterogeneous systems

yi =lg(IMAD), 1 - [MID), 1= 1g [MFAm] (26.24)

and in homogeneous systems

yi = lg([MFAm]/[M(II), 1) (26.25)

B =(Zyi—aZxi) /n (26.6)

where a=(nXxiyi -XxiXyi) /(nZxi’*-(Zxi)?), xi=[FA_ ] and yi=F(FA).

free]

26.4 CONCLUSION

It is shown that in the weak acid area (pH 3—4), when non-dissociated forms
of fulvic acids participate in the complex formation process, to correctly
display the stability constants of fulvates MetHL—MeL+H", the equi-
librium constant of the reaction should be multiplied by the dissociation
constant of fulvic acids B, = K K. Alternatively, when calculating the
stability constant of fulvate complexes according to the dissociation constant
of fulvic acids, a correction of the concentration of [L] should be made.

It is determined that if hydroxo complexes participate in the complex
formation process with fulvic acids, then when determining the values of
stability constants of fulvate complexes, calculating the concentration of the
ionic form using the constants of hydroxo complexes or hydrolysis leads to
one result: it artificially increases the value of the stability constant, because
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the smaller the denominator is in the expression for the stability constant, the
greater its value is.

It is shown that the use of solubility and gel chromatographic methods is
the most optimal for investigating the complex formation process of fulvic
acids with heavy metals.

Optimal variants for determining the composition of fulvate complexes
and calculating the stability constants of fulvate complexes are given in the
article.
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CHAPTER 27

Quantum-Chemical Modeling
and Physico-Chemical Research
of the Hydride Addition Reaction
of a,m-bis(Trimethylsiloxy)
Methylhydridsiloxane with
Trimethylacryloxysilane
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ABSTRACT

Two reaction schemes were considered using quantum-chemical calcula-
tions. Based on the comparison of the activation energies and heat effects
of the reaction, the experiment involving a,®-bis(trimethylsiloxy)methylhy-
dridosiloxane and trimethylacryloxysilane is energetically more favorable
with the first scheme. The reaction of hydride addition of trimethylsiloxy
end-blocked methylhydridesiloxane to trimethylacryloxysilane has been
investigated, and comb-type oligomers with trimethylpropioniloxysilane
groups in the side chain have been obtained. By 'H NMR spectra, it was
shown that the hydrosilylation proceeds according to Farmer’s rule. The
reaction order, rate constants, and activation energy of the hydrosilylation
reaction were determined. Differential scanning calorimetric and X-ray
analyses of the synthesized oligomers were carried out.
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27.1 INTRODUCTION

In the literature, methylsiloxane copolymers and oligomers with comb-type
structures and various surrounding groups in the side chain are known [1,
2]. Such copolymers are characterized by liquid-crystalline properties.
For example, methylpropylsiloxane copolymers are also characterized by
liquid-crystalline properties. The present paper deals with the synthesis and
physicochemical studies of the properties of comb-type oligomers containing
trimethylpropioniloxysilane groups in the side chain [3].

27.2 EXPERIMENTAL METHODS

For the full characterization of the interaction reaction of
a,m-bis(trimethylsiloxy)methyl-hydridosiloxane with trimethylacryloxysi-
lane, quantum-chemical calculations were performed using the non-empirical
density functional theory (DFT) method. The program “Priroda-04" [3] was
used.

27.3 RESULT AND DISCUSSION

According to Farmer’s and Markovnikov’s rules, two possible variants of
the bimolecular reaction were considered. For the first time, we discussed a
version of Farmer’s rule.

CH» o CH»

[ Il |
(CHs)s=Si-O-8i-0-Sim(CHs)s + CH:=CH-C-O-Sis(CHs)s — (CH)s=Si-0-5i-O-Si=(CH)s

[ |
H CH:-CH:-C-O-Si=(CHhp

Il
o}

The initial state of the system is shown in Figure 27.1, and the final state
is shown in Figure 27.2.

The distance between silicon and carbon atoms (Si,- C,;) and between
hydrogen and carbon atoms (H,- C,,) was taken to be 1.0 A longer than
the bond distance in the final product. The distance between the atoms was
changed at intervals of 0.05 A.

The dependence of the energy change (AE) of the system on the distance
between atoms is shown in Figure 27.3.
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FIGURE 27.2 The final state of the system.

As can be seen from Figure 27.3, when the carbon C,, atom approaches
the silicon Si, atom to the distance (Rg,- ¢,,) = 2.31 A, the energy of the
system increases. In the trimethylacryloxysilane molecule, the bond order
between C,; and C,, atoms decreases from 1.81 to 1.45. The order of the
bond between the silicon Si, atom and the hydrogen H,, atom also decreases
(0.86-0.66) and the formation of new bonds is observed (P, c¢,.=0.24 and
(Pc,-H,,= 0.18). The double bond is converted to a single C=C bond. The
hydrogen atom is completely separated from the silicon Si, atom (Pg,-H,,=
0.00) and joins with the carbon C, atom (Pc,-H,,= 0.92).
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FIGURE 27.3 Dependence of system energy change (AE) on distance between silicon and
carbon atoms (R, ¢,.)

Activation energy AE* = 148.07 kJ/mol, and reaction heat effect AE = —
183.74 kJ/mol. As we can see, the reaction is exothermic.

Taking into account that the system has 4 reaction centers [broken bonds
(2): Si-H,,, C,.-C,; bonds formed (2): Si,-H.,, C,-H,, ], the said activation
energy must be divided by 4. In this case, the activation energy calculated for
one reaction center is AE* = 148.07 kJ/mol/4 == 37.02 kJ/mol, which means
that the obtained value corresponds to the energy characteristic of chemical
reactions.

The second time we discussed the variant of Markovnikov’s rule.

CHs o] CHs

(CHas)3=5i-0-8i-0-5i=(CHs)s + CH:=CH-C-O-8i=(CHs)s — (CHs)s=5i-0-58i-O-8i=(CHs)s
E
H CHs-CH-C-O-8i=(CHs)s
|
O
The initial state of the system is shown in Figure 27.4, and the final state
is shown in Figure 27.5.
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FIGURE 27.5 The final state of the system.
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The distance between silicon and carbon atoms Si3—C35 and between

hydrogen and carbon atoms (H,,-C,)) was taken to be 1.0 A longer than the
bond distance in the final product. The distance between atoms was changed
with an interval of 0.05 A.

The dependence of the energy change (AE) of the system on the distance
between atoms is shown in Figure 27.6.
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-5182350
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Rsic A
FIGURE 27.6 Dependence of system energy change (AE) on distance between silicon and
carbon atoms (Rsi,-C,,) .

As can be seen from Figure 27.6, when the carbon C,; atom approaches
the silicon Si, atom to the distance Rsi,-c,;=2.37 A, the energy of the system
increases. In the trimethylacryloxysilane molecule, the bond order between
the C,; and C,, atoms decreases from 1.78 to 1.36. The order of the bond
between silicon Si, atom and hydrogen H,, atom also decreases (0.92-0.53)
and the formation of new bonds is observed (Psi,-c,, = 0.25 and (Pc,-H,, =
0.24). The double bond turns into a single C—C bond. The hydrogen atom
is completely separated from the silicon Si, atom (Psi,-H,, =0.00) and joins
with the carbon C,, atom (Pc,-H,, = 0.96).

Activation energy AE* = 354.70 kJ/mol, and reaction heat effect AE = —
200.67 kJ/mol. As we can see, the reaction is exothermic.

Taking into account that the system has 4 reaction centers [broken bonds
(2): Si,-H,,, C,-C,, ; bonds formed (2): Si,-C,, C,-H,, ], the said activation
energy must be divided by 4. In this case, the activation energy calculated for one
reaction center is AE* = 354.70 kJ/mol/4 == 88.68 kJ/mol, which means that the
obtained value corresponds to the energy characteristic of chemical reactions.



Quantum-Chemical Modeling and Physico-Chemical Research of the Hydride 357

From the comparison of the activation energies and heat effects of the
reaction, it seems that the experiment involving o,w-bis(trimethylsiloxy)
methylhydridsiloxane and trimethylacryloxysilane is energetically more
favorable with the first scheme.

In the literature, methylsiloxane copolymers and oligomers with a comb-
type structure and various surrounding groups in the side chain are known
[1, 2]. Such copolymers are characterized by liquid-crystalline properties.
For example, methylpropylsiloxane copolymers are also characterized by
liquid-crystalline properties. The present paper deals with the synthesis and
study of the properties of comb-type oligomers containing trimethylpropio-
niloxysilane groups in the side chain.

For the purpose of synthesizing comb-type methylsiloxane oligomers
with liquid-crystalline properties, containing trimethylpropioniloxysilane
groups in the side chain, the hydrosilylation reaction of a,w-trimethylsilox
ydimethylsiloxane (n “ 35) with trimethylacryloxysilane, at a 1:35 ratio of
initial compounds, in the presence of a Pt/C catalyst (0.1% by weight) was
investigated. The starting compound, trimethylacryloxysilane, was synthe-
sized by heterofunctional condensation of trimethylchlorosilane with acrylic
acid, in the presence of pyridine as an acceptor of hydrogen chloride [4].

The reaction of hydrosylilation was examined at different temperatures
40, 50 and 60°C in delute solutions of anhydrous toluene (C ~ 5.3 x 102
mol/l). Preliminary heating of the initial compounds for 5—6 hours in the pres-
ence of catalyst platinum on carbon in the temperature range of 40—600°C
showed that polymerization and polycondensation of the initial compounds,
breakage of the siloxane backbone, or elimination of methane and hydrogen
in methylhydrogensiloxane, or other changes do not take place. It was shown
that the conversion of all active =Si-H groups does not proceed completely,
and various linked oligomers are obtained. With the rise in temperature, the
conversion of active =Si-H groups (the depth of hydrosilylation) and the rate
of the hydrosilylation reaction increase from 70% (40°C) to 85% (60°C).

Hydrosilylation reaction proceeds according to the following scheme:

Kat
Me,;Sio-Lsizeano Lsirle + acCH,=CH —COOSiMe
IV T o 3 1 3

I
cO

OSiMe, ¢

where: m = (at+b)c =~ 35. I'(40°C), 13(50°C), I3(60°C).

(]
——» Me;SiO ﬁi—(_) !‘}i—O SiMIc
C,H, \II / b
a
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As aresult, transparent, colorless oils soluble in ordinary organic solvents
with n =~ 0.03-0.05 were obtained. The structure and composition of the
synthesized oligomers were determined by means of elemental analysis,
determination of molecular masses, and by IR and "H NMR spectral data.
Some physicochemical properties of the synthesized oligomers are presented
in Table 27.1.

TABLE27.1 Yields and Some Physical-Chemical Properties of Comb-Type Methylsiloxane
Oligomers

Me Me
Me;Si0 S:i—(} di—o SiMe,
CoH, H "
CcO
(I)SiMc3 a c
#Oligomer Yield, % n_ ' d,A Moex10-3" Tg,°C Elementary™”
Composition,%
C H Si
I 77 0,03 8,65 _ -80 38,77 7,80 29,92
38,72 7,50 29,53
I 84 0,04 _ _ _ 38,95 7,81 29,75
39,16 746 29,02
I 89 0,05 8,65 442 =72 39,76 7,84 29,00

40,03 7,43 28,15

*In 1% solution of dry toluene, at 25°C.
** Average molecular weights were determined by gel permeation chromatographic method.

*#*In numerator there are calculated values, in denominator experimental values.

The structure of the synthesized oligomers was confirmed by IR, '"H and
3C NMR spectral data, on the basis of which it was determined that the
hydrosilylation reaction mainly proceeds according to Farmer’s rule = 83%
and Markovnikov’s rule = 17%. [5, 6] obtained results and conclusions are
in agreement with spectral data. In "H NMR spectra of oligomer I one can
observe broadened singlet signals of methyl protons in —SiMe, and =Si-Me
groups with chemical shift & = 0,1 ppm, broadened signal with chemical
shift and with center 6 = 0,8 ppm, characteristic for hydrogen protons in
group =Si-CH,-. One can observe a triplet signal with a chemical shift 6 =
2.3 ppm, characteristic of methylene protons in the -CH,-CO- group. The
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"H NMR spectrum also shows a low-intensity signal with a chemical shift
of d = 4.2 ppm, characteristic of =Si-H bonds that have not entered into the
hydrosilylation reaction, which indicates the multi-unit nature of the oligo-
meric chains. Thus, the "H NMR spectral data show that hydrosilylation
proceeds by Farmer’s rule.

Sy
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I’U ; & 4 H 0

FIGURE 27.7 'H NMR spectra of oligomer (solvent and standard CDCIL,).

In the 3C NMR spectrum of the oligomer, a resonance signal is observed,
characteristic of the carbon of the carboxyl group in the region of 6 ~ 178.3
ppm, for ?SiMe- a signal with a chemical shift of & = 7.5 ppm. and for
-SiMe, _signal with a chemical shift 6 ~ 7.28 ppm; resonance signal with
a chemical shift of & ~ 25.7 ppm, for the -CH,- group on silicon, a signal
with a chemical shift of & ~ 56.7 ppm for methylene protons ~CH,-CO- at
carbonyl groups.



360 Advanced Topics in Polymer Chemistry and Materials Science

: LT TR
it 15;_[_,@3 nox b ] L g
N/ N2 VRS

1
——r e ——y S R e o T SR 3
=0 178 150 125 100 s 50

FIGURE 27.8 "C NMR spectra of oligomer (solvent and standard CDCL,).

It was established that at the beginning stages the hydrosilylation reaction
is the reaction of the second order and the hydrosilylation rate constants
at various temperatures were calculated: K, °C = 2.2217x10"', K, °C =
3.3528x10" and K °C= 5.5498x10™".

By differential scanning calorimetric investigation, it was shown that
there is only one transition temperature with one endothermic peak, which
corresponds to the glass transition temperature of oligomers I' and I,
changing in the temperature range of —80 to —90°C.

The X-ray investigation of oligomer I’ showed that the oligomers are
one-phase amorphous systems with an interchain distance of d, = 8.65.

The order of the hydrosilylation reaction, rate constants, and activation
energy were determined. The activation energy of the hydrosilylation reac-
tion was calculated to be E_. = 40.0 kJ/mol. Synthesized oligomers were
studied using DSC, HPLC, and wide-angle X-ray methods.

Thus, for the first time, we synthesized comb-type silicon-organic
oligomers containing trimethylpropionoxysilane groups in the side chain.
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These oligomers are interesting products for obtaining water-soluble silicon-
organic compounds.

27.4 CONCLUSION

The reaction of hydrosilylation of a,m-trimethylsiloxymethylhydridesilo
xane oligomer (n = 35) to trimethylacryloxysilane at a 1:35 ratio of initial
compounds, in the presence of platinum on carbon catalyst (0.1% weight),
was investigated, and comb-type methylsiloxane oligomers containing
trimethylpropionylsiloxysilane groups in the side chain were obtained. Based
on the comparison of the activation energies and heat effects of the reaction,
the experiment between a,w-bis(trimethylsiloxy)methylhydridesiloxane and
methylacrylate is energetically more favorable with the first scheme. The
hydrosilylation reaction order, rate constants, and activation energies were
calculated. The structure of the synthesized oligomer was confirmed by
with functional and elemental analysis IR, 'H and '3C NMR spectral data.
By NMR spectra data it was shown that the reaction proceeds by Farmer
rule. The synthesized oligomers were studied by differential scanning calo-
rimetric and wide-angle roentgenographic methods. The obtained oligomers
are transparent products that are well soluble in common organic solvents
(n,, “0.05). To establish the truth, it is necessary to conduct a simple experi-
ment and use more complete non-empirical methods of quantum-chemical
calculations.
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ABSTRACT

Polymer composite materials are becoming more widely-used on the fabrica-
tion of various components in aircrafts and spacecrafts. However, the main
factor that is still of the greatest concern to its widespread use in constructing
primary components in aircrafts and spacecrafts is high cost. Recent advances
in polymer curing technology, such as UV curing and electron-beam curing
technology, have received much attention. This allows manufacturers to find
cheaper alternatives to the currently available materials in the market, with
minimal compromise in mechanical properties. Epoxy is one of the materials
that has a lot of potential, especially regarding adhesion. The paper aims to
perform a kinetics study on EPICLON HP4700, a high-performance epoxy
available in the market. EPICLON HP4700 has been cured thermally by modu-
lated differential scanning calorimetry (MDSC) and with ultraviolet (UV) radia-
tion by differential photocalorimetry (DPC). Kinetics analysis was performed
on three formulations for thermal and UV curing. Comparisons of the kinetics
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of curing will be made between the two methods of curing and subsequently
mechanical characterization. Generally, it was shown that UV curing required
much less activation energy for curing compared to thermal curing.

28.1 INTRODUCTION

Polymer composite materials are fast gaining ground as preferred materials for
the construction of aircraft and spacecraft [1]. The emergence of strong and stiff
reinforcements like carbon fiber or aluminum, along with advances in polymer
research to produce high-performance resins as matrix materials, has helped
meet the challenges posed by the complex designs of modern aircraft [2].

The current generation of military aircraft features approximately two-
thirds of its structural weight composed of advanced composites, including
critical and primary structures such as the wings, vertical stabilizer, wing
box, control surfaces, and radome. In contrast, the proportion of composites
in civil aircraft was much lower in the 2000s (up to 20%), primarily limited
to secondary structures. However, this proportion has now increased to
around 50%, as seen in Boeing’s Dreamliner 767 (50%) and even 52% in
the Airbus A350. This significant increase in the use of composites, which
provides appreciable weight savings without compromising the mechanical
and physical properties of structures, can be attributed to advancements in
composite materials. These include the development of new woven fabrics,
such as stitched (non-crimp) fabrics, and materials incorporating aluminum
foils. New aero-composites, such as Fiber Metal Laminate (FML) and
Hybrid Metal Laminate (HML)—e.g., glass fiber-reinforced GLARE lami-
nate, aramid fiber-reinforced ARALL laminate, and carbon fiber-reinforced
CARALL laminate—are increasingly used in aircraft fuselages, such as the
Airbus A380 and A350 [3].

Current research favors bonding over riveting for the reinforcement of
structural parts, such as the stiffened FML skin panel in the fuselage (stringer,
stringer coupling, end strap, frame, clip, and castellation). Adhesive bonding
distributes disruptive forces across the interface between the two bonded
parts, thereby significantly reducing riveting tension levels. This paper
focuses on both thermal and UV curing of the epoxy resin used as an adhe-
sive in new aircraft manufacturing. Kinetics analysis was first performed on
thermally cured epoxy using Modulated Differential Scanning Calorimetry
(MDSC) and on UV-cured epoxy using Differential Photocalorimetry (DPC).
Subsequently, the mechanical properties of the epoxy were studied using a
Dynamic Mechanical Analyzer (DMA).
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28.2 EXPERIMENTAL METHODS AND MATERIALS

The cross-linking reaction of the epoxy resin will be followed and compared
between thermal-cured reactions and UV-cured reactions.

28.2.1 MATERIALS

The epoxy resin used, EPICLON HP-4700 (556 g/mol), is a tetra-functional
epoxy resin containing a rigid naphthalene skeleton with high symmetry. Such
an ultra-high Tg is able to satisfy recent severe needs in the aerospace and
electronic materials fields. It is obtained from Dainippon Ink and Chemicals
(DIC). Figure 28.1 illustrates the chemical structure of EPICLON HP-4700.

9"0’\%

Sl

FIGURE 28.1 Chemical structure of EPICLON HP-4700.

It comes in solid orange-brown beads and has to be stored in a cool and
dry place with a shelf life of at least 6 months if stored in that conditions.

28.2.1.1 FORMULATION FOR THERMAL KINETICS

EPOLAM 5015 hardener (170.25 g/mol) is used as the curing agent for
EPICLON HP-4700 for experimentation with the MDSC thermal analysis.
The ingredient mainly responsible for the curing process of the epoxy is
isophorondiamine (3-aminomethyl-3,5,5 trimethylcyclohexylamine). Figure
28.2 shows the chemical structure of EPOLAM 5015 hardener.

NH, CH,NH,
CH,

H,C
FIGURE 28.2 Chemical structure of isophorondiamine EPOLAM 5015.
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28.2.1.2 FORMULATION FOR UV KINETICS

For curing EPICLON HP-4700, we have used a co-solvent, Syna-Epoxy
08 [Bis (3,4-epoxycyclohexylmethyl) adipate], to dissolve the EPICLON
HP-4700 solid resin for experimentation with DPC and the DMA. Figure
28.3 shows the chemical structure of adipate.

Qo LT

o)
FIGURE 28.3 Chemical structure of Syna-Epoxy 08 or Bis (3,4-epoxycyclohexylmethyl)
adipate.

To cure the epoxy with UV, we need a photo initiator [4]. As the mecha-
nism involved is cationic, we have used a cationic photo initiator at different
concentrations, specifically sulfonium salts CYRACURE UVI-6974 (a
mixture of mono and di-salt SbF,’), as shown in Figure 28.4. Upon irradia-
tion, these salts decompose and liberate a proton (H*), which initiates the
photo-crosslinking reaction.

FIGURE 28.4 Chemical structure of CYRACURE UVI-6974.

28.2.1.3 MECHANICAL ANALYSIS ON CURED EPOXY

The DMA will be used to determine the glass transition temperature of
the cured resin. A comparison will be made between the glass transitions
temperatures of the epoxy cured thermally and by UV [5].

28.2.2 EXPERIMENTAL METHODS
28.2.2.1 THERMAL KINETICS

The curing mechanism of epoxy resins by amine hardeners is illustrated in
Figure 28.5, where each NH group reacts with one epoxide group.
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FIGURE 28.5 A chemical reaction of a diamine molecule (EPOLAM 5015) with four
epoxide groups.

As the curing process of epoxy resin with an amine hardener is highly
exothermic, the kinetics were studied using differential scanning calorimetry
(DSC). After mixing the epoxy resin and the amine hardener, the mixture
was subjected to a constant temperature ramp in the DSC, starting from
room temperature and increasing up to 200°C at different heating rates. The
signals detected by the DSC were plotted, and the kinetics of the curing
process were analyzed.

Three formulations were prepared for the kinetic analysis, as summarized
in Table 28.1.

TABLE 28.1 Formulations Prepared for Thermal Curing Kinetics Analysis
System EPICLON HP -4700 (wt.%) EPOLAM 5015 (wt.%)

1 100 40
2 100 80
3 100 100

28.2.2.1.1 Kinetics of polymerization of epoxy
The kinetic study of a curing process [6, 7] is based on the assumption that

dH _ . . .
the measured heat flow (d—) is proportional to the rate of conversion at a
t

da da
constant temperature (E ). The constant temperature —; can be defined as
follows:

da _dH/dr

28.1
dt AH ( )

Rxn

where: AH,_is the total heat flow of the reaction. The conversion at any
time #(,) can be defined as follows:
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a, =——t (28.2)

. . . . . . da
All kinetic studies start with a basic rate equation, which relates y to a func-

tion of the concentrations of the reactants f(a)) through a rate coefficient (k):

da

—=If (« (28.3)
- =H(a)

where: a is chemical conversion or extent of reaction and f(a) is assumed to

be independent of temperature. k is assumed to follow an Arrhenius equation

[8]:
E

where: E is the activation energy, R is the gas constant (8.314 J/mol. K), T is
the absolute temperature, and A is the pre-exponential or frequency factor.
Taking In on both sides, E can be obtained with the following equation:

lnkzlnA—£ (28.5)
RT

The function f(a) is expressed in the form of two equations, an nth-order equa-
tion (follows the Borchandt and Daniels BDs approach) [8] and an simplified
autocatalytic equation (Sesbak-Berggren equation) [9], respectively:

4o _p1-a) (28.6)
dt
and
2 —ka"(1-af (28.7)

The autocatalytic equation assumes that we only consider the beginning
of the reaction and neglect termination reactions. The objective of the kinetic
study of the curing process is to determine the reaction equation, the reac-
tion orders m (order of initiation) and n (order of propagation), E (activation
energy), and A (collision factor).
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28.2.2.1.2 Determining the activation energy for the epoxy system

Multi-heating-rate non-isothermal methods are used to determine the
activation energies of the various epoxy systems under study. The multi-
heating-rate method is an iso-conversional method, where it is assumed that
the activation energy (F) is temperature-independent but may vary with
conversion. This method is particularly suitable for systems with multiple
reactions (including the overlapping of degradation and curing) and for
which the thermal analysis baselines are often not resolvable. Two widely
used kinetic analysis methods for multi-heating-rate were implemented: the
Ozawa method and the Kissinger method.

The Ozawa method [10] relates the activation energy (E) to the heating
rate (@) and the iso-conversional temperature (7)) by the following equation:

g —R Alhe (28.8)
1.052 A(1/T;)

The advantage of the Ozawa method is that the activation energy (E) can
be measured over the entire course of the polymerization reaction.

The Kissinger method [11] is based on the assumption that the conver-
sions at the peak curing exotherms are constant and independent of the
heating rate. Activation energy (E) can be calculated using the peak exotherm
temperature (7,) and the heating rate () as follows:

d[ln(sp/ I ﬂ E (28.9)

d(lT,) R
The Kissinger method [11] assumes that the DSC peak exotherms for a
certain formulation are iso-conversional. Thus, their value is not dependent
on the heating rate. It also helps to detect changes in the reaction mechanism
via changes in E with conversion.
For both nth-order and autocatalytic reactions, the obtained values of E,

d .
In A, and d—f are comparable to those of isothermal methods.

28.2.2.2 UVKINETICS

The curing mechanism and kinetics of UV polymerization [12] were investi-
gated by differential photocalorimetry, known as DPC, which is used to observe
the exothermic peaks of UV polymerization [13, 14]. In other words, it is
used for real-time monitoring of UV curing reactions with highly exothermic
processes. Figure 28.6 shows a schematic diagram of a DPC machine [15].
It consists of a differential scanning calorimetry (DSC) unit coupled with a



370 Advanced Topics in Polymer Chemistry and Materials Science

High-Pressure Infrared-Absorbing
Focusing
Mercury Arc Rellectance Mi
..an'?'p Lenses - - "' Bhatofeedback

Sensor

Spherical
Collection I

<
Mirror Collimating

Optics

A
Shutter
Filter
Holder

Pressurized  Pressurized
Xenon  Mercury (Xenon)

Arc Lamp Arc Lamp Quartz
Window

L .
\.‘..._z_'./
osccel @

Radiometer Probe

25+
- Temperature: 28.35 °C
- - Meas. Enthalpy: 179.07 J/g
- Ref. Enthalpy: 550.00 Jig
J Cell constant: 1.14
204
- g
- ?
b
T [
@ -
154
z
=
w
=
@
£ 4
10
5
) Em— | ——
0 T L] 1 L] 1 1 1 1
0 2 4 6 8
Exo up Time (min)

FIGURE 28.7 Typical DPC plot of autocatalytic systems.

high-pressure mercury lamp. The intensity of UV light can be controlled and
measured using a radiometer. After isothermal curing of a sample, the result
of a DPC plot was analyzed using TA Instruments software, and the kinetics
of UV curing can be calculated. An example of a general DPC plot is shown
in Figure 28.7 [13]. The presence of an exotherm means that curing has taken
place, and the area of the peak equals the enthalpy heat of reaction.



Kinetics on Thermal/UV Curing and Mechanical Properties 371

TABLE 28.2 Formulations Prepared for UV Curing Kinetics Analysis
System EPICLON HP -4700 (wt.%) Adipate (wt.%) Photo-Initiator (wt.%)

1 20 80 3
2 30 70 3
3 40 60 3

From the DPC plot, we obtain the induction time (the time required
for the consumption of 1% of the monomer), the peak maximum (the time
needed for curing to take place), allowing the calculation of k (rate coef-
ficient). The “reacted at peak™ refers to the amount reacted at the time when
the exotherm peaks. Thus, the induction time and the peak maximum give
us an idea of how fast the curing is taking place. Solid EPICLON HP-4700
resin is dissolved in adipate, with as much as 40% weight of resin powder
and 60% weight of adipate co-solvent. Thus, three different formulations
were prepared for kinetics analysis by the DPC, as shown in Table 28.2.

28.2.2.2.1 Kinetics of photopolymerization of epoxy

Calculations of the kinetics of photopolymerization of the epoxy are based
on the Sestak and Berggren equation [8]:

do
dt
where: o is the degree of conversion, k is the rate coefficient, m is the order of
initiation reaction, n is the reaction order and p is the order of termination reaction.
In order to simplify (Equation 28.11), we consider only the outset of the
polymerization process. In so doing, the value of p can be taken as 0. A
simplified autocatalytic kinetic equation can thus be obtained which gives us
the following rate equation:
da

E:kam (1—a)n (28.11)

k(T)a" (1-a)' (~In[l—a)) (28.10)

Finally, if the reaction follows nth order kinetics, the general equation of
rate will be as follows:
da n
—=k(l—« 28.12
- =k({1-a) (28.12)
Just like the kinetics analysis for polymerization of epoxy with hardeners,

d
the values of k and n can be determined from a In curve — In plot of 2 s
[a™(1 — a)]: d
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1n[‘2_(:]:1nk+n1na’"/” (1-a) (28.13)

Both the autocatalytic and nth order models were applied, and it was
found that the reaction appeared to be better modeled by the autocatalytic
representation. While applying the autocatalytic equation, the value of n was
kept fixed at 1.5 and the values of m + n at 2. Maintaining fixed values of n
and m + n gave more consistent results [13].

E] 28.14
RT (28.14)

k:Aexp[

where: A is the frequency factor or collision factor, E is the activation
energy, R is the ideal gas constant (8.314 J/mol. K) and T is the temperature
measured in Kelvin.

28.2.3 MECHANICAL PROPERTIES OF CURED EPOXY

The DMA will be used to determine the glass transition temperature, storage
modulus E,” loss modulus E’,” and loss factor tan & of the cured resin. A compar-
ison will be made between the glass transition temperatures of the epoxy cured
thermally and by UV. Dual cantilever bending analysis is used (Figure 28.8).
The sample is clamped firmly at both ends and at the midpoint to the push-rod.

Dual Cantilever Bending

il

The sample is anchored on both ends by a fixed clamp and by the drive shaft at the mid point.
Bending stress is applied by the motor.

a ' b
FIGURE 28.8 (a) Dual Cantilever Clamp used in DMA tests, (b) Schematic of Dual
Cantilever test

Source: (a) EAG Laboratories. https://www.eag.com/app-note/characterization-of-polymers-
using-dynamic-mechanical-analysis-dma/ (b) Original.

A Teflon mold was used to fabricate the sample for DMA testing. The
dimensions of the samples made from the mold are to be 17.50 mm by
length, 10.50 mm by width and 2 mm by thickness.


https://www.eag.com/app-note/characterization-of-polymers-using-dynamic-mechanical-analysis-dma/
https://www.eag.com/app-note/characterization-of-polymers-using-dynamic-mechanical-analysis-dma/
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28.3 RESULTS AND DISCUSSION
28.3.1 THERMAL CURING KINETICS

All formulations prepared for thermal curing were analyzed in the MDSC
Figure 28.9.
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FIGURE 28.9 Calculating area under exotherm with universal analysis software. Measured
enthalpy of curing is 229.8 J/g.

For each formulation, five samples were thermally cured using different
ramp rates (3°C, 4°C, 5°C, 6°C, and 7°C/min). These five plots were compiled,
and kinetics analysis was performed using the Ozawa [10] and Kissinger [11]
methods to determine the activation energy for that particular formulation.

28.3.1.1 OZAWA METHOD OF KINETICS ANALYSIS [10]

After the enthalpy of curing is known, the total area under the exotherm
was taken to be the 100% conversion point. Subsequently, temperatures that
correspond to the conversions of 5%, 10%, 15%, 30%, 50%, 70%, 80%, and
90% were measured, as shown in Figure 28.10. For example, the temperature
at which the area under the exotherm corresponds to 5% of the total area of
the exotherm is taken to be the temperature where conversion was at 5%.

These two steps were repeated for plots of different ramp rates. Table
28.3 shows the tabulated results for one formulation.

These results were then plotted on a graph. Figure 28.11 shows an example
of the plots for one formulation. Linear trendlines were drawn to connect
the iso-conversional points, and the slopes of these trendlines represent the
activation energy of the epoxy system at a specific conversion percentage.
The activation energy values for all three formulations at multiple conver-
sion percentages were plotted in Figure 28.12, according to Eq. (28.8).



TABLE 28.3 Tabulated Results for Ozawa Method Of Kinetics Analysis for One Formulation

Conversion 3°C/min (1/T) 4°C/min (1/T) 5°C/min (1/T) 6°C/min (1/T) 7 °C/min (1/T)

5% 38.53 0.00321 40.65  0.003188 44.35 0.003151 47.85 0.003117 50.75 0.003089
10% 44.26 0.003152 4655 0.003129 5120 0.003085 55.30 0.003046 57.93 0.003022
15% 48.25 0.003113 50.63  0.00309 56.04 0.003039 60.85 0,002995 62.87 0.0002977
30% 57.39 0.003027 59.55  0.003007 65.24 0.002956 69.50 0.00292 7153 0.002903
50% 64.62 0.002962 67.26  0.002939 73.28 0.002888 77.55 0.002853 79.87 0.002834
70% 71.14 0.002906 74.56  0.002877 80.49 0.002829 84.91 0.002794 87.55 0.002774
80% 74.84 0.002875 78.99  0.002841 84.56 0.002797 89.13 0.002761 91.96 0.00274
90% 79.76 0.002835 85.72  0.002788 89.99 0.002755 94.85 0.002718 97.95 0.002696
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FIGURE 28.10 Measuring temperature at fixed conversion points for the Ozawa method of
kinetics analysis for one formulation.
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FIGURE 28.11 Plotting the tabulated results for the Ozawa method of kinetics analysis.

We do observe, in Figure 28.12, that for all three formulations, the activa-
tion energy always experiences a huge initial drop. This may be due to the
amine groups formed during the reaction that facilitate ring-opening at the
very beginning of the cure, where a non-autocatalytic reaction occurs. Once
the conversion reaches 30%, the activation energy for the three systems
remains fairly constant throughout the rest of the curing process. Thus, the
relatively constant value of activation energies at conversions above 30% is
associated with the autocatalytic reaction.
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FIGURE 28.12 Activation energies (J/mol) at different conversion points using Ozawa
method.

28.3.1.2 KISSINGER METHOD OF KINETIC ANALYSIS [11]

Because the objective of the kinetics analysis is to determine the formulation
that requires the least activation energy, it is difficult to use Figure 28.12 to
differentiate whether the 100/40 or the 100/80 formulation has the lowest
activation energy. Therefore, the Kissinger method of kinetics analysis was
used to further differentiate these two epoxy systems, and the results are
presented in Table 28.4. Since the Kissinger method was specifically applied
to compare the activation energies of the 100/40 and 100/80 formulations,
only the results for these two formulations are tabulated in Table 28.4.

TABLE 28.4 Tabulated Results for the Kissinger Method of Kinetics Analysis

100/40 100/80
Conversion Tp  (1/Tp)  in(¢/ Tp2) Conversion Tp  (1/Tp)  in(¢/ Tp2)
3°C/min  57.23% 67.10 0.002940 -10.55987 57.37% 67.00 0.002941 -10.5993
4°C/min  55.66% 71.80 0.002900 -10.29963 52.65% 68.25 0.002930 -10.2789
5°C/min  54.94% 7735 0.002854 -10.10843 56.98% 75.80 0.002867 -10.0996
6°C/min  53.04% 78.69 0.002843 -9.93374  56.27% 79.82 0.002834 -9.94016
7°C/min  51.33% 82.90 0.002810 -9.80339  55.51% 81.79 0.002819 -9.79714

Heat. Rate
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According to Eq. (28.9), the values of the activation energy and collision
factor for the two formulations, as determined using the Kissinger method,
are given in Table 28.5.

TABLE 28.5 Comparison of Activation Energies and Collision Factors Between 2
Formulations

Formulation Activation Energy (kJ/mol) Collision Factors (x 10° min™)
100/40 48.27 3926.0
100/80 42.81 556.5

Although the difference is small, we can conclude that the formulation
of 100/80 EPICLON HP-4700 and EPOLAM 5015 hardener, respectively,
provides the system with the lowest activation energy compared to the other
two formulations.

28.3.2 UV CURING KINETICS

Using the simplified Sestak and Berggren equation (28.7), considering
that we are at the beginning of the process, the termination reaction can be
ignored. Therefore, values of k (rate coefficient) and n can be derived from
the logarithmic plot of Equation (28.13) (see Figure 28.13).

02
71 Autccatalytic
7 n: 1.50 [fixed]
1 m: 0.348 +- 0.030 //,
034 nm: 1.85 [fixed] Pt
1 k18844025 L
- Areacom: Q.037 % . B
Induction time: 4.55 sec L e
= -0.4 4  Peakmaximum: 0.15 sec o
k=) . Reacted at peak: 18.4 % u//
% — o//
g S
3 05 L
-~
] -
o
E /
-06 - el
- -~
i o
_0~7IIII|III]IIII|IIII|III|IIIl
-0.65 -0.60 -0.55 -0.50 -0.45 -0.40 -0.36
Log[(1-C) CM{mm
Exo up 0gl(1-C) A {m) Ofnstruments

FIGURE 28.13 Logarithmic plot of Eq. (28.11) using TA software for 20/80 formulation
at 30°C.
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Table 28.6 compiles the kinetics data for the UV photopolymerization of
all three formulations prepared and analyzed at different temperatures.

TABLE 28.6 Compilation of Results From DPC Kinetics Analysis

Formulation 20/80
Temperature k(s') Induction Peak Reacted k (min') Ink (1/T)
Time (s) Maximium @ Peak
(s) Maximum
30°C 1.88  4.55 0.15 18.4% 112.80  4.73  0.003300
40°C 225 429 0.15 19.7% 135.00 491 0.003195
50°C 232 439 0.16 20.7% 139.20 4.94 0.003096
60°C 1.99  4.76 0.17 18.3% 119.40  4.78 0.003003
70°C 3.08 3.5 0.12 13.0% 185.40 5.22  0.002915
Formulation 20/80
Temperature k(s') Induction Peak Reacted k (min') Ink (1/T)
Time (s) Maximium @ Peak
(s) Maximum
30°C 1.31  6.36 0.24 21.7% 78.60 4.36  0.003300
40°C 1.84  6.05 0.22 20.5% 11040 470  0.003195
50°C 244 447 0.17 21.4% 146.40 499 0.003096
60°C 2,12 377 0.12 12.7% 12720  4.85 0.003003
70°C 395 541 0.15 8.8% 237.00 5.47 0.002915
Formulation 20/80
Temperature k(s') Induction Peak Reacted k (min') Ink (1/T)
Time (s) Maximium @ Peak
(s) Maximum
30°C 049 10.70 0.41 22.8% 29.52 3.39  0.003300
40°C 1.07 7.83 0.29 22.0% 64.20 4.16  0.003195
50°C 1.73  6.08 0.20 20.3% 103.80 4.64 0.003096
60°C 1.52  6.05 0.23 22.9% 91.20 4.51 0.003003
70°C 224  4.69 0.16 16.2% 134.4 4.90 0.002915

As expected, we do observe in Table 28.6 that the rate coefficient k
increases with temperature. The induction time (the time at which 1% of
monomer is consumed) decreases when the temperature increases, indi-
cating that the photo reactivity of the formulation becomes more and more
reactive. Moreover, it appears that the percentage of resin that reacted at
the peak maximum is more or less constant with temperature but depends
on the composition of the formulation, i.e., approximately 18% for 20/80,
approximately 20% for 30/70, and approximately 22% for 40/60.



Kinetics on Thermal/UV Curing and Mechanical Properties 379

Using the Arrhenius equation (Equation 28.4), the activation energy and
collision factor can be calculated from In k against (1/T) (the slope of the plot

E
gives us the value of —?", (see Table 28.7).

TABLE 28.7 Tabulates the Activation Energies and Collision Factors for All Three UV
Curing Formulations Being Studied

Formulation Activation Energy (Kl/mol) Collision Factors (x 10° min™)
20/80 10.26 6.75

30/70 21.49 426.4

40/60 29.39 4000

The formulation 20/80 (resin/co-solvent) gives us the lowest activation
energy as expected, compared to the two other formulations. Cycloepoxy
co-solvent (EPOLAM 5015) is more photoreactive than epoxy resin, so the
less EPICLON HP-4700 there is, the more reactive the system will be. To
be able to compare the activation energy values for a thermal system (Table
28.5) and a UV system (Table 28.7), we need to consider pure EPICLON
HP-4700 without co-solvent. This is not possible because the DPC tech-
nique requires working with a solution. However, from the values given in
table 28.7, we can extrapolate to obtain the activation energy of the solid
EPICLON HP-4700, such as Ea = 43 kJ/mol, a value very close to that of
Ea = 42.81 kJ/mol given for formulation 100/80 (resin/hardener) in the
thermal system (Table 28.5).

28.3.3 MECHANICAL PROPERTIES
28.3.3.1 DYNAMICAL MECHANICAL ANALYSIS

Both thermally cured and UV cured epoxy samples were subjected to dual-
cantilever testing. As shown in Figure 28.8, the sample is clamped at both
ends and subjected to minor oscillations under an increasing temperature
of 5°C/min up till 180°C. The applied stress elicits a corresponding strain
whose amplitude and phase shift can be determined and thus properties such
as the storage modulus E’, loss modulus E”, and tan ¢ (or loss factor) can
be determined. Figure 28.14 shows a typical DMA plot obtained from the
analysis of our samples.
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FIGURE 28.14 A typical DMA analysis plot obtained from DMA tests.

As we can see from Figure 28.14, the storage modulus E’ decreases
with increasing temperature, whereas the loss modulus E” increases with
increasing temperature. This means that the sample is becoming less elastic
and more viscous, implying that the material is already undergoing its glass
transition phase. It is transitioning from a glassy state to a rubbery state,
becoming less stiff. The maximum loss modulus gives the commonly used
glass transition temperature 7 = 61.25°C, but a better indicator of glass
transition temperature is the tan delta peak because the maximum loss
modulus is the point where energy is dissipated the most, meaning that it is
the point where the polymer is the most viscous. Note that the crossover of
E’ and E” gives the gel temperature T, =50°C.

Table 28.8 shows the effects of thermal and UV regimes, comparing E”
and tan ¢ in both cases. We have added the effect of annealing, submitting
samples at 100°C for 2 hours in the case of UV curing. Considering tan
0, the results are very conclusive that UV curing of annealed EPICLON
HP-4700 gives a material that has a higher glass transition temperature.
This indicates that for the thermal curing, the crosslinking was not complete
and the network was not achieved. These results are supported by the values
observed for the maximum loss modulus (E”) that increase with tan .

TABLE 28.8 Tabulated Results from DMA Tests

Thermal Curing UV curing
Maximum Loss Tan & Tan o Tan 6 MLM (E”)
Modulus (E”) (Annealing)  (Annealing)
Sample 1 60.15°C 81.32°C 70.25°C  112.63°C 77.72°C
Sample 2 61.62°C 83.71°C 80.15°C  114.78°C 83.71°C
Sample 3 69.22°C 94.63°C 91.74°C  127.27°C 89.49°C




Kinetics on Thermal/UV Curing and Mechanical Properties 381

28.3.3.2 FLEXURAL TESTING OF COMPOSITE PANELS

Flexural testing was used to characterize the composite panels according to
ASTM D 790 (see Figure 28.15).
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FIGURE 28.15 Schematic diagrams of three-point bending test (a) and four-point bending
test (b).

We compared the differences in mechanical properties between the
composite panels fabricated by thermal curing and those fabricated by UV
curing (see Table 28.9).

TABLE 28.9 Displays the Tabulated Results of the Flexural Tests of the Composite Panels

Sample Flexural Strength (MPa) Flexural Modulus (GPa)
EPICLON +EPOLAM (Thermal) 327.67 + 15.44 8.56+0.58
EPICLON+UVI 6990 (UV) 221.54 +23.45 8.39+0.93

From Table 28.9, we can conclude that composite panels that were
fabricated via thermal curing exhibit much higher flexural strength than the
panels that are fabricated via UV curing. In this case, the flexural strength of
composite panels fabricated via thermal curing is 48% higher due to a higher
density of crosslinking. On the other hand, it seems that neither method of
curing provides a distinct advantage over the other in terms of the flexural
modulus of the composite panels, with a mere difference of 2% in values of
flexural modulus.

28.4 CONCLUSION

The use of MDSC and DPC to perform kinetics analysis of the high-
performance epoxy, EPICLON HP-4700, proved to be successful. Kinetics
analysis was performed on three formulations for thermal curing and three
formulations for UV curing. For thermal curing, the optimum activation
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energy was determined for a formulation of approximately 100 parts resin
(EPICLON HP-4700) to 80 parts hardener (EPOLAM 5015) by weight. For
UV curing, the activation energy increased with the concentration of resin
dissolved in adipate. Generally, it was shown that UV curing required much
less activation energy compared to thermal curing. The formulation with the
least activation energy for both thermal and UV curing was further subjected
to mechanical testing using the DMA. It was observed that the glass tran-
sition temperature (T) of epoxy cured using UV was significantly higher
than that of epoxy cured thermally. Annealing of the UV-cured samples had
a significant effect on their mechanical properties, resulting in a broader
glass transition range at a slightly lower temperature for the UV-cured
samples. Finally, it was demonstrated that both thermal and photochemical
cross-linking are possible, although annealing is always necessary to ensure
complete cross-linking, leading to maximum Tg and improved mechanical
properties.
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