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Dehydration/polycondensation of lactic acid under microwave irradiation

In this paper the effect of microwave irradiation power (MW) on the processes of polycondensation of lactic
disturbed total internal reflection acid (LA) was studied for the first time. LA polycondensation was carried
out in a multimodal reactor in a vacuum while bubbling with nitrogen at powers of 80, 130, 280, 360 and
500 watts. The change in the temperature of the LA sample under conditions of MW as a function of time and
irradiation power was determined. Based on the data of 1H NMR and IR spectroscopy, it was suggested that
at 80 W the molecules of physically bound water are mainly removed. The formation of lactic acid oligomers
(LAO) occurs at a power of 130-280 W along with the removal of water and LA. Complete removal of water
from LAO occurs at 360 watts. When LA is heated at MW power of 430 W, the formation and isolation of
colorless crystals is observed, which can be classified by the IR spectra as lactide molecules (vC=O is
1770 cm™, vC-O—C is 1240 cm™). The molecular weight of LAO decreases at a power of 430 W and above.
The kinetic curves of LA polycondensation at 130, 280 and 360 W are presented. The process of LA
polycondensation at 360 watts is optimal. It was established that the rate of LA dehydration under MW condi-
tions increases by 15-20 times as compared with carrying out the process under normal heating conditions.

Keywords: microwave irradiation, lactic acid, polylactic acid, lactic acid oligomers, NMR spectroscopy, IR
spectroscopy, specific optical rotation, molecular weight.

Introduction

Polylactic acid (PLA) occupies the most significant market share of biodegradable polymers. PLA prefer-
ence is due to the fact that it is made from renewable raw materials and has the ability to decompose in the nat-
ural environment under the action of bacteria, first to lactic acid and then to H,O and CO,, ultimately without
damaging the biosphere [1-7]. PLA is widely used in the biomedical and pharmaceutical industries as an agent
for controlled drug delivery and wound healing, tissue engineering etc. The use of PLA in medicine is primarily
due to the fact that it does not cause allergic, inflammatory and other harmful reactions in living organisms and
is completely decomposed into non-toxic metabolizing products [2—4, 7]. Lactic acid (LA) is used as a raw ma-
terial for the synthesis of PLA. Due to the high hygroscopicity of LA, its concentrated aqueous solutions, name-
ly, syrupy colorless odorless liquids with different percentages are usually used. In general, lactic acid polymers
are obtained under conditions of ordinary heating in two ways, namely, by polymerization of lactic acid dimers
(lactides) with ring opening [1-3, 5] and direct LA polycondensation [1, 5].

During the last decade, significant progress has been made in the field of polymer synthesis under MW
conditions, including biologically active substances [8—17]. The use of MW can significantly reduce the time
of reactions from hours to minutes, increase the yield and molecular weight of the product, and develop re-
source-efficient and environmentally friendly methods for the synthesis of biologically active compounds
[8-14, 18, 19].
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At the initial stage in all methods, dehydration / polycondensation of aqueous solutions of LA is carried
out. This process is energy-intensive under normal conditions, the time for removal of water is up to 5—7 hours,
and complete removal of water is difficult [18]. Microwave reactors are divided into multimode and monomode
depending on the type of energy distribution in the reaction space. Some chemical reactions are sensitive to the
type of irradiation and occur at different rates in multimode and monomode microwave reactors [8-9, 11, 13,
18-20]. LA and its LAO are polar molecules and can absorb microwave energy [21-23]. In this regard, much
attention is paid to the synthesis of PLA polymers in the MW conditions [2-3, 8-10, 21, 24-27].

The processes of direct LA polymerization in MW conditions are attractive as energy-saving processes,
since they make it possible to avoid the labor-intensive and energy-intensive stage of lactide synthesis [9, 17,
18, 26, 28]. The rate of LA polycondensation processes in the MW conditions depends on the volume of the
reacting substances [26] and pressure [6].

The process of water removal and the subsequent lactic acid polycondensation under microwave irra-
diation takes place 10—15 times faster than at conventional thermal heating [18, 28, 29]. Direct LA condensa-
tion is carried out in three stages, namely, removal of free water, polycondensation of oligomers and conden-
sation of high molecular weight polymers in the melt. In the first and third stages, the removal of water is
decisive for the reaction rate. For the second stage, the rate is determined by chemical reaction [17, 12, 24].

LAO of high-purity without impurities of metals and solvents were obtained under MW conditions [18].
The reaction was carried out in a monomode reactor at 100-250 °C at a power of 300 W. This high-purity
oligomer of LA can be used as a safe and high-purity intermediate for the synthesis of PLA for use in medi-
cine and pharmaceuticals. In Japan [10], an industrial installation of microwave synthesis of highly pure lac-
tic acid oligomers under MW conditions for medical purposes was created.

In [10, 26], LAO was synthesized from aqueous solutions of LA in the presence of catalysts in
monomode reactors under irradiation with 300 W [10, 26, 18]. When comparing the conduct of the
polycondensation reaction of LA under MW conditions at 250-300 W in multi- and monomode reactors
[30], the formation of high molecular weight PLAs in the case of multimode irradiation was noted. Thus,
despite the large number of publications on the synthesis of PLA under MW conditions, the data obtained are
scattered, performed under unequal conditions and in different microwave reactors. Although it is definitely
possible to say that the time of PLA synthesis decreases by 10—15 times under MW conditions. Systematic
studies on the effect of irradiation power and time on the process of dehydration / polycondensation of LA in
the literature are missing. In this work, we investigated the effect of the MW power and the time on the LA
polycondensation process under MW conditions in a multimode reactor.

Experimental

80 % Aqueous solution of D(+)lactic acid of brand «PURAK 80», manufacturer the Netherlands, was
used as an object of the study. Chloroform was used as a solvent to determine the molecular weight. IR spec-
tra of starting compounds and reaction products were recorded on an Agilent Resolutions Pro IR spectrome-
ter. "H NMR spectra of LAO and PLA synthesized were recorded using a Fourier spectrometer AVANCE
AV 300 from Bruker (Germany), the operating frequency was 300 MHz, and the solvent was deuterated
chloroform. The molecular weight of the samples obtained was determined by the viscometric method using
an Ubbelohde viscometer. To determine the molecular weight M, a non-linear Mark — Huvink equation is
used, expressing the dependence of the characteristic viscosity on the molecular weight:

[n]=KM",

where K — is the Huggins constant; a is a constant for this polymer-solvent system. Usually, depending on
the nature of the solvent, the value of o, which determines the degree of curliness of the macromolecule,
ranges from 0.5 to 0.8. In this work, K = 4.7% 10, & = 0.67 for LAO and PLA solutions in chloroform. The
molecular weights of the PLA samples obtained were also determined by gel permeation chromatography on
an Agilent 1200 instrument. Chloroform was used as a solvent; the eluent rate was 1 ml/s. To determine the
angle of optical rotation (degreesxml/dmxg), an AP-300 polarimeter was used, a tube length of 1 dm, sol-
vent — chloroform, A = 589 nm.

Dehydration/polycondensation of LA was carried out in a multimode microwave reactor in a vacuum
while bubbling with nitrogen at powers of 80, 130, 280, 360 and 500 watts. The microwave reactor was cre-
ated using a Daewoo Kor-5A17W microwave oven. The temperature was measured with a thermometer
through the side opening of the microwave oven.

20 g of LA were loaded into a 100 ml glass heat-resistant flask, placed in a microwave reactor and
sparged with nitrogen at a pressure of 200 mmHg at various capacities.
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Results and discussion

Dehydration of LA in the MW conditions. Figure 1 shows the change in the temperature of the LA sam-
ple under MW conditions as a function of time and irradiation power. As MW power is increased from 130
(478 K) to 280 W, the temperature is increased only by 283 K. The temperature of LA samples in the MW
conditions at a power of 280, 360, 500 W is the same and is 488 K.
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Figure 1. Dependence of the temperature of a sample of lactic acid on time under MW conditions
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Figure 2. Weight reduction of 80 % LA solution after vacuuming under MW conditions

Figure 2 shows the decrease in the LA weight after vacuuming under MW conditions. In the first 5
minutes of LA dehydration the maximum amount of water and LA were obtained. With increasing vacuum

10 BecTHuk KaparaHgmHckoro yHusepcurteTa



Dehydration/polycondensation of lactic acid ...

time, the process of water removal slows down. At 80 and 130 W, LA samples approximately lose 30 % of
their weight.

The course of the dehydration/polycondensation reaction was evaluated by the change in the intensity
of the absorption bands in the IR spectra (Fig. 3). The values of the troughs of the PLA IR spectra are given
below (wavenumber, cm ' (group): 3500-3300 (vOH), 2997 (v,,CHs), 2947 (v,CH;), 2882 (vCH),
1760-1727 (vC=0), 1452 (8,,CHj;), 1388-1348 (8,CH3), 1368-1360 (61CH+0,CH;), 1315-1300 (62CH),
1270 (vCOC), 1215-1185 (v,,COC), 1130 (r,sCH3), 1100-1090 (v,COC), 1045 (LVC-CH;), 960-950 (rCH; +
+vCC), 875-860 (LC—COO).

In the IR spectrum of 80 % LA, a broad intense band with a maximum at 3400 cm™' is observed, which
can be attributed to the stretching vibrations of OH groups belonging to the associated water molecules. The
intense band at 1727 cm ' refers to the stretching vibrations of the C=0O groups. The absorption band at
1650 cm™ characterizes the deformation vibrations of O—H groups of water molecules. Also on this spectrum
there is an intense band of 1240 cm™', which refers to the stretching vibrations of the C—O group.

After microwave irradiation at 80 W, an absorption band at 1727 cm ' is observed in the IR spectra of
LA, which relates to stretching vibrations of the C=0 groups of LA, and a shift of the band at 1240 cm ™' to
the low frequency region (1211 cm™) (Fig. 3, spectrum 1). It can be assumed that the molecules of physical-
ly bound water are mainly removed at 80 W.

As the MW power increases to 130 and 280 W (Fig. 3, spectra 2 and 3), the absorption bands of car-
bonyl groups at 1744 cm ™' are observed in the LA IR spectra, and the vibrations of the C—O bond shift to the
low-frequency region (1188 cm™). The data obtained suggest that,, the polycondensation processes of LA
and the rearrangement of the LAO obtained occur at a power of 130-280 W along with the removal of water.

The absorption band with a maximum of 1650 cm ™', which characterizes the bending vibrations of wa-
ter molecules, is absent in the IR spectra of LAO synthesized at MW power of 360-500 W (Fig. 3, curves 4
and 5). Consequently, the process of removing water from LA is complete.

]|
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QDIWW 3
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Y Transmittance e
=3

L L L L L
3600 3200 2800 2400 2000 1600 1200
wv,cm?

1 —80W;2—I130 W;3—280W;4—360W;5—500W

Figure 3. The Disturbed Total Internal Reflection IR-spectrum of LA
after vacuuming in the MW conditions for 35 minutes at a power
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At MW power of 430 W and above, the formation and release of colorless crystals is observed, which
can be classified by IR spectra as lactide molecules (vC=0 is 1770 cm ', vC-O-C is 1240 cm ™). The assump-
tion of the process of dehydration/polycondensation of LA is confirmed by 'H NMR data. The '"H NMR
chemical shifts are presented below.

The multiplet of the methylene group of LA is observed at 4.4 ppm, the chemical shift of the proton of
the LAO methylene group multiplet is observed at 5.2 ppm. By changing the chemical shifts of the meth-
ylene groups of LA and LAO, one can judge the course of the process of oligomerization of lactic acid. The
results of the "H NMR studies are presented in Figure 4 and Table.

Chemical shift, ppm Structural fragments
52 1H, m, -CH(CH3)-)
4.4 1H, m, -CH(CH3)OH, end group)
1.6 (3H, d, -CH3)

In the '"NMR spectrum of an LAO sample obtained by vacuuming LA under MW conditions at 130 W
(Fig. 4), there are quite intense chemical shifts of 4.4 and 5.2 ppm, characterizing the C—H group of LA and
LAO, respectively. With an increase in power, the chemical shift at 5.2 ppm increases and 4.4 ppm decreas-
es, that is, the formation of LAO.

95 T 55 3.5 1.5 ppm

I — 130 W;2—280 W;3—360 W

Figure 4. "H NMR spectrum of LA after vacuuming in MW conditions for 35 minutes
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Table
"H NMR chemical shifts and physico-chemical properties of the LAO samples synthesized
Power (heating time) Chemical shifts, ppm (intensity) The degree of M [Da]

W/(min) LA,5, m(C—H) LAO, 6, m(C—H) conversion, %

80(35) 4.3(1.18) 5.1(1) 46 -
130(35) 4.40(0.55) 5.2(1) 64 290
280(35) 4.4(0.49) 5.2(1) 67 440
360(35) 4.4(0.22) 5.2(1) 85 758
500(15) 4.3(0.51) 5.1(1) 66 420

The degree of conversion of LA into LAO was determined by the formula:

](CH)LAO x100 % .
I(CH)LA+[(CH)LA()

Based on the 'H NMR data presented in Table, it can be assumed that the molecules of physically
bound water are mainly removed at 80 W and the formation of LAO does not occur. When dehydrating LA
under MW conditions at 130 W, an increase in the molecular weight and an increase in the intensity of the
chemical shift of 5.2 ppm, characterizing the C—H bond of the LAO, are observed. It can be assumed that, at
a given power, the formation of LAO begins. In the range of 130-280 W, it appears that polycondensation of
LA and LAO occurs, while in this power range the molecular weight changes slightly (Fig. 5).

800 -
700 1
600 4
500 1
400 1
300 -

1

M,[Da]

—4—20 min
—&—35 min

0 L) L) L) L) L) L) L) L) L]
80 130 180 230 280 330 380 430 480 330
Power,W

1 — 20 minutes; 2 — 35 minutes

Figure 5. Dependence of the molecular weight of LAO on the MW power
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0 20 40 60 80 100 120 140 160 180
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1— 130 W (478 K); 2 — 280 W (488 K); 3 — 360 W (488 K)

Figure 6. Dependence of the molecular weight of LAO on the time of LA dehydration

Cepust «Xummsi». Ne 1(93)/2019 13



G.Ya. Guba, A.O. Gusar et al.

When LA is heated at MW power above 360 W, the formation and release of colorless crystals is ob-
served, which can be classified by IR spectra as lactide molecules (vC=0 is 1770 cm ™', vC—O—C is 1240 cm™).

With a power of 360 W, a significant increase in molecular weight occurs (Fig. 5). With an increase in
the MW monosity up to 430 W and higher, the molecular weight of LAO decreases. The destruction of LAO
apparently occurs with the formation of lactide.

The kinetic curves of LA polycondensation are shown in Figure 6. On the kinetic curves for up to 35
minutes, there is a slight increase in the molecular weight of LAO. Apparently, in this interval, the limiting
stage is the removal of water molecules. In the range from 35 to 60 minutes, there is a sharp increase in the
molecular weight of the polymer. Then the chain slows down, which may be due to the fact that the limiting
stage is the release of water during the polymerization of higher molecular weight LAOs. The process of LA
polycondensation at 360 watts is optimal.

Conclusions

It is established that when the MW power is increased from 130 to 280 W, the LA temperature is in-
creased by 283 K, and at 280, 360, 500 W, the temperature of LAO samples is the same and is 488 K. Based
on "H NMR and IR spectroscopy, it has been suggested that at 80 W physically bound water molecules are
mainly removed. The formation of low molecular weight oligomers of lactic acid (LAO) occurs at a power
of 130-280 W along with the removal of water and LA. LA polycondensation in the absence of a catalyst
proceeds most effectively at 360 watts. That is, the process of polycondensation is determined not only by
temperature, but primarily by the MW power. When LA is heated at MW power of 430 W, the formation and
release of colorless crystals is observed, which can be classified by the IR spectra as lactide molecules
(vC=01is 1770 cm ', v C—O—C is 1240 cm'). The molecular weight of LAO decreases at a power of 430 W
and above. The kinetic curves of LA polycondensation at 130, 280 and 360 W are presented. The process of
LA polycondensation at 360 watts is optimal. It is established that the rate of LA dehydration under MW
conditions is increased by 15-20 times as compared with carrying out the process under normal heating con-
ditions.
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CyT KbIIIKbUIBIHBIH MUKPOTOJIKBIH/BI CIYyJIeJIeHIpy KaraaiiapbiHaa
AeTHAPATANUSIAHYbI/TIOTHUKOHAEHCAUAIAHY bI

Makanazna anram per MUKPOTOJIKbIHABI coyneneHaipynin (MTC) cyt kpiukpuisiabie (CK) momukoHgeH-
cauusiiany ypaicrepine ocepi 3eprrenni. CK monukoHAeHcalMsulaHyblH MYJIBTHMOJAJIIBI PeaKTopia
Bakyymzaa a3ortel 80, 130, 280, 360 >xone 500 Br kyarsinma etki3y apkpuisl xyprizigi. CK ynricinig
temneparypacsl MTC jxarmaiiapblHa yakbITKa JKOHE COYJCNCHIIPY KyaTblHA OailIaHBICTBI ©3repeTiHi
anpiktangel. 'H SIMP skome HK-criektpockonust MamiMeTTepi Herizime Kyat 80 BT Oosranna HeriziHeH
¢u3uKanslK OailIaHBICKAaH Cy MOJICKYNalapbl KeTeTiHi Typaibl OomkaMm YChHBLIABL. Kyar memmepi 130-
280 Bt Gonranna, cyasis xxoHe CK OeminyiHeH 6acka, cyT KbIIKBUIBIHBIH oiuromepiepi (CKO) Tysinerini
6aiikanael. Cynsig CKO Ttonbik 6emninyi 360 Bt kyatsinaa sxypeni. CK MTC 430 Bt kyatbiHga KbI3gbIpraHia
TYCCi3 KpHCTanmapAblH Ty3inyi skoHe Oeuminyi Oaiikamansl. Omapael MK-crextpriepi GoifblHIIA JTaKkTHI
(v C=0 1770 em”', v C—-0—C 1240 cM™' kypaasr) MoseKyIanapsl gen xkikreyre 6omaas.. CKO MONeKymabIk
canmMarsl Kyatsl 430 Bt sxone oganna sxorapsl Oonranna temenaeiini. Kyar memmepnepi 130, 280 sxone 360
Br 6onrarna CK nonukoHIeHCAIMSIaHYBIHBIH KHHETUKAIBIK KUCBIKTaphl kopcetinred. OHraiibr 6ompim CK
nonuKoHAeHcanusanysl 360 Bt kyareima Tabputagel. CK  nermnmpartanusuiany sxemimamasrbsl MTC
JKaFainapelHAa YPAICTI 9AETTET] KbI3ABIPY JKafMaibIH/a OTKI3TeHMEH, calBICTEIpFranaa 15—20 ece apTaThIHBI
QHBIKTAJI/IBL.

Kinm ce30ep: MHUKPOTOJIKBIHABI COYJICNEHIIPY, CYT KbILIKBUIBI, MOJHMCYT KBILIKBUIbL, CYT KbIIIKbUIBIHBIH
onuromepiepi, SIMP-cnekrpockonusi, MK-cnekTpockomusi, MEHIUIKTI ONTHKAJbIK aiHalTy, MOJIEKYJIAJbIK
canaMaxk.
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Hermaparanusi/moJUKOHIEHCANUA MOJOYHONH KHCJIOTHI
B YCJIOBHUSIX MUKPOBOJIHOBOT'0 00/ 1yYeHUS

B crarbe BHepBEIE M3YUSHO BIMSHHE MOIIHOCTH MHKPOBOJHOBOro o6mydenus (MBO) Ha mpomneccs! moim-
koHIeHcanuu MosouHoil kucnotel (MK). [Tonmukonaencanuio MK mpoBoauinu B MyJIbTUMOAATIBHOM PEaKTO-
pe B BakyyMe nipu 6apOoTrupoBannu a3o0ToM npu MourHocTx 80, 130, 280, 360 u 500 Bt. OnpeneneHo usme-
HeHue TemrepaTypsl obpasua MK B ycnoBusx MBO B 3aBUCHMOCTH OT BPEMEHH U MOILIHOCTH H3IyUeHUSI.
Ha ocroBannn gauubix 'H SIMP i MK-CIIEKTPOCKOIMH BHICKA3aHO TPEATONOKEH e, 9To mpH 80 BT B 0cHOB-
HOM YyIAJISIOTCS. MOJIEKYJIBI (pu3uuecku cBs3aHHOM Bobl. [Ipu Momuocty 130-280 Br, Hapsny ¢ ynaneHnem
Bob! 1 MK, npoucxoaur obpaszoBanue onuromepos MoouHoil kucinotsl (OMK). Tlonroe ynanenne Boxs u3
OMK mnpoucxoxur npu 360 Br. [Ipu narpeBanun MK npu moutaoctr MBO 430 Bt nHabmoznaercst o6pazosa-
HUE U BbIJeNIeHHe OeCIBETHBIX KPHCTALIOB, KOTOPhIE MOXKHO Kiaccupunuposats o MK-crexrpam kak Mo-
nexynsl naktupa (v C=0 cocrauser 1770 e, v C-O-C — 1240 cM™'). Monekynspusiii Bec OMK mpu
momHoctd 430 BT u Bble ymensinaercs. [IpencraBieHsl KMHETHYECKUE KpHUBBIE MOJMKOHAeHcaun MK
npu 130, 280 u 360 Bt. OnTuManeHbIM siBseTcs npouece nonukonaencauun MK npu 360 Br. Ycranosie-
HO, 4TO cKopocTh aeruaparanuu MK B ycnosusx MBO yBennuuaetcs B 15-20 pa3 1mo cpaBHEHHIO ¢ TIpOBe-
JEHHEM IPOoLecca B YCIOBUIX OOBIYHOTO Harpesa.

Kniouesvie cno6a: MAKPOBOIHOBOE OONYYECHUE, MOJIOYHAS KHCIIOTA, IMOJUMOJIOYHAS KHCJIOTA, OJHTOMEPHI
MousiouHOH kucioTel, SIMP-cniekrpockonus, UK-cnekTpockonus, yaeapHOe ONTHYECKOE BpallleHUue, MOJIEKY-
JISIpHBIH Bec.
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Preparation of interpolymer complexes of chitosan and sodium alginate

The method of synthesis of new cheap and biodegradable soil former — an interpolymer complex (IPC)
based on natural polymers has been developed for the first time. To solve environmental problems biocom-
patible with living tissues, bioinert natural polymers — polysaccharides chitosan (CS) and sodium alginate
(AL) were used as structural components of the IPC. The chitosan-sodium alginate IPC was prepared by mix-
ing equimolar solutions of polymers in a given proportion. The composition and properties of the prepared
polymer complexes — mass, electrical conductivity, mechanical properties, rheological properties, size and
particle charge, structure were determined by physicochemical methods (reoviscosimetry, mechanical analy-
sis, gravimetry, potentiometric and conductometric titration, dynamic light scattering and Fourier-transform
infrared spectroscopy). The composition of the chitosan — sodium alginate complex CS: AL is 1:4. It is es-
tablished that the formation of an interpolymer non-stoichiometric complex occurs as a result of ion-ion inter-
actions. Films based on IPC of CS and AL were prepared and mechanical properties of this films were detect-
ed. Films based on interpolymer complex have higher mechanical strength than films of individual polymers.
Therefore, this polymer system is a promising material for the use it in preventing wind and water migration
of lands.

Keywords: complexation, biopolymers, chitosan, sodium alginate, composition, nonstoichiometric complex,
films, polyionic complexes.

Introduction

The production of new functional materials with a wide range of practical application is one of the main
challenges of modern science. From a scientific and practical point of view there is a special interest to
interpolymer complexes. IPCs possess a complex of unique physicochemical, colloidal and mechanical
properties which are promising for the use in various fields of science, engineering, medicine and agriculture
[1-3].

As known, IPCs are the products of the interaction between chemically complementary polymers which
form a large number of intermolecular bonds such as hydrogen, electrostatic, ion-dipole, Van der Waals, and
hydrophobic interactions [4].

The formation of IPC occurs in aqueous solutions through the binding of counter-ions with the ioniza-
tion of their reactive functional groups. The initial complexing polyelectrolytes contain ionic functional
groups, amount and relative position of which affect the thermodynamics of complexation and control stabil-
ity, define the structure and properties of IPC [5].

Interpolymer complexes based on natural polymers represent an extensive class of polymer compounds,
which due to their biodegradability, biocompatibility and non-toxicity find practical application as structure-
builders for disperse systems, materials for medical and biotechnological purposes, medicines, etc. [6—11].
Biopolymers like chitosan (polycation) and sodium alginate (polyanion) arouse interest among natural poly-
mers capable of forming polymer-polymer complexes.

Chitosan (poly B-1,4-2-deoxy-2-amino-D-glucopyranose) is the product of deacetylation of natural chi-
tin polysaccharide (Fig. 1).

CH,OH
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2

Figure 1. The structural formula of chitosan
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It is known [12, 13] that the presence of amino groups defines the behavior of chitosan in solution as a
weak cationic polyelectrolyte and it has pH-dependent solubility (it is easy to dissolve in acidic environments
and not to dissolve in neutral and alkaline environments).

Sodium alginate is an ionic polysaccharide obtained by alkaline extraction of brown algae, due to the
complex of very valuable properties in practical terms (water solubility, non-toxicity, high thickening ability)
holds one of the leading positions among water-soluble polymers of natural origin (Fig. 2).

COONa OONa
0.
X HHO OHHO HH
O s P
OONa

Figure 2. The structural formula of sodium alginate

Sodium alginate belongs to the family of unbranched double copolymers: residues of B-D-mannuric ac-
id and a-L-guluronic acid, connected by 1 — 4 glycosidic bonds. Due to its good water-holding capacity and
water solubility its main use is related to the ability to form gel [14].

The presence of ionogenic groups in chitosan and sodium alginate which are capable to form intermo-
lecular ion-ion and ion-dipole bonds creates a prerequisite for their use as components of the interpolymer
complex.

The purpose of this work is to establish the patterns of formation and structure of the interpolymer
complex based on natural polymers — chitosan (CS) and sodium alginate (AL).

Experimental

Chitosan is a commercial sample of Sigma-Aldrich (USA) with a medium viscosity molecular weight
(MW = 500 kDa), degree of deacetylation (DD 80 %).

Sodium alginate is a commercial sample with a molecular weight (440 kDa) (produced by Sigma-
Aldrich (China)).

The synthesis of [PCs was carried out by mixing the solutions of 0.01 M chitosan in 0.1 M hydrochloric
acid solution with 0.01 M aqueous solution of sodium alginate in molar ratios of [CS]:[AL] = [100:0],
[90:10], [80:20], [70:30], [60:40], [50:50], [40:60], [30:70], [20:80], [10:90], [0:100] (mol.%) at a tempera-
ture range 293-298 K. The obtained mixture was vigorously stirred on a shaker (model LS 110, LOIP, Rus-
sia) for 0.5—1 hours and kept for 1 day at room temperature, then it was centrifuged for 15 minutes at 3500
rpm and precipitate of IPC was filtrated. After washing the IPC with distilled water, the final product was
lyophilized (FreeZone, Labconco, USA).

Conductometric study of the CS-AL interpolymer complex formation was carried out using the S230
Seven Compact Mettler Toledo (Switzerland).

The structure of the IPCs was established by IR spectroscopy. IR spectra were recorded on a Fourier-
transform infrared spectrometer (FTIR) Carry 660 Agilent (USA) equipped with an ATR attachment in the
range from 400 to 4000 cm ™.

The charge of IPCs particles was determined by dynamic light scattering (DLS) on a Zetasizer Nano ZS
90 (Malvern, UK)) instrument.

Studies of the rheological properties (structural viscosity) of synthesized IPCs solutions were performed
on a rotational viscometer RheolabQC, «Anton Paar» (Austria) with a working cylinder-cylinder unit in the
range of shear stresses 3—600 Pa at room temperature.

Study of the mechanical characteristics of films from individual polymers, IPC-systems based on them
was carried out at room temperature on the TAXT plus Texture analyzer (Stable MicroSystems, UK) instru-
ment in compression mode using P/5S at a speed of 0.1 mm/s. For obtaining films the initial polymers and
IPCs mixtures were poured onto the polymer substrate and evaporated at room temperature and normal at-
mospheric pressure till an air-dry state [15].
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Results and discussion

Complexation in the system chitosan-sodium alginate was detected by a combination of physical and

chemical methods.
The results of conductometric determination of electrical conductivity in the system chitosan — sodium

alginate are presented in Figure 3.
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Figure 3. Conductometric titration curve in the CS-AL system

Figure 3 shows the conductometric titration curve of the chitosan-sodium alginate system at the molar
ratios [CS]:[AL] = [100:0], [90:10], [80:20], [70:30], [60:40], [50:50], [40:60], [30:70], [20:80], [10:90],
[0:100] and at the ratio [CS]:[AL] = [20]:[80] it has a pronounced bend, which according to the fundamentals
of the physical and chemical analysis indicates on the formation of an individual compound — IPC with the
composition [CS]:.[AL] = [1]:[4].

Evidence of the CS and AL complexation is the formation of a precipitate which is insoluble in water
and acidic solutions. The formed precipitation of IPC was a white, odorless gel-like mass, stable during cen-
trifugation; the maximum mass of the precipitate was determined by IPC with the [20]:[80] mol.% ratio.

The masses of precipitates of IPCs after centrifugation are given in Table 1.

Table 1

The masses of IPC precipitates after centrifugation

The mass of wet IPC
[CSI-[AL], mol.% precipitates, g
10]:[90] 0.0562

] 1.1825
] 1.1681
] 0.7730
] 0.5989
] 0.6537
]

]

]

0.5028
0.4215
0.3114

Maximum mass of the IPC precipitates is observed for the molar ratio [CS]:[AL] = [20]:[80] mol.%,
according to Table 1.

The complexation in the chitosan — sodium alginate system was also confirmed by the dynamic light
scattering (DLS) method. Dependence of the {-potential of particles on the ratio in the system of CS—AL is
shown in Figure 4.
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Figure 4. Dependence of the (-potential of the IPC particles on the composition of [CS]: [AL]
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At the molar ratio [CS]:[AL] = [20]: [80] {-potential reaches zero value, as shown in Figure 4. It indi-
cates the neutralization of the positive charge of chitosan by the negative charge of the carboxylic group of
sodium alginate. This indicates the electrostatic interaction between the molecules of the polycation and the
polyanion and the cooperative nature of complexation.

Data obtained using DLS correspond well with data of the IR Fourier spectroscopic investigation of
complexation in the chitosan — sodium alginate system. IR spectra of CS, AL and IPCs based on them were
obtained (Fig. 5 q, b, ¢).

IR spectra of chitosan and alginate contain absorption bands that characterize all polysaccharides —
3000-3500 cm™' (vibrations of OH-groups), 2900-2950 cm ' (vibrations of CH,-groups), 1010-1050 cm™'
(vibrations of C—O—C sugar groups). IR spectra of chitosan (Fig. 5, @) contains absorption bands in the
1651 cm™' region (8NH,), this is characteristic of amino groups. Absorption bands are observed in the 1603
and 1412 cm™' region in IR spectra of alginate, it’s due to the presence of carboxylate — ionic groups.

The main changes occur in the spectra of the absorption bands of NH,-groups and carboxyl groups in
IR spectra of IPCs, which to point on their electrostatic interaction [16]. Main changes occur in the region of
the spectrum of stretching vibrations of carboxyl groups (1603 and 1412 cm™') and deformation vibrations of

sym

the amino group (1651 cm™), which during the formation of IPC lose their intensity and shift (v¥"co
1618 cm™', V™™o 1417 cm ).

Rheological properties of [CS]:[AL] IPCs mixtures were investigated. The rheological behavior of pol-
ymer systems is determined by the mechanism of their formation, for which the nature, location and interac-
tion of the functional groups of the polymer matrix are particular importance [17].

Figure 6 shows the curve of shear stress dependence on the [CS]:[AL] molar ratio.
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Figure 6. Dependence of the shear stress on the ratio [CS]: [AL]

As shown in Figure 6, the highest shear stress was in the complex solution with the molar ratio [CS]:
[AL] = [20]: [80]. It’s due to the high degree of adhesion of branched structures and the intensity of intermo-
lecular interactions of the initial polymers [18] and leads to a decrease of IPCs associates size and their

strength.
The films based on IPCs of chitosan — alginate were prepared and their mechanical properties were

studied. The period of film formation on the polymer substrate IPC [CS]:[AL] was 3 days. The mechanical
characteristics of the molded films are shown in Table 2.

Table 2

Mechanical characteristics of films from chitosan, sodium alginate and IPCs based on them

Film composition Elastic modulus, Pa
AL 3.524+0.05
CS 0.26+0.08
IPC [CS]:[AL]= [20]:[80] mol.% 2.27+0.06

Cepusa «Xumuns». Ne 1(93)/2019 21



Zh.S. Kassymova, L.K. Orazzhanova et al.

The value of elastic modulus of the IPC (2.27 £ 0.06 Pa) with the molar ratio [CS]:[AL] = [20]:[80]
prevails over the value of the chitosan modulus (0.26+0.08 Pa) and comparable with the elastic modulus of
sodium alginate (3.52+0.05 Pa), as shown in Table 2. Mechanical strength is an important characteristic of
the IPCs, because it is further intended to be used as a former of the soil. Therefore, they must be resistant to
various loads and preserve the integrity of the structure.

Conclusion

Thus, as a result of complex physico-chemical studies, complexation was found in chitosan — sodium
alginate system with the optimal composition of IPC [CS]:[AL] = [1]:[4]. This ratio for an interacting pair of
polyelectrolytes characterizes the formation of non-stoichiometric IPCs. Alginate-chitosan polyionic com-
plexes are formed due to the ion-ion interaction between the carboxyl groups of alginate and the amino
groups of chitosan.

The work was carried out with the financial support of the Ministry of Education and Science of the Re-
public of Kazakhstan, grant AP05134681.
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K.C. Kaceimona, JI.K. OpaszxanoBa, b.b. basgxmeToBa,
Bb.C. TI'aiicuna, H.b. Kacenosa, I'.'T. EnemecoBa

XHTO3aH MeH HATPHIi aJILIMHATHI Heri3iHje HHTePNoJIMMePJIiK KOMILIEKCTepAi aay

AUFall per jkaHa ap3aH JKOHE OWOBLIBIPANTBIH TOIBIPAK KYPBUIBIMTY3TIIITEp — TabUFu HOIMMEpiep
Herizingeri uarepnonumMepik kommiekcrepai (UIIK) cuntesaey aaici a3ipaenai. DKOIOTHSIIBIK Macesenepai
LIy MaKCaThIH/a HHTEPIOIMMEPIIIK KOMIUIEKCTIH KYPBUIBIM/BIK KOMIIOHEHTTEpI pPeTiHae Tipi yimnanapMeH
OuoyiinecimMai, OuomHepTTi Taburu mojmmepinep — xurtozaH (XT3) men natpuil anerusatel (AJINa)
TIOJIMCaXapuATepl KOJNAHBUIABL. XWTO3aH — HATPUH aJBTHMHATHEl HMHTEPIOIMMEpPIK KOMIUIEKCI OepiiareH
KaTBIHACTA IIOJIMMEPJIEP/iH SKBUMOJSIPIBI EPITIHAUIEPIH KOCY OIiCIMEH aJBIHIBI AJIBIHFAaH HHTEPIO-
JUMEpIIiK KOMIUIEKCTEePIIH KYpaMbl MEH KacHeTTepi — Macca, JJIEKTPOTKI3TIIITIK, MEXaHUKAJIBIK JKOHE
PEOJIOTHSUIBIK  KacHeTTepi, OOJIIEeKTepAiH oimeMi MEH 3apsibl, KYpBUIBIMBI (DH3MKA-XUMISUIBIK Tajuay
onmicrepMeH  (PEOBHUCKO3MMETPHS, MEXaHMKalbIK Tajjay, TIpPaBUMETPUS, TOTCHUHOMETPIIK JKOHE
KOHAYKTOMETPIIK THUTpJCYy, AUHAMHUKAJbIK kapblk mambipay (DKL) sxone NK-Oypbe crieKTpoCKOIHs)
aHpIKTanApl. MHTepnomumeprnixk  kommuiekc Kypambl XT3 — AJINa=1:4. CTeXxHOMETpUSIBIK eMeC
HHTEPHOJIMMEDPIIIK KOMIUICKC HOH-HOHIBIK ©3apa OpEKeTTeCy HOTIKECiHIe makaa OosaThiHbl OalKaiibl.
XT3-AJINa WIIK HeriziHae NOAMMEPIIK KaOBIHIAP AaJBIHIBIN, OJIAPJBIH MEXaHUKAIBIK KacHUeTTepi
aHBIKTaJABL. VHTEeprmoauMmepili KOMIUIEKC HETi3iHAeri >XaObIHZApIBbIH MEXaHUKAJbIK OepIKTUIr Keke
TIOJIMMEPIIEPIiH XKaOBIHIAPMEH CaJIBICTBIPFAaH/IA JKOFAPbI; OYJT alIbIHFaH MOJIMMEPITi XKYHEH] TONBIPaKTHIH JKell
MEH CyJBIH OCEpiHeH MHUTPAIMsICHIHA K0T OepMey YIIH KOoiJgaHyFa OOJaThIH IEpCHEeKTHBTI MaTepuaiiap
Kacayra MYMKIHIIK Geperi.

Kinm cesdep: xommiekc Ty3y, OHONONMMEpNep, XUTO3aH, HATPUH albIMHATBI, KYpPaM, CTEXHOMETPUSIIBIK
eMec KOMIUIEKC, ska0bIHIap, MOIHHOHIbI KOMILIEKC.

K.C. Kaceimona, JI.K. Opa3zxanoBa, b.b. basgxmeToBa,
Bb.C. TI'aiicuna, H.b. Kacenosa, I'.'T. EnemecoBa

HO.]'Iy‘IEHI/Ie HHTEPMOJIUMEPHBIX KOMILIEKCOB
Ha OCHOBC XUTO3aHA U aJIbI'MHATA HATPUSA

Bnepsblie pazpaboTaHa METOAMKA CHHTE3a HOBBIX JACIHIEBBIX M OMOpa3laraeMbIX CTPYKTypooOpasopaTelneil
o4y — uHTepnoauMepHoro kommiekca (MIIK) na ocHoBe mpupogHBIX MOIMMEPOB. B kauecTBe CTPYKTYp-
HBIX KOMIIOHEHTOB MHTEPIIOJIMMEPHOTO KOMILIEKCa JUIsl PEHIeHHs SKOJIOTHYECKUX MpoOIeM OBUTH HCHONB30-
BaHBI OMOCOBMECTHMEIE C KHBBIMH TKAHSIMH OHOMHEPTHBIC NPUPOIHBIC OJIUMEPHI — MOIUCAXaPUABI XHTO-
3aH (XT3) n ansrunar Hatpus (AJINa). HTEprnoIrMepHBIil KOMIUIEKC XHTO3aH — aJbIHMHAT HATPHs OBLI I10-
JIy4eH METOZOM CMEIIeHHs KBUMOJIIPHBIX PacTBOPOB ITOJMMEPOB B 33JlaHHOM mporopuun. Meronamu ¢u-
3MKO-XMMHUYECKOTO aHali3a (PEOBUCKO3UMETPHHU, MEXAHHMYECKOTO aHaIM3a, TPAaBUMETPHH, MOTEHIIMOMETPH-
YECKOT0 U KOHIYKTOMETPHYECKOTO TUTPOBAaHMM, TMHaMHUUYecKoro jasepHoro cseropaccesaus (JAJIC) u UK-
Dypbe CIIEKTPOCKONHNH) OMpPEETIeHbl COCTaB U CBOWCTBA MONYYEHHBIX MOJIMMEPHBIX KOMIIIEKCOB — Macca,
3NIEKTPONPOBOJHOCTh, MEXaHHYIECKHE CBOMCTBA, PEOJIOTUUECKUE CBOMCTBA, pa3Mephl U 3apsij YaCTHII, CTPYK-
typa. Cocras nnreprnonnMepHoro komiurekca [XT3]:[AJINa] = 1:4. O6napyxeHo, 4To (HOPMHPOBAHUE UH-
TEPIOIMMEPHOr0 HECTEXUOMETPUYECKOr0 KOMILIEKCA IPOMCXOAUT B PE3YJIbTaTe HOH-UOHHBIX B3aUMOAEHCT-
Buil. [Tonyuensl nonumepusle mwieHku Ha ocHose UITK XT3-AJINa, u onpeneneHsl UX MEXaHUYECKHE CBOM-
CTBa. Y CTaHOBJICHO, YTO MEXaHUYECKasl IPOYHOCTH IJICHOK Ha OCHOBE MHTEPIIOJUMEPHOI0 KOMILIEKCA BBIIIE
B CPaBHEHHH C IJIEHKAMHU OTAENBHBIX MOJIUMEPOB, UTO JETAeT AAHHYIO NMOJMMEPHYIO CHCTEMY MEpPCIEKTHB-
HBIM MaTEPHAJIOM B IEJISIX UCTIOIb30BAHUS AT MPEIOTBPALICHHS BETPOBOH 1 BOJHON MUTPAIUU 3EMETb.

Kniouesvie cnosa: KOMHJ’IeKCOO6pa3OBaHI/Ie, 6PIOHOJ'II/IM€pI>I, XUTO3aH, aJIbIr'MHAT HATpUsA, COCTaB, HECTEXHO-
MeTpPI‘lCCKI/Iﬁ KOMIUJICKC, IVICHKH, ITOJJUMUOHHBIC KOMIIJICKCHI.
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Constants and parameters of radical copolymerization
of poly(propylene glycol)fumarate with acrylic acid

In the present work, the binary radical copolymerization of poly(propylene glycol)fumarate with acrylic acid
in a dioxane medium was investigated for the first time at various mole ratios of the initial monomer mixture.
The kinetics of the copolymerization reaction was studied. Kinetic curves show that with increasing mole
fraction of acrylic acid in solution, the reaction rate and sorption capacity of copolymers also increase. The
synthesized copolymers composition was determined by chromatography-mass spectrometry. The constants
and parameters of radical copolymerization were calculated using the integral methods of Mayo-Lewis,
Fineman-Ross and Kelen-Tiidos. The Q-e parameters were calculated by the Alfray-Price equation on the ba-
sis of copolymerization constants. A lower reactivity characterization of poly(propylene glycol)fumarate was
found at copolymerization of it with acrylic acid. The relative activity r; in the p-PGF-AA system is less than
one. This suggests that the p-PGF ability to copolymerize with other monomers is higher than
homopolymerization. Direct proportionality of the unsaturation degree of copolymers to the content of
poly(propylene glycol)fumarate in the composition of the initial monomer mixture was shown. Thus, the re-
sults of this study show that the synthesized polymers based on PGPP have good characteristics and can be
used in various fields of science.

Keywords: unsaturated polyester resins, poly(propylene glycol)fumarate, acrylic acid, copolymerization con-
stants, monomer activity, kinetics, sorption, copolymerization.

Introduction

Unsaturated polyester (UPE) resins are prepared from the polyesterification reaction of diols, unsaturat-
ed dibasic acids/acid anhydrides, and saturated dibasic acids/acid anhydrides. UPE resins, the most common
thermoset resins for fiber-reinforced thermoset composites account for over 80 % of all of thermoset resins
used. On the other hand, unsaturated polyesters provide the widest opportunity for directional modification
due to polymerization reactions with various ionic monomers and, consequently, open the way to obtaining
materials including composite ones with a predetermined valuable complex of properties [1, 2].

The interaction of polyesters with unsaturated compounds was firstly called the copolymerization
reaction by Benig [3], so copolymerization with vinyl acetate, styrene and methyl methacrylate, simple and
complex allyl ethers, vinyl formates was investigated. As a result of the studies carried out, the role of un-
saturated polyesters macromolecule as a «skeleton» at large formations was shown. From the literature
analysis, only comonomers of hydrophobic nature were involved in the copolymerization with unsaturated
polyester resins [3—5], when the matter of hydrophilic monomers lay over until recently, which opens up
prospects for new «intelligent» polymers.

Poly(propylene glycol)fumarate (p-PGF), an amorphous unsaturated polyesters resin, has been exten-
sively studied as an injectable biomaterial for bone tissue engineering utilizing particulate leaching to
achieve a porous scaffold. p-PGF is biodegraded through hydrolysis of its ester bonds into its original pro-
pylene glycol and fumaric acid sub units, both of which are nontoxic. Propylene glycol is used as a food ad-
ditive in the food industry and it can be metabolized or excreted by the body [6-9].

The preparation of polymers based on unsaturated polyesters with the required combination of proper-
ties is possible only on the knowledge basis of the processes kinetics and mechanism of their radical copol-
ymerization with ionic monomers. It seemed interesting and expedient to fill in the marked gap since the
study of the kinetics, constants, and parameters of unsaturated polyesters copolymerization with ionic mon-
omers remains undetermined and actual.

We have previously synthesized a number of copolymers based on unsaturated polyester resins with
some unsaturated carboxylic acids [10—12]. This paper demonstrates the first studies on the reactions of radi-
cal copolymerization of poly(propylene glycol)fumarate (p-PGF) with acrylic acid (AA).
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Method

The initial p-PGF was obtained by the polycondensation reaction of fumaric acid and propylene glycol
at a temperature of 403—453 K [13]. The course of the reaction was monitored by determining the acid num-
ber and the volume of water released. The synthesized polyester is a light-yellow, resinous, fusible sub-
stance, soluble in chloroform and dioxane. The resulting resin was purified from the initial monomers by
repeated washing with acetone.

The molecular weight of the p-PGF was determined by light-scattering methods on the nephelometer
2100 AN by NACH and by the method of determining the end group fraction, which is 1488 amu.

Radical copolymerization of p-PGF with AA was carried out in the dioxane solution at various initial
molar ratios of comonomers in the presence of an initiator — benzoyl peroxide (BP) at a temperature of
333 K. The polymers synthesized were repeatedly washed with dioxane and dried under vacuum until con-
stant mass for purifying them from unreacted monomer residues.

The compositions of the copolymers obtained were determined by potentiometric titration and by the
residual amount of monomers by chromatography- mass spectrometry on Agilent 7890A using the Agilent
5975C mass selective detector.

The kinetics of radical copolymerization of p-PGF with AA was studied by dilatometric method in the
dioxane solution. The copolymerization constants 7, and r, were determined on the basis of the copolymer
compositions obtained at deep conversion ratios using the Mayo-Lewis integral equation [14], as well as the
standard methods of Fineman-Ross and Kelen-Tiidos [15, 16].

Results and discussion

The intensive development of fundamental research in the field of radical copolymerization, which al-
lows regulating the properties, structure and molecular mass of polymers, the velocity of the process, opens
up new ways of obtaining polymers with properties given. Products based on unsaturated polyesters cured
with vinyl monomers possessing specific physical-chemical and physical-mechanical properties are of con-
siderable interest. The presence of unsaturated double bonds in the p-PGF molecule provides an opportunity
to use it as a polymer matrix for the preparation of spatially cross-linked polymers by copolymerization with
reactive acrylic acid.

p-PGF is obtained by the polycondensation reaction of fumaric acid and propylene glycol. As a result of
radical copolymerization of the oligomeric molecule of p-PGF with AA in the presence of the initiator — BP
the formation of the spatially cross-linked copolymer can be represented by the following scheme:

CH3 o)
. " I
SV 0——C——C==(——C(——0——C ——CVVW\ | pe=——=Cc——C—0H —
| - H
0
0o R 0 CH; o R 0 CH;
A o——C——¢——C——C——0——C —(——0——C——C——C——C——0——C ——CyVWN
H H H H
£ =
3 HC——COOH HC|‘—COOH
0 CH, CHy 0 o CH;
I, A w_ |
A o——C——C¢——(——(C——0——C —(——0——C——(——C——C——0——C ——CYVWN
0 R 0

The values of constants and copolymerization parameters are important characteristics when consider-
ing the relative reactivity of the monomers depending on their structure. However, more complete infor-
mation on the relative reactivity of the monomers during copolymerization can be obtained on the basis of
kinetic data (Fig. 1).

However, more complete information on the relative reactivity of the monomers during copolymeriza-
tion can be obtained on the basis of kinetic data (Fig. 1).

26 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Constants and parameters of radical copolymerization ...

o 10 20 30 40 50 &0 70 80 90 100

1 —9.98:90.02; 2 — 15.04:84.96; 3 — 24.92:75.08; 4 —50.06:49.94; 5 — 75.25:24.75; 6 — 90.13:9.87 mol.%
Figure 1. Kinetic curve of the copolymerization of p-PGF:AA

The kinetics of radical copolymerization of p-PGF with AA at various initial molar ratios was studied in
detail to assess the relative activity of the monomers (Fig. 1). Increase of the reaction rate and yields of the
copolymers was found with the growth in the content of AA in the initial monomer mixture, also these pa-
rameters decrease with the increase of the p-PGF content in the reaction mixture. This is apparently due to
the presence of a functional -COOH carboxyl group in the AA chain that capable of participating in elemen-
tary polymer transfer reactions accompanied by an increase in the molecular weight due to branching pro-
cesses. Figure 1 shows the kinetic data of radical copolymerization indicating a regular acceleration of the
process with increasing molar fraction of AA in the initial monomer mixture. The radical copolymerization
of p-PGF with AA forms insoluble polymers of the network structure in the entire range of the studied
comonomer ratios. The experimental data obtained as a result of studying the processes of radical copoly-
merization in p-PGF-AA systems are presented in Table 1. The yield of the copolymers was 83—74 %.

Table 1
Composition dependence of the copolymers on the initial mixture composition
in the copolymerization of p-PGF (M;) with AA (M,) [BP] = 8 mol/m’, T =333 K
The initial ratio of monomers, mass. % Copolymer composition, mass. %
Yield, %
M, M, m my
9.98 90.02 7.23 92.77 84.23
15.04 84.96 10.85 89.15 82.84
24.92 75.08 20.45 79.55 78.41
50.06 49.94 46.89 53.11 74.98
75.25 24.75 72.36 27.67 69.55
90.13 9.87 89.05 10.95 65.45

Enrichment of the p-PGF-AA copolymers with AA units throughout the investigated range of the initial
mixtures was seen from Table 1, while the content of the AA units in the copolymer composition increases
sympathetically its amount in the initial monomer mixture. The copolymer yield and the swelling degree in-
crease with increasing concentration in the initial AA mixture, which is apparently due to a sufficient degree
of branching and cross-linking. Since the fumarate groups are not capable of homopolymerization reactions,
the branching and cross-linking reactions diminish with a decrease in the molar AA concentration, respec-
tively, while the unsaturation degree of the copolymer increases. Also, the above reactions are difficult with
the increase of the p-PGF concentration in the initial monomer mixture, which in turn leads to the viscosity
growth. The composition diagram demonstrates more clearly the dependence of the copolymer composition
on the initial mixture composition (Fig. 2).
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Figure 2. The dependence of the p-PGF-AA copolymers composition
on the composition of the initial monomer mixture

The relative activities of the comonomers were calculated using the integral Mayo-Lewis equation [9],
the standard Fineman-Ross and Kelen-Tiidos methods on the basis of the copolymer and the initial monomer
mixture compositions data. Table 2 shows the results of calculations. There was an assumption that p-EGF
had a lower reactivity in radical copolymerization compared to AA. The obtained values of the relative activ-
ities of the copolymers confirm this assumption. The calculated values of the copolymerization constants
indicate a greater AA activity in radical copolymerization. The data from Table 2 demonstrate the relative
activity r; in the p-PGF-AA system that is less than one. It may indicate more activity of macroradical ending
in the p-PGF unit towards the «foreign» monomer or radical, while the macroradical ending in the second
comonomer AA (r>1) unit reacts much more easily with its «own» monomer. The product of copolymeriza-
tion constants (7'7;) close to unity indicates the possibility of copolymers to the formation of statistical struc-
tures.

Table 2
Constants and parameters of radical copolymerization of p-PGF-AA binary systems
Method r r ry'r l/r1 1/7”2 e Q1 (%) Q2
Mayo-Lewis 0.75 1.18 0.89 1.33 0.85 0.42 0.74 0.77 1.15
Fineman-Ross 0.82 1.21 0.99 1.22 0.83 0.68 0.89 0.77 1.15
Kelen-Tiidos 0.78 1.28 1.00 1.28 0.78 0.73 0.87 0.77 1.15
Average 0.78 1.22 0.96 1.28 0.82 0.61 0.83 0.77 1.15

Various internal factors as conjugation, steric hindrance, polarity of the monomer and radical, influence
on the monomers reactivity. The O-e parameters were calculated by the Alfray and Price equations based on
the values of copolymerization constants. Both p-PGF and AA monomers have different polarities of the
double bond (Table 2). The Q values for these monomers are significantly different. The degree of conjuga-
tion in the double bond with the substituents is also different due to the less value of O for p-PGF. This de-
termines the high propensity of monomers and radicals ending in the p-PGF units to attach more «foreign»
monomers under the polymerization conditions.

Conclusions

Thus, a brief review of the studies in the paper shows a possibility to obtain new polymers of the spa-
tially cross-linked structure as a result of radical copolymerization of poly(propylene glycol)fumarate and
acrylic acid. The results obtained demonstrate the ability to control the physical-chemical properties of the
copolymers based on poly(propylene glycol)fumarate and acrylic acid, induced by the polymer composition,
which allows the creation of new materials with a predefined program of behavior.

The work is done within the frameworks of grant financing of scientific researches for 2018—2020 by
Ministry of education and science of the Republic of Kazakhstan subject to the project topic
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No. AP05131541 «Development of theoretical and practical bases of synthesis of new «intellectualy poly-
mers based on polyethylene-(propylene)glycol fumaratey.
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IMoaunponujieHrIuKoab(pyMapaTTblH AKPHJI KbIIIKbLIbIMEH PATHKAIIBIK
CONOJIMMEPJICHYAIH KOHCTAHTAJIapbl MeH NapaMeTpJiepi

Makanaza anrai pet AMOKCaH OpPTachlHIa 0acTarKbl MOHOMEP KOCMACHIHBIH dPTYPIIi MOJIbIIK KaThIHACHIHAA
HOJIMIIPOIMICHITUKOJIb(QYMapaTThIH, aKPHUJ KbIIIKBUIBIMEH OMHApPIIbI PaJAUKAIIbl COIOIMMEpPIICHYI 3epTTel-
reH. ConoymMepIIeHy peakUsIChIHBIH KHHETHKACH! aHBIKTaIbl. KIMHETHKAIBIK KUCHIKTap epiTiHAieri akpui
KbIIIKBUIBIHBIH ~ MOJIBJIK MOJIIEPiHiH KoOeHreH caifblH peakmus KbUIIAMABIFBI MEH COPOUIMSUIBIK
CHIMBIMABUIBIFBL  apTAaTHIHBI  KepceTunmi. Xpomarorpadusa-Macc-CIIeKTPOCKONHSHBI  KOJNJAaHy — apKbLIbI
CHHTE3/ICITeH COMOIMMEpPIIepIiH KypaMbl aHBIKTAIAbL. Parukanis! cononmMepiaeHyAiH KOHCTaHTalapsl MEH
napamerpiepi Maiio-JIbtouc, Daitnman-Pocc sxone KeneH-TioIoMITBIH HHTErPaIgbl 9iCIMEH ecenTenesi.
ComosnuMepieHy TYpaKThUIApBIHBIH Heridinge (-e mapamerpiepi Andpeii-Ilpaiic Texumeyi OoitbiHina
ecenTendi. AKpWI  KbIIIKBUIBIHBIH  I[OJUIPONMICHIIMKOIb(YMapaTieH  CONOJMMEpiIeHy  Ke3iHzae
COHFBICBHIHBIH TOMEH PEaKTHBTUIKIEH CHUMATTanartblHbl aHblkramael. 1-III'O-AK  okyiecinmeri 7y
caspIcThIpMaibl Oescenpiniri OipaeH a3. Byn n-III'® Gacka MOHOMeEpiepMeH COMOJUMEpIICHYTe KaOijeri,
TOMOIIOJIIMEpJICHYTe KaparaHZa, J>XOFaphl eKeHJIriH kepceremi. ComoimumepiepniH KaHBIKIIaFaHIbIFbI
0acTamkpl MOHOMEpP KOCIAchl KYPaMBIHAAFbl  MOJMATIWICHITIMKOIb()YMapaTTelH MeJIepiMe Typa
MIPONIOPIMOHAIAB  eKeHiri kepcerinmi. Ocbinaiima, 3eprreyaiH HoTmwkenepi 1-III'D  merisinzeri
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CHHTE3JIe/IreH MOJIMMEpIIep JKaKChl KaCHETTEpre He >KOHE FhUIBIMHBIH OPTYpIIi cajlajapblHa KOJIAAHBLIYbI
MYMKiH.

Kinm ce30ep: KaHbIKIaraH Honu3GUpPIi IIaidbIpiap, MOJMIPONHICHIIMKOIb(YMApaT, aKpUI KbILIKBUIBL,
CONOJINMEPIICHY KOHCTaHTAJIaphl, MOHOMEpJIEp OCICEHIINIIr, KHHETHKA, COPOINS, COIOIMEPIICHY.

M.XK. Bypkees, I'.K. Kynaiitoepren, E.M. Tax6aes, I'.K. bypkeena,
A XK. Capcenbekona, . I'pannuek, H.A. EcentaeBa, A.H. bonar6aii, C.b. Aykaauesa

KoHcTanThl 1 mapaMeTpbl PaAUKAIbLHON CONMOJIMMepPH3alUH
NOJTUNPONMUIEHIJIMKOIb(yMapaTa ¢ aKpUJI0BOi KHCI0TOI

B cratbe BmepBele HcCleIOBaHa OWHapHas paUKalbHAs COMOJMMEPHU3ALH MOTUIPONHICHIIUKONb-
(ymapara ¢ akpHIOBOH KHMCIIOTOH B Cpeie IMOKCaHA IPU Pa3iIMYHBIX MOJBHBIX COOTHOLICHUSX MCXOIHOW
MOHOMEpHOH cMecH. M3ydeHa KHMHETHKa peaknuy cononuMmepu3anui. Kunetnaeckne KpHUBbIe MOKA3bIBAIOT,
YTO C HOBBIIICHHEM MOJBHOH JOJM aKpUJIOBOW KHCIOTHI B PACTBOPE YBEIMUYHMBAIOTCS CKOPOCTH PEaKIUH U
COpOLMOHHAs CIIOCOOHOCTH comoiauMepoB. C IPUMEHEHNEM XPOMAaTo-Macc-CIeKTPOCKOINH ONpeeieH Co-
CTaB CHUHTE3UPOBAaHHBIX conojumepoB. MHTerpanbueiM MeTooM Maiio-JIbtonca, ®daitnmana-Pocca n Kerne-
Ha-Tromoma paccunuTaHbl KOHCTAHTBI M MapaMeTpbl pafuMKalbHON comonumepusaiu. Ha ocHOBaHMM KOH-
CTaHT comoiuMepa3anuu no ypasHeHuo Asdpes-Ilpaiica paccuutansl napamerpsl Q-e. YCTaHOBIEHO, YTO
TIPU COTOIMMEPH3ALMN aKPUIOBOH KUCIIOTHI C MOIUIPOIHIEHITNKOIb()yMapaToM MOCIETHNI XapaKTepusy-
eTcs MeHbLIeH PeaklinOHHON coCOOHOCTRI0. OTHOCUTENbHAS aKTUBHOCTH 7| B cucteMe n-I1I'd-AK menbme
€IMHUIIEL. DTO TOBOPHUT O TOM, 4TO crnocoOHoCTh n-III'® k comonmMepu3anuy ¢ JpyruMu MOHOMEpaMH BBI-
mre, 4eM K roMornoiauMmepu3anuu. [lokazaHo, 9To CTeNEHb HEHACHIEHHOCTH CONOJIMMEPOB IPSIMO HPOIIOp-
IUOHAIEHA COAEPKAHUIO OJIUIPOIMICHITINKONIb(yMapaTa B COCTaBe MCXOIHOH MOHOMEpHOH cMecH. Takum
00pa3oM, pe3ysIbTaThl ITOTO HCCIIEJOBAHUS TOKa3alH, YTO CHHTE3UPOBAHHBIC MONIUMEpHl Ha ocHOBe n-I1I'D
HMMEIOT XOPOIINE XapaKTePUCTUKU U MOTYT OBITh UCIIOIB30BAHbI B PA3JIMYHBIX 00IACTAX HAYKH.

Kniouesvie cnosa: HeHaChHIEHHbIE MOIMI(QUPHBIE CMOIBI, MONUMNPONUIECHIIIHKOIb()YMapaT, aKpUIoBasi K-
CJIOTa, KOHCTAHTHI COMONIUMEPU3aINH, aKTUBHOCTh MOHOMEPOB, KHHETHKA, COPOIHS, COMOIMMEPH3ALIHS.
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Synthesis and investigation of copolymer properties
on the basis of poly(ethylene glycol)fumarate and methacrylic acid

In the result of reaction of free radical copolymerization of poly(ethylene glycol)fumarate and methacrylic ac-
id insoluble copolymers of different weight composition were obtained. Influence of ionic strength of the so-
lution, organic solvents on the level of swelling of synthesized copolymers was studied. According to the re-
sult of the research, it is possible to make the conclusion that ratio of monomeric units in copolymer, as well
as concentration of low-molecular components in the solution significantly influence the perceptivity of pol-
ymeric gels to the presence of low-molecular salts (NaCl and CaCl,), organic solvents (DMSO, DMF, and
ethanol). When the share of methacrylic acid is decreased in copolymer, the perceptivity of gels to admixtures
of low-molecular salts and organic solvents is decreased. This is conditioned both by increase of the content
of carboxyl groups in the macrochain, and density decrease of polymer network. Observed influence of ionic
strength confirms contribution of both electrostatic and hydrophobic interactions in process of swelling-
collapse of samples examined. It is shown that changing the nature of comonomer, we can obtain the hydro-
gels with the ability to turgesce or collapse at change of ionic strength, thermodynamic quality of the solution,
and with variation of ratio of comonomer units it is possible to regulate the intervals of swelling and com-
pression of polymer networks. As well, results of X-ray energy-dispersive microanalysis show that examined
polymeric systems based on copolymers p-EGF — MAA might be in demand as sorbent agents in purifica-
tion and beneficiation technologies.

Keywords: poly(ethylene glycol)fumarate, methacrylic acid, copolymer, hydrogel, polycondensation, swell-
ing, collapse, unsaturated polyester, free radical copolymerization.

Introduction

New sphere studying the polymeric materials, whose properties might be changed depending on param-
eters of environment, appeared and started developing relatively recently. This new generation of materials is
called «smart» or «intellectual» polymers. Distinctive features of «intellectual» polymers are in their addi-
tional functional abilities, which are out of the properties, defined by the structure of material [1]. Such mate-
rials play double or triple role — material itself with necessary characteristics, indicator for external influ-
ence, and, in some cases, device, «programmed» for definite behavior. Issue of synthesis, selection of initial
reagents at obtaining of such polymer systems and their application, is especially urgent. Perspective rea-
gents for development of intellectual systems are unsaturated polyesters, which are the products of
polycondensation of polyatomic alcohols and carboxylic acids. Main feature of unsaturated polyesters is in
ability to undergo easily the reaction of copolymerization (solidify) with vinyl monomers at room tempera-
ture without application of high pressures, without the release of volatile and other by-products [2—4]. Due to
this, it becomes possible to apply the unsaturated polyesters as one of reagents at synthesis of «intellectual
polymers, which are widely applied in medicine, pharmacy, biotechnology, nanotechnology and lots of other
branches of human life.

Basing upon the historical data, first time the concept of «copolymerization» of unsaturated polyesters
was adopted by German scientist Benig [1]. Thus, multiple scientific works, patents, of both present and past
periods, are devoted to the study of copolymerization of unsaturated polyesters with vinyl acetate, styrole and
methylmetacrylate, simple and compound allyl ethers [2—4]. Analysis of literary sources showed the absence of
information on free radical copolymerization of unsaturated polyesters with unsaturated carboxylic acids.

Earlier we obtained and examined the polymeric hydrogels based on polyglycol maleates with high
sorbing properties. Results we obtained demonstrate the perspective of their application as moist sorbent
agents in crop production [5] and as effective nanocatalysts [6]. However, with the aim of comprehensive
enchanced studying of this unique valuable class, we considered interesting to continue the researches in this
direction.
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In connection with the abovementioned, this work is devoted to the synthesis and study of physical and
chemical properties of new polymeric hydrogels based on unsaturated polyester — poly(ethylene glycol)
fumarate (p-EGF) solidified with methacrylic acid (MAA). We carried the analysis of sorbent properties of
synthesized samples in water and salt solutions of low-molecular salts (LMS), organic solvents at change of
their concentration and basic composition of polymeric network of copolymer.

Experimental

Initial p-EGF was obtained by reaction of polycondensation of fumaric acid and ethylene glycol at the
temperature of 403—453 K [7, 8]. Reaction process was controlled by determination of an acid index and by
volume of water released. Synthesized polyester is resinous low-melting substance of light-yellow color, sol-
uble in chloroform and dioxane. The resin obtained was separated from the initial monomers by multiple
rinsing with acetone.

Molecular mass of p-EGF was established by methods of light-scattering with nephelometer 2100 AN
of NACH brand and method of admeasurements of end groups, which amounts 2500 amu [9]. Free radical
copolymerization of p-EGF with MAA was carried in the solution of dioxane at different initial mass ratio of
comonomers, in the presence of benzoyl peroxide (BP) as initiator, at temperature of 333 K [7, 9]. Synthe-
sized polymers, to separate them from the residuals of unreacted monomers, were multiple rinsed with
dioxane and dried with vacuum till the constant mass. Compositions of copolymers obtained were deter-
mined with potentiometric titration and according to the residual quantity of monomers by method of
chromato-mass spectroscopy with Agilent 7890A mass-selective detector Agilent 5975C [7, 9—11].

Equilibrial level of swelling of hydrogels was determined by gravimetric method. Level of swelling of
samples (o) was calculated as the ratio of mass of turgid hydrogel in point of equilibrial swelling to its initial
mass in dry condition [1, 5, 6]. IR-spectra of samples were registered in pills with KBr with spectrometer
FSM 1201. Electronic microscopic study was held with raster electron microscope (REM) MIRA 3 of
TESCAN brand. Studies were carried at accelerating potential 20 kV [11].

Results and discussions

High-turgid polymeric hydrogels are the system that easily react the changes of external environment.
Conduct of such hydrogels in solutions of low-molecular salts is studied in details, in particular, the ability of
hydrogels to make the redistribution of their concentrations [1, 5, 6, 12]. Researches of copolymers of
poly(ethylene glycol) fumarate show that the latter are sensible to the change of environment. This suggests
the perceptibility of studied systems to ions of low-molecular salts and organic solvents.

At reaction of p-EGF with MAA in presence of initiator of polymerization reaction, their joint polymer-
ization happens, which leads to the formation of non-fusible polymer of three-dimensionally cross-linked
structure [1, 7]. Reaction of free radical copolymerization of p-EGF with MAA proceeds under the following
scheme presented in Figure 1.

0 CH,
0 R 0 CH; 0 R 0 CH;
NV || | g | e 0 |cl (|j—](—j'—C|—0———](-"Z—C|JVV\
o—C—¢ ¢ C 0 C ¢ ¢ ¢
g =
3 H;C—(|‘,—COOH H;C—(|I—COOH
0 CH, CH;, 0 CH, CH,
Y | d & C| O—U—E‘—C——C—O—EZ—CJVV\
0 C ¢ ¢ ﬂ 0 C G | ¢ | ¢
J 0 R 0

Figure 1. Reaction scheme of free radical copolymerization p-EGF with MAA

Results for copolymerization of p-EGF with MAA are shown in Table. Yield of copolymer amounts 73
to 87 %.
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As we see in Table, at any ratio of initial mixture, copolymer is beneficiated with links of MAA, at that
yield and level of swelling is decreased progressively as reduction of the latter.

Table

Dependence of composition of copolymers on composition of initial mixture at free radical copolymerization
of p-EGF (M) with MAA (M,) [BP] = 8 mole/m’, T =333 K

Composition of initial mixture, mass % Composition of copolymer, mass % .
Yield, %
M, M, my mp
10.03 89.97 6.65 93.35 87.30
15.08 84.92 10.23 89.77 80.73
25.07 74.93 19.25 80.75 75.07
50.05 49.95 42.09 57.91 72.52

Copolymers were identified according to data of IR-spectra in accordance with the Figure 2. Lines, de-
scribing the range 1550 ~ 1620 cm™ are related to the link C = O. At the same time, absorption bands in
IR-spectrum copolymers p-EGF-MAA in 1758 ~ 1763 cm™' and 2994 ~ 2997 cm ' characterize the links
C=0 and —CH, respectively, and peaks at 1184 ~ 1190 cm™" are peculiar for COC — link. Besides, absorp-
tion bands at 1452 ~ 1457 cm™" and 1382 ~ 1389 cm™' conform to link ~CH(CHS,).

| —~
My, (5N
‘\ a1t ais | 14134, w.T \Cl

N
I 107628, 37
st 775,39, 3594
N, f\ )
7384, 034 139261, 33,27 :
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2957.39.24.07 "I 2T
w 170854, 4818
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Figure 2. IR-spectrum of p-EGF-MAA

Literature [12] shows that presence of low-molecular component in the solution may cause both
swelling, and collapse of polymeric network. According to [12], addition of low-molecular salt influences
significantly the polyelectrolytic gels causing the shielding of effects related to the state of charge of the
network. Basing upon abovementioned, we can suggest that nature of reaction of linked polymer with ions of
mono- and polyvalent salts depends on its chemical composition. Figures 3, 4 show the experimental data of
dependence of level of swelling of synthesized samples on concentration of NaCl and CaCl,, respectively.

1800
1600
1400 -
1200

# 1000 * 6.65:93.35
800 ® 10.23:89.77
600 A 19.25:80.75
400 - ® 42.09:5791
200

o,
()
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Figure 3. Influence of NaCl salt concentration on level of swelling of copolymers p-EGF-MAA
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Figure 4. Influence of CaCl, salt concentration on level of swelling of copolymers p-EGF-MAA

Thus, at adding of low-molecular salt NaCl to the external solution, dimensions of samples of polymer-
ic network are reduced to some minimal value (Fig. 3). According to analysis of hydrogel properties, case of
chemical contraction may be implemented at suppression of LMS of electric attraction of like-charged
groups. From this viewpoint, such conduct of samples tested in LMS solution is explained by the fact that
dependence of level of swelling on salt concentration is subject to polyelectrolytic mode [1, 5, 6, 12].

With concentration increase of low-molecular compositions, we observe the collapse of copolymers
tested. It should be emphasized that according to the results obtained, ratio of monomeric units in copoly-
mers to the presence of low-molecular salts influences the conduct of hydrogels. Thus, with increase of share
of MAA in copolymers, sensibility of gels to salts admixtures is increased, and transition is observed at high-
er values of salts.

As continuation of research, we examined the influence of bivalent salt CaCl, on conduct of hydrogels
of p-EGF-MAA. Figure 4 shows the experimental data for swelling in presence of bivalent salt. Comparing
these results with the experimental studies of influence of monovalent salt, we can note the fact that curves
of dependence of swelling of copolymers tested in the presence of CaCl, and NaCl are of similar nature. It
should be noted that decrease of sorption capacity of hydrogels is observed at lesser concentrations of biva-
lent salt. This might be related to the number of reasons: first, bivalent ions are stronger attracted by oppo-
sitely charged groups of the network, compared to monovalent ones; second, bivalent ions may neutralize the
charge of large number of opposed-charged ions inside the network [5, 6]. Experimental data we obtained
are coherent with literature data [12].

Considering the abovementioned, basing upon the widely known theoretical principles and processes,
peculiar for polyelectrolytic gels, it seemed interesting to study the microstructure of sample of p-EGF-MAA
10.23:89.77 mas.%. With that in mind, electronic and microscopic studies of turgid samples in water and salt
solutions of NaCl and CaCl, were carried out. Results of the research are shown in Figure 5.

10.23:89.77 mas.% NaCl (at the left) and CaCl, (at the right)

Figure 5. Electronic and microscopic figures of p-EGF-MAA
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To confirm the presence of ions of Ca>” we carried out the X-ray energy-dispersive microanalysis X—
Act (Oxford Instruments) of copolymer p-EGF-MAA 10.23:89.77 mas.%. This microanalysis allows detect-
ing locally the elemental composition on the surface of the sample (Fig. 6). Analysis was carried out by the
method of mapping of sample surface. At detection, it was considered that the test was carried with carbon
adhesive tape, and carbon content was not considered. At imposition of allocation maps of chemical ele-
ments, the presence of elements composing this microstructure was obtained.

C Kal2 Cl Kal

[

500um

500pum

Figure 6. Figure of secondary electrons of copolymer p-EGF-MAA
10.23:89.77 mas.% with ions of CaCl, salt and mapping in this part

Results of X-ray energy-dispersive microanalysis of the sample fully confirm the composition of the
product, and distribution of chemical elements in microstructure confirm the presence of such elements as
carbon, chlorine and calcium.

In continuation of researches, to obtain the more aggregate figure of influence of different factors of en-
vironment on sorbing ability of samples tested, the influence of organic solvents on level of swelling of
p-EGF-MAA with composition of 10.23:89.77 mas.% was studied. As organic component, dimethylform-
amide (DMF), dimethylsulfoxide (DMSO) and ethanol were selected; their content if the mixture with water
varied from 0.1 till 1.0 volume ratios (ng). Selection of these solvents was based upon the difference in their
polarity.

At addition to environment, being the polymer turgid in water, among organic solvents gradual reduc-
tion of samples dimensions is observed, which is the result of deterioration of thermodynamic quality related
to the presence of solvents [1, 5, 12]. It shall be noted that function a(ny) is not changed in jerks, thus, this
process cannot be examined as phase change. As well, it shall be noted that the nature of organic solvents
influences the type of influential curves. Thus, hydrogels become most globular in ethanole, compared to the
systems DMF-water, DMSO-water. These phenomena might be explained by the volume of polarity and
permittivity of examined organic components [12].

Conclusions

Thus, the conclusion might be made that possibilities of control of physical and chemical properties of
polymers based on poly(ethyleneglycol) fumarate, demonstrated in the thesis, allow to develop new polymer-
ic materials of polyfunctional destination with preset conduct program. Besides, considering the results of
X-ray energy-dispersive microanalysis, we can make a conclusion that tested systems based on copolymer
p-EGF might be in demand as sorbents in purification and beneficiation technologies.

The work is done within the frameworks of grant financing of scientific researches for 2018—2020 by
Ministry of education and science of the Republic of Kazakhstan subject to the project topic
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No. AP05131541 «Development of theoretical and practical bases for the synthesis of new «intelligenty
polymers based on polyethylene-(propylene)glycol fumaratey.
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M. XK. Bypkees, I K. Kynaiibepren, E.M. Taxx0aes,
A. I'pannuek, I'.K. Bypkeesa, A.)K. CapcenbexoBa

o3 THIIEHTINKO0Ib(YMAPATTHIH MEeTAKPUJ KbIIIKBLIbI Heri3iHaeri
ConoJIMMepJIepAiH CHHTe31 MeH 3epTTenyi

[MonuaTHIEHITHKOIb(GYMapaT MEH METaKPHI KbILIKBUIBIHBIH PAAUKAIIbl CONOIUMEPIICHY PEaKLHSICHIMEH
SPTYPJIi Maccajbl KaThIHACTAFbl ePIMEHTIH comoauMepiiep anbiHAbl. CHHTE3SNTeH COMOMUMEepIepail iCiHy
JopexeciHe epiTiHAIHIH MOHABIK KYIIi, OpPraHUKAJBIK ePITKIIITEepOiH acepi 3epTreimi. 3epTTey HoTHXKecl
OOMBIHIIA ITOJMMEPIIi TeNBACPAIH Ce3iMTanAbFbIHa ToMeH Moiekynansl Ty3mapasiH (NaCl men CaCly),
opranukansik epitkimrep (JAMCO, IM®A, sraHon), conoimMmepaeri OybIHAAPIbIH KaTBIHACHL, COHBIMEH
KaTap epiTiHAeri TeMeH KOMIIOHCHTTEP/IH KOHIEHTpamuschl aiftapielkrail ocep ereni. Comommmepperi
METaKpWJI KbIIIKBUIBIHBIH MOJIILIEPIiHiH a3alobl TEeNBAIH TOMEHMOJIEKYJAlbl TY3Jap MEH OpTaHHKAJIBIK
epiTKilTepre ce3iMTanIbIFbl ToMeHAeHmi. bysn Makporizoekreri KapOOKCHI TONTapAblH KeOewi MeH
HOJIMMEP/IH TOPABIH ThHIFbI3JbIFBIHBIH a3al0bIMEH HerizjenreH. MoHabl KylliHiH OakpUIaHATBIH dcepi
3epTTEINiN JKaTKaH ChIHAMAJIap/IbIH iCiHYi-KoJUTamc ypaici Ke3inae ruapodoOTHIK jKoHE JIEKTPOCTATHKAIBIK,
e3apa OpEeKeTTeCYJIepiH yieciH pacraiiisl. COMOHOMEpIiH TaOMFaThIH ©3repTe OTHIPbIN, HOHIBIK Ky,
epITIHAIHIH TEePMOAWHAMHKAIBIK KAaCHETTepiH, iciHyre HeMmece KOJUIANCTayFa KalOilneTTi THAporenbaepii
airyra OOJIATBIHABIFBI, COHBIMEH KaTap COHOMEp/IH OYBIHIapBIHBIH KATHIHACHIH ©3T€pTe OTHIPHII, IOIUMEpIIi
TOpJIApABIH ICIHy MEH CBIFBUIy HWHTEpBAJIJApbIH peTTeyre OONaTHIHIBIFEI KepceTinmi. Penrrrenmi
SHEPTOIUCIICPCHOHIBI MEKpOcapanTaMa HoTrxkenepi Herizinae n-2I'® — MAK Herizinzgeri cononmmmepIiepai
HOJIMMEPII JKYienep copOeHTTEp PeTiHAEe Ta3apTKbILI JKOHE OalbITy TEXHOJIOTUSIIAPbIHAA KOJIIAHbLIA aJlajibl.

Kinm ce30ep: MONMATHICHIIUKOIb(GYMapaT, METAKPHI KBIMIKBUIBL, COMOIMMEp, MAPOreb, MOJHKOHICH-
cauys, iciHy, KOJUIAIc, KaHbIKMaraH MOJMAGHUPII HIalbIp, paIUKaIAbl COMOIHMEPIICHY.
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Cunre3 n HCCJIel0OBAHNE CBOMCTB COIMOJIUMEPOB HA OCHOBE
HOJII/IZ-)TI/IJIEHFJII/IKOJIbq)yMapaTa Hu MeTaKpHJIOBOﬁ KHCJI0TbI

Peakimeit pagukaabHOM CONOMMMEPU3AMU MOJUITHIICHININKOIb(GYMapaTa 1 METaKpUIOBOK KHUCIOTHI MOJY-
YEeHBl HEPACTBOPHUMBIE COIOJIMMEPEI Pa3IMIHOTO MacCOBOTO cocTaBa. McciieoBaHO BIMSHHE HOHHON CHIIBI
pacTBopa, OpraHWYECKUX PACcTBOPUTENICH Ha CTEleHb HaOyXaHWs CHHTE3MPOBAHHBEIX comoiuMmepoB. Ilo pe-
3yJIbTaTaM UCCIIEAOBAHUN MOXHO CJIeNIaTh BBIBOM, YTO HAa BOCIIPHUMYHBOCTD ITOJMMEPHBIX Teleil K MpUCYT-
crButo Hu3koMoseKyapHeIx coned (NaCl u CaCly), oprannueckux pactsopureneit (JJMCO, IM®A, sta-
HOJI) CYIIECTBEHHO BIUSIIOT COOTHOLIEHHS MOHOMEpPHBIX 3BEHBEB B COMOJHMMEPE, a TAKKE KOHIEHTpALUsS
HHM3KOMOJIEKYJISIPHBIX KOMIIOHEHTOB B pacTBope. C yMEHbIIEHHEM B COMOIUMEPE HOIH METAKPHUIOBOH KH-
CJIOTHI TIOHMKAETCS UyBCTBUTEIBHOCTD Tellel K 100aBKaM HU3KOMOJIEKYISPHBIX COJIEH, OPraHMYEeCKUX pac-
TBOpUTENEH. DTO 00YCIIOBIEHO KaK MOBBIIIEHUEM COAEPMKaHHUs KapOOKCHIBHBIX TPYINI B MAaKPOIENH, TaK U
CHI)KEHHEM IUIOTHOCTH MoNuMepHoi ceTku. Habnogaemoe BusiHuE HOHHOM CHITBI HOATBEPIKAAET BKIAJ Kak
NEKTPOCTATUYECKHX, TaK ¥ THAPO(OOHBIX B3aNMOJICHCTBHH B IIpoliecce HaOyXaHUsI-KOJIIAICa NCCIIeyeMbIX
o6pasnos. [TokazaHo, 4TO, N3MEHSSI IPHPOTY COMOHOMEPA, MOXKHO MOJIY4YaTh THAPOTENH, CIIOCOOHBIC Haly-
XaTh WM KOJUIANCHPOBATh IIPH M3MEHEHWH HOHHOW CHIIBI, TEPMOIMHAMHYECKOIO KadyecTBa PacTBopa, a
BapbHUPYs COOTHOLIEHHE 3BCHEEB COMOHOMEPOB, MOJKHO PETyINpOBaTh HHTEPBAIbGI HAOYXaHUS U CXKATHS I10-
JMMEPHBIX CETOK. TakKe U3 pe3ybTaToOB PEHTTEHOBCKOTO SHEPTOANUCIIEPCHOHHOIO MHKPOAHAN3a CIEIyeT,
YTO UCCIeoyeMble MOJIMMEPHbIE CUCTEMBI Ha OCHOBE conoiumMepoB M-OI'd — MAK moryt ObITh BOcTpeboBa-
HBI B KQUECTBE COPOECHTOB B OUHCTHTENIBHBIX U 00OTaTHTENBHBIX TEXHOTIOTUSX.

Kniouesvie cnosa: HO.]'IPDTHJ'ICHFJ'IHKOHL(byMapaT, METaKpUJIOBasA KUCJIOTA, COIMOJIMMED, T'MAPOTeEilb, ITOJIMKOH-
JACHCalus, Ha6yXaHI/IC, KoJu1arc, HCHaChbIICHHAas HOIII/I3(1)I/IpHa$I CMoOJIa, padKaJlbHas COIIOJINMEpU3alusl.
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Investigation of interaction between tert.-butyl diamidophosphites and alkyl halides

In this article the interaction of tert.-butyldiamidophosphites with various alkyl halides with a mobile halogen
atom, in particular, allyl chloride, benzyl chloride and bromomalonic ester under various conditions was stud-
ied. It was established that reactions with benzyl chloride and allyl chloride proceeded according to the clas-
sical Arbuzov reaction scheme by quartering the phosphorus atom with the formation of the corresponding
benzyl and allyl amidophosphonates as the main reaction products. It was stated that the reaction proceeded
ambiguously with the formation of various products mixture. This is due to the structure of the intermediate
«quasiphosphoniumy», which depends on the nature of the solvent: the ionic form predominates in polar sol-
vents, and the pentavalent form predominates in non-polar solvents. In addition it was proved that the direc-
tion of the reaction depended on the reaction conditions, namely, the temperature and the solvent nature. It
was shown that the reaction with bromomalonic ester proceeded through the initial protonation of the phos-
phorus atom with the formation of a quasiphosphonium compound, the decomposition of which led to the
corresponding tetraethyldiamidophosphorous acid.

Keywords: ester amides of P (III) acids, Ester amides of P (III) acids, tert-butyldiamidophosphites, alkyl hal-
ides, bromomalonic ester, bromomalonic ester.

Significant advances in the practical use of phosphorus organic derivatives and the important role of
phosphorus compounds in vital processes are the basis of a large and undying interest in the chemistry of
these compounds. In recent years applied chemistry of organophosphorus compounds was significantly de-
veloped, a huge experimental material was accumulated, systematized and summarized in many reviews and
monographs [1-4]. At the same time theoretical researches were also developed but a theoretical approach to
problems of the reaction mechanism and reactivity of organophosphorus compounds, especially for deriva-
tives of trivalent phosphorus, turned out to be more difficult, and the results were less significant compared
with data for objects of classical organic chemistry.

One of the most important and interesting reactions in organophosphorus compounds chemistry was
and remains the Arbuzov reaction, or the Arbuzov rearrangement, which had a great influence on the for-
mation and development of the chemistry of organophosphorus compounds.

Ester amides of acids P(III) are of particular interest in a series of compounds of trivalent phosphorus.
Due to the presence of the P-N moiety in the molecule composition they possess two nucleophilic centers,
namely, a phosphorus atom and a nitrogen atom with respect to electrophilic compounds. The phosphorus
atom was believed to be the nucleophilic center in the reactions of ester amides of P(III) acids with alkyl hal-
ides occurring with an increase in the valence of the phosphorus atom, and these reactions proceed according
to the Arbuzov scheme through formation of the intermediate quasiphosphonium compound. In reactions
with H-acids, which occur without changing the valence of the phosphorus atom, according to the scheme of
replacing the amide group of the ester amide P(III) with an acid residue, the nitrogen atom of the system
plays the role of a nucleophilic center. However a sharp discussion about the mechanism of these reactions is
conducted in recent years.

+
(RoN) 3y PRIn + RX — |(RoN) 5, PR! RE|X
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From the standpoint of chemical behavior tert.-butyl esters of amidophosphorous acids have not been
practically studied before. Obviously this is due to the fact that according to the literature the tert.-butyl es-
ters of phosphorous acid are thermally unstable compounds which when heated are easily dealkylated with
the release of isobutylene. Thus tri-tert.-butylphosphite (t-BuO);P decomposes forming di-tert.-
butylphosphite (t-BuO),PHO when heated above 50 °C, diethyl tert.-butylphosphite (EtO),POBu-t decom-
poses when heated above 70 °C [5]. The cause of the thermal instability of the tert.-butyl esters was not es-
tablished. It was shown that the second stage of the reaction of (EtO),POBu-t with acrylonitrile and methyl
iodide proceeded mainly with the participation of the tert.-butyl radical via the Sy1 mechanism (route 1) or
E2 (route 2) [6].

.- 1 , -
[(EtO)zl;’r—R]X O (EtO),P(O)R + (CH;);,C" + X
OC(CH,), ¢
T (CH;),C=CH, + H'

(Et0),POC(CH;); + RX

+ '
(EtO)zll)—R

_ ﬁ» (EtO),POR + HX + (CHj),C=CH,
OC(CH3); X

In order to study the issues of thermal stability, reactivity, and also searching for new cost-effective and
experimentally convenient methods for synthesizing compounds with a P-C bond we developed effective
methods for synthesizing tert.-butyl esters of amidophosphorous acids of cyclic and acyclic structures and
studied the regularities of their chemical behavior in reactions with a number of electrophilic compounds.
Classical reactions synthesizing ester amides of P (III) acids using a 3-5 % excess of tertiary amine were
used to obtain tert.-butyl esters. They are shown on the following schemes:

(EtzN)ZPCI + t-BuOH + Et3N _>(Et2N)2POBU-t + Et3NHCl
(1)

(Me;N),PCl + t-BuOH + Et;N ——> (Me;N),POBu-t + Et;N'HCI
(2

EtzNPCIZ + 2t-BuOH + 2Et3N _>Et2NP(OBU-t)2 + 2Et3NHCl
A3)

MezNPCIZ + 2t-BuOH + 2Et3N _>M62NP(OBU-t)2 + 2Et3NHCI
4
mo @

NHPh N\
I: + (EtzN)zPOBu-t — I: POBu-t + 2Et2NH
0”5

The structure of all phosphorous ester amides obtained was proved by *'P NMR and 'H NMR spectros-
copy. As it was to be expected the signals of the phosphorus atom in the *'P NMR spectra are in a weak field
in the range from 110 to 130 ppm, which corresponds to the signals of the three-coordinated phosphorus
atom.

In the study of tert.-butyl and di-tert.-butyl esters of amidophosphorous acids of cyclic and acyclic
structures we showed that they were sufficiently thermally stable compounds. Thus according to the
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*'P NMR spectrum it was found that tert.-butyltetraethyldiamidophosphite (1) retained the configuration of
the trivalent phosphorus atom (dp124 ppm) when heated above 200 °C.

In accordance with the literature data the studies related to the investigation of the chemical properties
of esters with a tert.-butoxyl group are absent, apparently due to the proposed thermal instability of the
above-mentioned compounds. However the presence of a tert.-butyl group in many cases can make precise
the discussion points mainly related to the ambiguity of many reactions of ambident systems, in particular
P(III) ester amides, and also contribute to the uniqueness of the processes, therefore, increase yield of target
products.

Thus it is logical to study the Arbuzov reaction involving tert.-butyl esters of amidophosphorous acids,
in particular, in reactions with various halide alkyls, both in terms of solving the controversial issues of the
reaction mechanism, and in order to find effective ways to create a P—C bond.

We showed that the reaction of phosphite (1) with ethyl bromide proceeded according to the scheme of
the classical reaction with the formation of the corresponding tetracthyl diamidoethyl phosphonate (6).

0
I
(Et,N),POBu-t + EtBr — (Et,N),P—Et + t-BuCl

(M (6) II_|

M62C=CH2 HCI

Obviously the reaction mechanism is fully consistent with the classical concepts of the two-stage pro-
cess. The second stage of the reaction, apparently, proceeds according to the scheme Sy1, as a result of
which the tert.-butyl cation can be formed, which further regenerates the tert.-butyl bromide or decomposes
forming isobutylene, which is fixed quantitatively by water displacement. However during the reaction par-
tial distillation of tert.-butyl bromide was also observed.

If the reaction with ethyl bromide has no deviations from the classical concepts then the study of reac-
tions involving reactive halogen derivatives with a mobile halogen atom encountered some difficulties asso-
ciated with the ambiguity of the process. So we obtained interesting data when studying the reactions of tert.-
butyl esters of amidophosphorous acid with such halide alkyls as benzyl chloride, allyl chloride, which have
high mobility of halogen associated with the stability of the allyl and benzyl cation and radical, and also
bromomalonic ester [7, 8].

When investigated the reaction of diamidophosphite (1) with benzyl chloride it was shown that the reac-
tion proceeded rather difficult depending on the conditions and a mixture of products was formed.

— Me,C=CH
(1 ) 2
(Et,N),POBu-t + PhCH,CI ) (Et,N),P—CH,Ph + t-BuCI—{
@)

) o —
OBu-t EtZN\ IOBu-t
| Ch | (Et,N),P* CHPh == _, P—CHPh
[ Et, [ Et, NHHCI |
H CI t H CI
ELN AP E,N
P, Mt *" N p—OBut + Et;NH —
PhCICHT N H PhCICH”
nod |
EIEEIN
<= " " p—OBut
ELN 7
CHCI Ph

Thus, in particular, when carrying out the reaction without solvent it that the main direction of the reac-
tion was found to be the Arbuzov rearrangement leading to the formation of tetracthyl
diamidobenzylphosphonate (7), this is quite consistent with the scheme of the classical Arbuzov reaction. It
is known from the literature that diamido esters of benzylphosphonic acid are patented and widely used as
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herbicides in agriculture and horticulture [9, 10]. Our proposed method of obtaining effective herbicides fa-
vorably differs in that the direction of the reaction is well regulated when exposed to external factors (tem-
perature, solvent), does not require the use of catalysts and solvents, sophisticated equipment and has a fairly
high yield of the target product. Carrying on the reaction in solvents is significantly different from the usual
scheme. It was found that when the reaction proceeded in non-polar aprotic solvents a significant amount of
diethylamine hydrochloride (50 %) independent of the nature of the solvent is formed along with the
benzylphosphonate. Isobutylene and diethylamido(o-chlorobenzyl)phosphorous acid (8) with & *'P 8 ppm,
Jpu 580 Hz were also recorded as the reaction products; the absorption band characteristic of the P-H bond in
the region of 2370 cm ' is in the IR spectrum.

According to our ideas the reaction routes are described in the framework of a scheme involving both
isomerization according to the Arbuzov reaction scheme (route 1) and the initial protonation of the phospho-
rus atom to form a quasiphosphonium compound (route 2), the decomposition of which, apparently, can pro-
ceed in several directions.

The structure of the intermediate «quasiphosphonium» depends on the nature of the solvent: the ionic
form dominates in polar solvents, and pentacovalent one in non-polar solvents [5, 6]. The formation of acid
(8) can be explained within the framework of a scheme taking into account the course of the reaction both
through the stage of the phosphorus atom protonation and by the nitrogen atom protonation (route 2) and the
decomposition of the resulting intermediate product while maintaining the coordination of the phosphorus
atom and further isomerizing the forming phosphite and isobutylene release.

The formation of a significant amount of diethylamine hydrochloride was also explained in the frame-
work of a scheme taking into consideration the initial attack of the acidic proton of benzyl chloride on the
phosphorus atom. Moreover, in our opinion, the structure of the intermediate quasiphosphonium compound
can be both ionic and pentacovalent one. The decomposition of the pentavalent form of the intermediate
product that prevails in the non-polar environment obviously leads to the formation of a compound while
maintaining the coordination of the phosphorus atom, which subsequently seems to undergo thermal isomer-
ization leading to an acidic phosphite (8). The ionic form of a quasiphosphonium product can directly lead to
phosphite (8).

Thus for the first time in the reaction with alkyl halides containing a mobile hydrogen atom products
were obtained, which formation can be explained only from the standpoint of the initial protonation of the
phosphorus atom with the formation of an intermediate quasiphosphonium compound.

Carrying out the reaction of phosphite (1) with allyl chloride confirmed the previously obtained results.
When carrying out the reaction under the conditions of the Arbuzov reaction, i.e. without a solvent when
heated, tetracthyl diamidoallylphosphonate (9) was isolated as a reaction product which according to the lit-
erature was patented as an agricultural herbicide [10].

Similarly to the reaction with benzyl chloride the protonation reaction product (10) was isolated, in the
IR spectrum of which there is a characteristic absorption band of the P-H bond in the region of 2390 cm ', as
well as the absorption band of the C=C bond in the region of 1625 cm™".

0
(1) Il
(Et;N),POBu-t  + CH;=CH—CH,Cl —— (Et,N),P —CH,CH=CH, + t-BuClI
(1) )
ELN 4
2) ’ \/p/o + Me,C=CH, + Et,NH HCl  Me,C=CH,
N
CH,~CH—CH . “H |
2 [ (1.10)
Cl EL,NHHCI

In connection with the research carried out the reaction of tert.-butyltetraethyldiamidophosphite (1) with
bromomalonic ester, which also contains both a mobile halogen atom and a mobile hydrogen atom may be of
undoubted interest. It was noted that when the reaction was carried out in the absence of a solvent the pro-
cess proceeded very exothermically with the rapid release of isobutylene and the formation of deliquescent
on air oligomer, polyaminophosphine, and ethanetetracarboxylic acid as the reaction products. This route of
the reaction is fully consistent with the results of A.E. Arbuzov’s work on the interaction of dialkyl esters of
phosphorous acid with bromomalonic ester [11], as a result of which polyaminophosphine was also detected.
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(0]
A [l
(Et,N),POBu-t + BrCH(COOEt), —> |(E;N),P

M

4+ (EtOOC),CH-CH(COOEL),

When carrying out the reaction in solvents the formation of a significant amount of diethylamine hydro-
chloride was also detected as the case with benzyl chloride was. In our opinion the explanation for this fact
lies in the presence of both a mobile halogen atom and an acid proton which can initially attack the
nucleophilic phosphorus atom.

Moreover in the presence of a solvent, the reaction proceeds according to the usual Arbuzov reaction
scheme with the formation of tetracthyl diamide phosphon malonic ester (11), and by protonation of the
phosphorus atom and further decomposition of the intermediate quasiphosphonium compound in various
directions. In contrast to the reaction with benzyl chloride about 25-30 % of the initial bromomalonic ester
returns to the reaction mixture, however, the amount of isobutylene released is equimolar, this indicates an-
other possible direction of the reaction, apparently associated with the decomposition of the
quasiphosphonium compound with the formation of the corresponding phosphorus ilide, which is unstable
and decomposes forming a phosphonate compound.

An interesting fact is the formation, isolation and identification of tetracthyldiamidophosphorous acid
(12) as a reaction product, its structure was proved by *'P NMR and IR spectroscopy. Formation of acidic
phosphite (12) with §*'P 19 ppm, Jpy 570 Hz is a direct proof of the presence of a competing protonation re-
action, with the phosphorus atom being protonated more preferable than the nitrogen atom.

. I
(Et,N),POBu-t + BrCH(COOEt)Z% (EpN),P—CH(COOEY), +t-BuBr
(11)
)] l(z) —
—CH, HB
OBu-t OBu-t M62C CHZ T
ELN | _
. /f|>—?:(c001~:t)2 = (EtzN)ZIﬁCBr(COOEt)Q
t
> H Br H
0
(28) (Eu,N),P—H +BrCH(COOEL), + Me,C=CH,
(1.12)
Br
BN |
L 2(b) R _P—C(COOEY), +E{,NH
t-BuO
* lw
OBu-t Et,NHHBr
|
L 20 o (B,N),P-C(COOE), + HBr
o
2D _
{ (EuN);P —CH(COOE!), + MeC=CH,
(1.11)

To confirm the proposed scheme we carried out the reaction in the ternary system: tert.-
butyltetracthyldiamidophosphite — paraform — malonic ester. Previously the possibility of condensation in
the ternary system: malonic ester-aldehyde-trialkylphosphite was shown in the literature [12]. The authors
found that the condensation of malonic ester with formaldehyde (paraform) and amidophosphites was com-
plicated by the interaction of malonic ester with amidophosphites and the formation of N,N-diethyl-
aminomalonic acid ethyl ester and the corresponding phosphite.

X  COOEt
CH,(COOEY), + EtN-P{ C
Y

X=Y=O0FEt, NEt,
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The authors of [12] isolated 2,2-carbethoxyethylphosphonic acid diethyl ester and a small amount of
2-carbethoxy-2-[carbo(N,N-diethylamido)]ethylphosphonic acid diethyl ester during condensation in the ter-
nary system malonic ester—paraform—diethylamidodiethylphosphite. We studied the reaction in the ternary
system: tert.-butyltetraethyl diamidophosphite (1) — malonic ester — paraform. It was shown that regardless
of the reaction conditions there was observed the initial protonation with the formation of a quasi-
phosphonium compound, the decomposition of which led to the corresponding tetracthyldiamidophos-
phorous acid (12) fixed in the >'P NMR spectrum with a chemical shift of §°'P 19 ppm, Jpy 570 Hz.

(CH,0)
(EuN),POBu-t + CHy(COOEt), ——— (Et,N),PHO + CHy(COOEY),
(1) -Me2C=CH2 (12)

Consequently the data obtained confirm our assumptions about the occurrence of competing, and, pos-
sibly, ahead of the protonation reaction of ester amide with a sufficiently strong CH-acid, which is a malonic
ester. The uniqueness of this process was demonstrated on the reaction of the starting phosphite with malonic
ester, as a result of which only diamidophosphorous acid was isolated (12). So the results obtained in aggre-
gate show that tert-butyl esters of amidophosphorous acid are very convenient «tools» in solving a number of
issues especially concerning the complex reactions mechanisms, and make it possible to simulate the struc-
ture of the intermediate product using the effect of the reaction temperature, solvent, concentration of sub-
stances, etc., as well as they are convenient syntons in creating compounds with the P-C bond having wide
practical application.

Experimental

Synthesis of tert.-butyl tetraethyldiamidophosphite (1)

105.3 g (0.5 mol) of tetracthyldiamidochlorophosphite in 2 liters of benzene was placed in a four-
necked flask equipped with a mechanical stirrer, a thermometer, a reflux condenser, and a dropping funnel.
At vigorous stirring a mixture of 37.0 g (0.5 mol) of tert.-butyl alcohol and 55.6 g (0.55 mol) of triethyl-
amine in 200 ml of benzene was added at 0-5 °C. After stirring at room temperature for 2—3 hours the pre-
cipitate of triethylamine hydrochloride was filtered, the solvent was removed in a water jet pump vacuum
(3040 mm Hg); 102.9 g (83 %) of phosphite (1) was isolated by distillation of the residue; bp 52-53 °C
(0.07 mmHg), d2°0.8996, n2° 1.4510. Found, %: C 58.30; H 11.45; N 11.38; P 12.25. C,HN,OP. Calcu-
lated, %: C 58.06; H 11.69; N 11.29; P 12.59. § *'P 124 ppm, 8'H 1.17 ppm (CHs, 12H, t, *Jyyy 7 Hz),
1.43 ppm [(CH;);C, 9H, s], 3.07 ppm (CH,, 12H, m).

Interaction of phosphite (1) with benzyl chloride

a) without solvent

12.4 g (0.05 mol) of phosphite (1) and 6.3 g (0.05 mol) of benzyl chloride were mixed in an Arbuzov
flask. The reaction mixture was heated on a water bath, partial distillation of t-BuCl was observed; bp 48—
50 °C, n3° 1.3860 (reference data: bp 51-52 °C, n2° 1.3857). Tert.-BuCl mainly decomposes under distilla-
tion conditions with the release of isobutylene fixed by the method of water displacement in a gas meter
(930 ml, 83 %). The crystallized reaction mass in the flask was treated with water, then the free diethylamine
was separated from the aqueous solution of diethylamine hydrochloride by neutralization with alkali,
diethylamine has bp 54-55 °C, n%° 1.3894 (reference data: bp 55.5 °C, n3° 1.3873), yield was 0.4 g (11 %).
4.8 g (34 %) of tetraethyldiamidobenzylphosphonate (7) was isolated by extraction of the aqueous portion
with ether, bp 51-52 °C (reference data [9,10]: bp 51-53 °C). Found, %: C 63.50; H 10.02; N 9.68; P 10.73.
Calculated, %: C 63.83; H9.57; N 9.93; P 10.98. IR spectrum (v, crn'l): 1220 (P=0), 1400-1600 (Ph).

b) in a solvent (benzene)

12.4 g (0.05 mol) of phosphite (1) and 6.3 g (0.05 mol) of benzyl chloride in 50 ml of dry benzene were
heated in a flask with reflux condenser. Isobutylene liberation (950 ml, 85 %) was observed. Crystals of
diethylamine hydrochloride of mass 2.3 g (yield 42 %) were separated by filtration, bp 220 °C (reference da-
ta: bp 221 °C). IR spectrum of the reaction mixture (v, cm™): 1220 (P=0), 2440 (P-H). After distilling off
the solvent the precipitated crystals of benzylphosphonate (7) were recrystallized from hexane, bp 51-52 °C.
The residue was distilled in vacuum, yield 2.2 g (18 %) of diethylamido(o-chlorobenzyl)phosphorous ac-
id (8), bp 147-148 °C (2 mm Hg), d2° 0.9753, n2° 1.4740, &°'P 8 ppm, Jpy; 580 Hz.

44 BecTHuk KaparaHgmHckoro yHusepcurteTa



Investigation of interaction between tert.-butyl diamidophosphites ...

The interaction of phosphite (1) with allyl chloride

a) without a solvent

Under reaction conditions with benzyl chloride 12.4 g (0.05 mol) of phosphite (1) and 3.8 g (0.05 mol)
of allyl chloride formed 3.7 g (32 %) of tetracthyldiamidoallylphosphonate (9), bp 131-132 °C (2 mm Hg),
d2° 0.8293, n2° 1.4485 (reference data [9, 10]: bp 113—114 °C (0.45 mm Hg).

b) in a solvent (benzene)

Under the reaction conditions with benzyl chloride 12.4 g (0.05 mol) of phosphite (1) and 3.8 g
(0.05 mol) of allyl chloride formed 2.7 g (28 %) of diethylamido(a-chloroallyl)phosphorous acid (10),
bp 115-116 °C (2 mm Hg), d2° 0.8623, n2° 1.4335, §°'P 4 ppm, Jpy; 560 Hz.

The interaction of phosphite (1) with bromomalonic ester

a) without a solvent

4.8 g (0.02 mol) of bromomalonic ester was added dropwise to 5.0 g (0.02 mol) of phosphite (1). Strong
warming up of reaction mixture and rapid release of isobutylene 420 ml (94 %) were observed. The reaction
mixture was a yellow crystalline mass, spreading in air, containing polyaminophosphine. White crystals of
tetracthanecarboxylic acid ethyl ester mp 73—74 °C were precipitated during treatment of the reaction mix-
ture with benzene.

b) in a solvent (benzene)

12.0 g (0.05 mol) of bromomalonic ester in 100 ml of benzene was added to 12.4 g (0.05 mol) of
phosphite (1). Warming up and release of isobutylene of 1040 ml (93 %) were observed. The precipitate
Et,NH-HBr was filtered, mp 210 °C. According to TLC there were two products in the benzene solution. Af-
ter the solvent was distilled off by multiple distillation, 1.5 g (16 %) of tetracthyl diamidophosphorous acid
(12) were isolated, bp 89-90 °C (2 mm Hg), d2° 0.9621, n3° 1.4540, & *'P 19 ppm, Jpy 570 Hz, d2° 0.9600,
n2® 14545 8 °’'P 18ppm, Jpy 570 Hz). IR spectrum (v, cm'): 1255 (P=0), 2370 (P-H).
Tetraethyldiamidophosphonomalonic ester (11) is a non-distilling oil, nZ° 1.4358. IR spectrum (v, cm™):
1215 (P=0), 1700 (C=0). Counter synthesis was carried out as follows. A solution of sodium malonic ester
prepared from 4.0 g (0.025 mol) of malonic ester and 0.6 g (0.025 mol) of sodium in benzene was dropped to
5.7 g (0.025 mol) of tetracthyldiamidochlorophosphate in benzene; NaCl was separated by filtration, ben-
zene was distilled off. The residue was oil with n3° 1.4351.

¢) reaction in the ternary system phosphite: paraform: malonic ester

A mixture of 5.0 g (0.02 mol) of phosphite (1), 3.2 g (0.02 mol) of malonic ester and 0.6 g (0.02 mol) of
paraform was heated in benzene for 1 h before the release of isobutylene in the amount of 370 ml (82 %) was
stopped. After distilling off the solvent from the reaction mixture, 0.9 g (28 %) of the malonic ester was iso-
lated, bp 45-46 °C (2 mm Hg), n3° 1.4155 (reference data: bp 199°C, d2°201.4143) and 1.2 g (32 %) of tet-
raethyl diamidophosphite (12).

d) reaction of phosphite (1.1) with malonic ester

A mixture of 5.0 g (0.02 mol) of phosphite (1) and 3.2 g (0.02 mol) of malonic ester was heated in ben-
zene for 1 h before stopping the release of isobutylene in an amount of 400 ml (88 %). After distilling off the
solvent 2.6 g (68 %) of tetracthyldiamidophosphite (12) was isolated.
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JLK. Cankeesa, I1. Boittumek, E.B. Munaesa, JI.M. Cyrpanuna,
A.B. OmameBa, A.A. Mypatbekora, A.K. ConkeeBa, K.W. CanpikoB

Ym-oyrniaanaMmuagochurrepain alKWIrajJoreHnaTepiveH dpeKeTTecyil 3epTrey

Maxkanana ym-0yTwiguaMunopocuTTep TaJoreHHIH XKBUDKBIMAJIBI aTOMBI 0ap opTYpIi ajKHIraJoreHHI-
TEepMeH, aTan aWTKaHAa, XJIOpPJbl AIMIMEH, XJIOPJbl OSH3WIMEH »oHe OpommanoH 3dupiMeH Typui
Karaaiinapaa opekerTecyi 3epTTeNreH. XJIOpibl OCH3MI JKOHE XJIOPJbl alTMIMEH peaklusulap Herisri
OHIMIEp peTiHae THICTI OeH3WI- jkoHe ammiaamuaodocoHaTTapAbH maiina Gosybl (Gocdop aToMbIH
KBaTepPHU3ALMAIAY apKblIbl ApOY30B PEaKLMACHIHBIH KIACCUKAJIBIK HYCKACHIHA COMKEC OTETiHI aHBIKTabl.
Peaxuus opTypii eHIMAEpAIH KOCIAChIH TY3€ JKypeTiHi Oenrimi Gommel. By epiTkimn TaburaTbiHA Toyemni
apanblK  «kBasU(PoCOHMS» KYPBUIBICEIMCH OalIaHBICTHI: HOHIBIK IMINIH MOJAPIBl  epiTKimTepae,
TICHTAKOBAJICHTT] IIIIiH MOJSIPIIBL eMec epiTkimrepae 0ackiM. COHbIMEH Oipre peakIMsSHBIH OaFbITH OTKI3Y
IIapTTapblHa, aTal alTKaHxa, TeMIIepaTypa MeH epiTKIMTiH TaOuFaTsiHa GalIaHBICTHI €KEHMIT] JOJeTeH .
Bpommanon s¢upimen peakius ¢ochop arombiH OacTanmkpl HNPOTOHIAY apKbUIbl KBa3u(OCHOHUSIIBIK
KOCBUIBICTBIH TY3UIyIMEH JKYPETiHi OHE OHBIH BIABIpAybl colikec TeTpadsTUIIHaMui0o(pocdop KhIIKbUIBIHA
SKeJIeTiHI KOpCeTiIi.

Kinm co30ep: P(IIl) piukpuigap adupoamuarepi, ApOy30oB peakuusicel, yur-oytun auamupodochurrep,
IKWITaIoreHuATep, OpoMManoH 3¢upi, kBazudocHoHUSIBIK KOCUIBIC.

JLK. CanbkeeBa, I1. Bolitumiek, E.B. Munaesa, JI.M. Cyrpanuna,
A.B. OmameBa, A.A. Mypar6ekoBa, A.K. CanskeeBa, K.1. CagpikoB

Hccnenosanue B3aumoaeicTBus TpeT-0yTHinamuaodocuron
¢ AJKWITAJOreHH1aMHU

B crarse u3ydueno B3anmozpeicTBre TpeT-0yTHIIMAMHUIOPOCHHUTOB C pa3HOOOPA3HBIMH AJIKMIITAIOTCHUIAMHI
C TIOJIBIDKHBIM aTOMOM TaJIOT€Ha, B YaCTHOCTH, XJIOPUCTHIM aJUIIIIOM, XJIOPUCTBIM OSH3UIOM H OPOMMAaJIOHO-
BBIM 3()MPOM B PA3INYHBIX YCIOBHUAX. Y CTAHOBJICHO, YTO PEAKIUH C XJIOPUCTHIM OSH3MIIOM H XJIOPHCTHIM ajl-
JIMJIOM TIPOTEKAIOT COTJIACHO KJIACCHMYECKON cxeMe peaknuu ApOy30Ba IyTeM KBapTeHH3aluu aroMa docdo-
pa ¢ o0pa3oBaHHEM B Ka4€CTBE OCHOBHBIX IPOJYKTOB PEaKLHH COOTBETCTBYIOIIMX OCH3MWI- U aIMJIaMHUJIO-
(dochoHaToB. YCTaHOBIEHO, YTO peaKiUs NPOTEKAeT HEOJHO3HAYHO ¢ OOpa30BaHHEM CMECH DPa3IMYHBIX
HPOIYKTOB. DTO CBS3aHO CO CTPYKTYPOH MPOMEKYTOUHOTO «KBazU()OCHOHHUA», KOTOPAst 3aBUCHUT OT IPUPO-
IIbl PacTBOPUTENS: HOHHAs popMa peodiIafaeT B MONSAPHBIX PACTBOPUTENAX, IEHTAKOBAJICHTHAs (JopMa — B
HETIOJSIPHBIX pacTBopHTEIsX. KpoMe Toro, pokazaHo, 4TO HalpaBiIeHHE PEaKIMU 3aBUCUT OT YCIOBHH IIpo-
BEJICHMSI, @ UMEHHO OT TEMIIepaTyphl M MPUPOJIBI pacTBopuTems. [loka3aHo, 9To peaknust ¢ GpOMMAaIOHOBEIM
2(HUPOM IpoTeKaeT uepe3 IMepBOHavaIbHOE IPOTOHUPOBaHUE aToMa (pocdopa ¢ obpazoBanneM kBazudocdo-
HHUEBOTO COEIWHEHUs, paclaj] KOTOPOro IPHBOJUT K COOTBETCTBYOMIEH TeTpastmianamunodochopucroi
KHUCIIOTE.

Knioueswie cnosa: rpupoamuas kuciot P(III), peakunst ApOy3oBa, TpeT-OyTuinanaMunodhochuTsl, amKuira-
JIOTeHU b, OPOMMATIOHOBEIH 3¢hup, KBa3UPOCHOHNEBOE COSAUHEHNUE.

References

1 Purdela, D., & Vylchanu, R. (1972). Khimiia orhanicheskikh soedinenii fosfora [Chemistry of Organic Phosphorus Com-
pounds]. Moscow: Khimiia [in Russian].

46 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Investigation of interaction between tert.-butyl diamidophosphites ...

2 Kosolapoff, G.M., & Maier, L. (Eds.) (1972). Organic Phosphorus Compounds. New York: Wiley Interscience.

3 Beznosko, B.K., Usanova, V.M., Zhuravleva, L.V., Bondarenko, N.A., Yarkevich, A.N., Antoshin, A.E., & Tsvetkov, E.N.
(1990). Protivovospalitelnaia i analheticheskaia aktivnost okisei tretichnykh fosfinov [Anti-inflammatory and analgesic activity of
oxides of tertiary phosphines]. Khimiko-farmatsevticheskii zhurnal — Chemical-pharmaceutical Journal, 4,22-24 [in Russian].

4 Tarasova, R.I., & Moskva, V.V. (1997). Biolohicheski aktivnye proizvodnye fosforilirovannykh karbonovykh kislot [Biolog-
ically active derivatives of phosphorylated carboxylic acids]. Zhurnal obshchei khimii — Russian Journal of General Chemistry, 67,
9, 1483-1496 [in Russian].

5 Van Wazer, M.V. (1964). Tret-butylphosphite and some of its reactions. J. Org. Chem., 29(5), 1006—-1008.

6 Gusev, Yu.K., Chistokletov, V.N., & Petrov, A.A. (1977). O reaktsiiakh nekotorykh smeshannykh efirov fosforistoi kisloty s
akrilonitrilom i iodistym metilom [On the reactions of some mixed phosphate esters with acrylonitrile and methyl iodide]. Zhurnal
obshchei khimii — Russian Journal of General Chemistry, 77, 1, 45-50 [in Russsian].

7 Gazizov, T.Kh., Chugunov, Yu.V., & Pudovik, A.N. (1987). Tret-butilovye efiry fosforistoi kisloty. Sintez i svoistva [Phos-
phorous acid tert.-butyl esters. Synthesis and properties]. DAN SSSR — Reports of the Academy of Sciences of the USSR, 294, 6,
1382-1386 [in Russian].

8 Salkeeva, L.K., Nurmaganbetova, M.T., & Kurmanaliev, O.Sh. (2001). Tret.-butilamidofosfity v reaktsii Arbuzova [Tert.-
butylamidophosphites in the Arbuzov reaction]. Proceedings from Science and education is a leading factor in the strategy of Ka-
zakhstan 2030: Mezhdunarodnaia nauchno-prakticheskaia konferentsiia — International scientific and practical conference.
(pp- 334-337). Karaganda: KarGTU [in Russian].

9 Mizrah, L.I., & Polonskaya, L.Yu. (1980). Sposob polucheniia benzilfosfonovoi kisloty [The method of obtaining
benzylphosphonic acid tetracthyldiamides]. Patent No. 686372. USSR. Publ. 05.03.1980 [in Russian].

10 Kuwahara Masao, Rikukado Motoa, Ono Kiiti, Kawamura Yuji, & Uno Yosinori. (1973). Japanese Patent No. 48—40740.
Japan Publ. 03.12.1973.

11 Burgada, R. (1966). Les Composes Organigues du Phosphore Trivalent. Les du la liaison phosphore azote. Ann. Chim., 1,
15-35.

12 Ivanov, B.E., Kudryavtseva, L.A., Samurina, S.V., Ageeva, A.B., & Karpova, T.I. (1979). Vzaimodeistviie amidofosfitov s

malonovym efirom i paraformom [Interaction of amidophosphites with malonic ester and paraform]. Zhurnal obshchei khimii —
Russian Journal of General Chemistry, 49, 8, 1768-1772 [in Russian].

Cepusa «Xumuns». Ne 1(93)/2019 47



DOI: 10.31489/2019Ch1/48-53
UDC 541.64

Ye.M. Tazhbayev, M.Zh. Burkeyev, L.Zh. Zhaparova, T.S. Zhumagaliyeva, A.A. Agdarbek

Ye.A. Buketov Karaganda State University, Kazakhstan
(E-mail: lyazzh@mail.ru)

Albumin nanoparticles loaded with the antitumor drug
«Hydroxycarbamide» by the incorporation method

In this article the possibility of loading the antitumor drug «Hydroxycarbamide» into the polymeric matrix of
human serum albumin was studied. Nanoparticles of serum albumin were obtained using desolvation method.
Prepared empty human serum albumin nanoparticles have average size of 108.4 nm with narrow particle size
distribution, which make them promising in using for the drug delivery purposes. The binding of
hydroxycarbamide with the polymer was performed by incorporation of the drug into the medium during the
process of crosslinking of albumin macromolecules. Incorporation of the drug into human serum albumin led
to the formation of nanoparticles loaded with hydroxycarbamide with satisfactory physico-chemical charac-
teristics (average particle diameters were in the range of 250-350 nm and the value of polydispersity index
was 0.2—0.3) with the high value of binding degree (up to 68 %). It was shown that increasing the concentra-
tion of the drug in the initial solution led to the increase of binding degree of hydroxycarbamide with human
serum albumin nanoparticles. The kinetics of release process of the drug from albumin nanoparticles in the
conditions modeling biological medium was studied. As a result of the study of the drug release rate it has
been concluded that prolonged release of hydroxycarbamide can be achieved when nanosomal form of the
drug is used.

Keywords: nanoparticles, human serum albumin, desolvation, antitumor drug, Hydroxycarbamide, incorpora-
tion, loading, drug delivery, polymers.

Introduction

Nowadays it is known that the use of prolonged drug dosage forms or «prodrugs» instead of traditional
ones have several advantages in comparison with conventional drug delivery systems. First of all it is defined
by the increase of therapeutic efficiency of biologically active substance, which takes place due to the locali-
zation of needed concentration of drug in the targeted organ or tissue, thus leading to prolongation of the
drug effect. Optimization of the effect of drug preparations can be accomplished by «construction» of drug
dosage forms on micro- and nano-level on the basis of the polymers, which have wide application in medi-
cine. Among the biocompatible and biodegradable polymers, which can be used as a polymeric basis for de-
veloping «prodrugs», a serum albumin is of great interest [1, 2]. For the last decade human serum albumin
(HSA) is used as a good transporting agent especially for low molecular compounds including drug prepara-
tions. There are known some novel systems in the forms of nanoparticles based on HSA for such drugs of
protein origin as «Albuferon» and «Levemir» [2, 3]. Besides, the in vivo studies of toxic effects of
nanosomal formulations of albumin for the controlled delivery of antitumor drugs have shown the decrease
of side effects [2, 3]. «Abraxane» is the example of effective using HSA nanoparticles in tumor chemothera-
py [3]. «Abraxane» is the nanoparticulate form of antitumor drug «Paclitaxel» on the basis of albumin and it
was approved for the treatment of breast tumor [3]. So HSA nanoparticles allow increasing the solubility of
drug preparations, thus improving their uptake by tumor cells.

In this regard, the goal of this work was to study the possibility of binding HSA nanoparticles with anti-
tumor drug preparation «Hydroxycarbamide» with the aim of prolongation of its theraputic efficiency and
decreasing undesired toxic effects.

Method

Preparation of empty and drug loaded HSA nanoparticles

Empty HSA nanoparticles were prepared using a desolvation method [4, 5]. Briefly, the pH of HSA so-
lution of albumin (2 %) was adjusted to 8.3 with buffer solution. Then under constant stirring (600 rpm) at
room temperature 8 ml of ethanol (96 %) was added to the mixture (1 ml/min) using a tubing pump. After
the desolvation process the particles were stabilized by the addition of an aqueous 8 % glutaraldehyde solu-
tion (1.175 pl per ml HSA). After that the suspension was stirred for 24 h. The nanoparticles were separated
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from low molecular components by repeated centrifugation with the Centrifuge MiniSpin Plus 14500
(Eppendorf, Hamburg, Germany) at 14500 rpm and washing them with water.

HSA nanoparticles loaded with the antitumor drug hydroxycarbamide were obtained using the same
procedure with the difference that the drug was dissolved in the solution of albumin before carrying out the
process of desolvation. The yield of nanoparticles was determined by gravimetric method.

Measurement of particle size and polydispersity

The average particle size and polydispersity index (PDI) were measured by photon correlation spectros-
copy (PCS) using a Malvern Zetasizer Nano 90S (Malvern Instruments Ltd., Malvern, UK) at a temperature
25 °C and at a scattering angle 90°.

Pictures of empty HSA nanoparticles and nanoparticles loaded with hydroxycarbamide were made by
electron microscopy on MIRA 3 LM TESCAN (Czech Republic).

Study of binding and drug release of hydroxycarbamide from HSA nanoparticles

The binding of hydroxycarbamide with nanoparticles was determined from the concentration of drug in
the supernatant solution. The analysis of supernatant solution was made on UV-1800 SHIMADZU by UV-
spectrophotometry (A=214 nm). Before measurement the solutions were diluted with water.

The study of in vitro drug release was performed in PBS solution (pH 7.4) at 37 °C within 24 hours.
The samples were withdrawn from a beaker and analyzed by UV-spectrophotometry (A=214 nm).

Results and discussion

Empty HSA nanoparticles have been obtained using desolvation method described above. Physico-
chemical characteristics (average particle diameter and particle size distribution) are shown in Figure 1. The
results of dinamyc light scattering demonstrate that the size of the particles is less than 150 nm and PDI is
equal to 0.273. From the given figure it is also clear that there is small amount of big particles of microne
size in the system, which were separated from the emulsion by centrifugation at low rate (3000 rpm). Overall
obtained HSA nanoparticles have satisfactory parameters, therefore they are applicable as transporting sys-
tems for drug preparations.

Size (d.nm): % Intensity Width (d.nm):
Z-Average (d.nm): 1084 Peak 1: 17,2 91,9 53,24
Pdl: 0,273 Peak 2: 3533 a1 1223
Intercept: 0,639 Peak 3: 0,000 0,0 0,000

Result quality : Good

Size Distribution by Intensity

Intensity (%)
m

1000 10000
Size (danm)

Record 330 HY aneGyrH mycToi 1 |

Figure 1. Particle size distribution of empty HSA nanoparticles

The immobilization of HSA nanoparticles with the drug were performed by incorporation of the drug
into the medium during the process of macromolecules crosslinking. An incorporation of the drug into the
system when the nanoparticles are formed allow to achieve high loading. The loading of HSA with
hydroxycarbamide was performed using three concentrations (0.217 mg/ml, 0.326 mg/ml and 0.484 mg/ml)
of the drug. Obtained drug loaded HSA nanoparticles were characterized by photon correlation spectroscopy
(PCS), the results are presented in Figure 2 and in Table.
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Size (.nm): % Intensity Width (r.nm):
Z-Average (r.nm): 1411 Peak 1: 1783 100,0 79,92
Pdl: 0,236 Peak 2: 0,000 oo 0,000
Intercept: 0,902 Peak 3: 0,000 0,0 0,000
Result quality : Good
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a—0.217 mg/ml; b — 0.326 mg/ml; ¢ — 0.484 mg/ml

Figure 2. Particle size distribution of drug loaded HSA nanoparticles at various concentrations of the drug
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Table
Physico-chemical characteristics of HSA nanoparticles loaded with hydroxycarbamide
Characteristics of nanoparticles Yield of
- - o o
Chiydrox, mg/ml Ayerage particle PDI Fractlgn of Binding degree, % nanoparticles, %
diameter, d, nm nanoparticles, %
0 108.4 0.273 91.9 - 93.3
0.217 282.2 0.236 100.0 13.52 84.97
0.326 248.8 0.218 98.2 35.13 85.68
0.484 352.8 0.305 89.1 67.56 86.75

From the graphs it can be seen that the average particle size of nanoparticles ranges between 250—
350 nm which is suitable size for the drug delivery systems. The data presented in the table also show that
the yields of nanoparticles are also high (84-87 %).

It is important to know the quantity of the drug bond to nanoparticles, which defines the possibility of
using particles obtained for the drug delivery purposes. Therefore the binding degree of HSA nanoparticles
with hydroxycarbamide was determined using UV-spectroscopy. As it is clear from the table the values of
binding degree and the yields of nanoparticles gradually increase with the increasing the concentration of
hydroxycarbamide, that means that the amount of the drug can be considerably increased.

The surface and morphology of obtained HSA nanoparticles were observed on MIRA 3 LM TESCAN
electron microscope (Czech Republic) (Fig. 3).

S

SEMHV:200kV  WD:5.00 mm
View field: 9.81 ym Det: SE

A SEM HV: 20.0 kV WD: 7.80 mm MIRA3 TESCAN|

View field: 10.3 pm Det: SE 2pm
SEM MAG: 26.8 kx

MIRA3 TESCANl  SEM HV: 20.0 kv WD: 7.80 mm
View field: 10.3 um Det: SE
SEM MAG: 26.8 kx

SEM MAG: 28.2 kx Performance In nanospace

a b c
a— 0.217 mg/ml; b — 0.326 mg/ml; ¢ — 0.484 mg/ml
Figure 3. REM pictures of HSA nanoparticles loaded with hydroxycarbamide at various concentrations

From the given pictures it can be judged that the results of electron microscopy have well correspond-
ence with the results obtained by PCS: HSA nanoparticles loaded with hydroxycarbamide have smooth sur-
face and round shape without any inclusions (Fig. 3). Mainly all three systems consist of the particles of sim-
ilar size in the interval of 150-300 nm, however bigger particles with the size more than 500 nm also present
in the system.

The study of the kinetics of drug release is of great importance as it determines the applicability of pre-
pared HSA nanoparticles loaded with the drug in a treatment of tumor disease. Therefore the release rate of
hydroxycarbamide from HSA nanoparticles was observed under in vitro conditions (pH 7.4 and T = 37 °C)
within 24 hours. The results of the study are given on the graph below (Fig. 4).
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Figure 4. Release of hydroxycarbamide from HSA nanoparticles

The curves on drug release demonstrate that the higher the amount of hydroxycarbamide bond to nano-
particles the faster the process goes. So at a minimal concentration of the drug (1) the release takes place ra-
ther slow whereas when loading HSA nanoparticles with the higher quantity of hydroxycarbamide, it is
clearly seen that 50 % of the drug releases to the medium within 60—150 minutes depending on the amount
of loaded drug (Fig. 4). However in general it can be concluded that the release rate of hydroxycarbamide
from HSA nanoparticles is rather low as in all three cases, i.e. less than 80 % of the loaded drug eliminates to
the surrounding medium within 3 hours. It is seen from the graph that after 6 hours approximetaly 80-90 %
of the loaded hydroxycarbamide releases from the matrix of nanoparticles. After that time however the re-
lease of the rest part of the drug was not observed which is quite regular for this kind of systems and it can be
explained by the retardation of elimination caused by crosslinked structure of albumin macromolecules

which does not allow to the molecules of the drug to be released outside from the inner part of HSA nanopar-
ticles.

Conclusions

So as a result of the study HSA nanoparticles loaded with antitumor drug «Hydroxycarbamide» by in-
corporation of the drug during the process of macromolecules crosslinking were obtained. Nanoparticles syn-

thesized have satisfactory characteristics and rather long release rate, which make them promising systems
for the drug delivery purposes.
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E.M. Tax6aeB, M. XK. bBypkees, JI.)K. XKamaposa, T.C. XXymaranueBa, A.A. ArgapOek

Karepui icikke Kapcbl «'mapokcukapOamMuay» npenaparbiMeH eHrisy diciveH
HMMOOMJIIEHTeH aJIbOYMHUH/II HAHO0OJIIIIEeKTep

Makasnana Karepii icikke Kapchl «['MIpOKCHKapOaMuay» HperapaThbliH aJaMHBIH CapbICyNibl ajlbOyMHHIHCH
IBIHFAH HaHOOOIILEeKTepre HMMOOWIACY MYMKIHIIrT 3epTTenmi. AJaMHBIH CapbICYJbl  albOyMHUHIII
HaHOOOJIIIEKTepi JAeconbBarTay dficiMeH anbiHabl. CHHTE3AeNreH anbOyMUHAI HAHOOOIIIEKTEP/iH OpTaria
ommemi 108,4 HM jkoHe eieM OOWBIHINA Tapaiybl Tap Oonabl. By omapapl angarbl yakpITTa JOpiitik
3aTTapAbl TachIManjaylda KoNJaHyFa MYMKIiHAIK Oepeami. Jlopimik 3aTThl MOJIMMEpPMEH OaiIaHBICTBIPY
THPOKCUKApOaMU/TI OpTara anbOyMUH/II HAaHOOOIIIEeKTepAiH Ty31nyi GapbICHIHAA EHTi3LIyl apKBIIBI KYy3ere
aceIpbUIABL.  Jlopimik  3aTThl  adbOyMHMHMEH €Hri3y oficiMeH  OalaHBICTBIPY  KaHAraTTaHAPIIBIK
cunarramanapra ue (bemmexrepain oprama emmemi 250-350 HM, an momuaucnepeti Morzepi 0,2-0,3) sxone
GaitmaHbICy Jmopekeci jkorapsl (68 Y%-fa meiiH) TIHApOKCHKapOaMUAIEeH HMMOOWIAEHIEH CaphICyIbl
ansOyMUHAI HaHOOONIIEKTepHiH Ty3lIyiHe okennai. bacTankel epiTiHmire eHri3UITeH IopiliKk 3aTTHIH
KOHLCHTPALMACBIH  apTTBIPYy THUIPOKCHKApOAMUATIH  anbOyMHHAI  HaHOOeNIIeKTepMeH OailinaHbicy
JIOPEKECIHIH apTyblHA OKEJETiHI KepceTin/i. BHONOrusibK mapTrapasl MOICIBACUTIH JKaFaaiiia IopiHiH
aTpOyMUHAI HaHOOGJIIEKTepIeH Oocall IIBIFY KHHETHKAChl 3epTTeiai. [ uapokcukapbaMuaTiH anb0yMuHIl
HaHOOeIIIIEKTepAeH O0ocam LIBIFY YPIIiCiH 3epTTey HOTHKECIHAC MSPLIIK MpenapaTThlH HAHOCOMAIIbI YIITiCiH
KOJIJaHy apKbUIbI JIOPIIK 3aTTHIH Y3aFbIpaK YakbIT apalibIFbIHAA 0OCaIl MIBIFYbIHA KOJDKETKI3yre 0OJIaThIHbI
TYpaJibl KOPBITBIH/IBI KACAJIbL.

Kinr cesnep: HanoGemmiexTep, afaMHBIH CapBICYIIEl albOYMUHI, HE€CONbBALUS, THAPOKCHKApOAMHL, €HTi3y,
HMMOOHIIICY, AOpLIepl TackIMaay, IOJIMMepIIep.

E.M. Tax06aeB, M. XK. bypkees, JI.)K. Xanaposa, T.C. Xymaranuena, A.A. Argapoex

HanouacTuusl aJb0yMuHa, ”MMMOOWIN30BAHHBIE IPOTUBOOIYX0JIE€BbIM MPENapaToM
«I'uapoxkcukapoaMuI» MeTo0M BKJIIOYEHHS

B crarbe n3ydeHa BO3MOXKHOCTh HMMOOIIM3AIMY TIPOTHBOOITYX0JICBOTO npenapata «[ mapokcukapboamugy B
MaTpHIly HAHOYACTHUI] YSJIOBEUECKOTO CHIBOPOTOYHOTO anbOyMuHA. HaHOYACTHIEI YeI0BEYECKOrO CHIBOPO-
TOYHOrO anbOyMHHA IOTydJadd METOJOM JecoibBanuu. [lodydeHHBIE HaHOYACTHIBI aJbOyMHHA HMEIOT
cpenuuit pasmep 108,4 HM ¢ y3KUM pacrpeerIeHreM JacTHIl 10 pa3MepaM, 4To JelTacT UX NepCHeKTUBHBIMHI
TP UCTIONB30BAHUM B IOCTABKE JieKapcTB. CBsA3bIBaHHE JIEKAPCTBEHHOTO BEILECTBA C MOJIMMEPOM MPOBEIEHO
HETOCPEICTBEHHBIM BBEJIEHHEM THAPOKCHKapOaMuaa B Cpely B MPOLECCE CIIUBKH MAaKPOMOJIEKYH adbOyMu-
Ha. BxiroueHue JieKapCTBEHHOTO BELIECTBA B HAHOYACTHUIIBI UYEJIOBEUECKOTO CHIBOPOTOYHOIO albOyMHHA
MPHUBENO K 00pa30BaHUIO HAHOYACTHUI, UMMOOHIN30BAHHBIX I'MAPOKCHKAPOAMHJIOM, C yIOBIETBOPUTEIbHBI-
MH (HU3MKO-XUMUUECKUMH XapaKTepUCTHKaMH (CpelHuil pa3smep dactull coctaBmi 250-350 HM, a 3HAUCHUS
nomuaucriepcaoctd — 0,2—0,3) 1 BEICOKMMH 3HaYCHUSIMH CTETIeHN CBs3bIBaHMS (10 68 %). ITokazano, uto
yBEIMYEHHE KOHIIEHTPAIUH JIEKapCTBEHHOTO BEUIECTBA, BBEJIECHHOTO B NIEPBOHAYANBHBIA PacTBOP, IPHBOJIHUT
K YBEJIMUCHUIO CTEIEHH CBS3BIBAHMS THIPOKCHKapOaMmaa ¢ HAHOYACTHIAMH CHIBOPOTOYHOIO albOyMHHA.
HccnenoBana KMHETHKa IpoIiecca BEICBOOOXKIEHHS JIKapCTBAa M3 HAHOYACTHI[ albOyMUHA B YCIOBHSX, MO-
Jgenvpyromux 6uonorudeckue. Ilo pesynapratam u3ydeHHs mpolecca BRICBOOOXKAEHHS THApOKcHKapOamuaa
U3 HAaHOUACTHILl aTbOYMHHA CAENaH BBIBOJ O TOM, YTO MOXHO JOOUTHCS Gonee JTUTENTLHOTO BBICBOOOKICHUS
JIeKapcTBa MPU UCHOJIb30BAHUM HAHOCOMAJIBHOH (pOPMBI JIEKapCTBEHHOTO IperapaTa.

Kniouesvie cnosa: HaHOYaCTHLIBI, CHIBOPOTOYHBIM aJbOYMHH UEJIOBEKA, AECOJIbBAIMS, TMAPOKCHKAapOaMum,
BKITIOYEHHE, IMMOOMITU3AIINS, TOCTaBKA JIEKAPCTB, MOJIMMEPHL.
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Estimation of uncertainty at reference buffer solution certification

The national standard of the pH scale is the primary standard of the Republic of Kazakhstan, which con-
firmed its equivalence with international comparisons, namely, key comparisons of APMP QM-R19 (2014)
and pilot comparisons of COOMET 655/EN/15 (2017). The standard implements the primary method of pH
measurements using cells without transfer (Harned cells) with hydrogen and silver chloride electrodes. This
cell is characterized by high reproducibility of measurement results. The state reference materials (SRM),
which are widely used by laboratories at verification of measuring instruments and internal quality control,
are certified with this standard. SRM of pH are the accurate samples of chemicals dissolved in 1 kg of
bidistilled deionized water with a specific electrical conductivity of not more than 2-10-4 Cm/m at a tempera-
ture of 20 °C. The paper presents an estimation of uncertainty of certified pH values of CRM-standard buffer
solutions in the range 9.010-9.280 pH. Determination of the pH of solutions is an indirect type of measure-
ment. The reference pH value is determined from the results of measurements of electromotive force, temper-
ature, pressure and other parameters.

Keywords: measurement uncertainty, state standard samples, pH buffer solutions, primary state standard, in-
ternational comparisons, electromotive force, standard potential.

Introduction

Uncertainty estimation was performed according to [1] using the basic provisions [2]. In general, the
combined standard uncertainty of the certified value of pH CRM is evaluated by the equation:

g (A) = 1, 10y 15 ey
where u.,, is the uncertainty associated with characterization of certified values; u;, is the standard uncertain-
ty of homogeneity; uy,,, is the standard uncertainty of long-term instability.

Certified values of the pH CRM as an activity of hydrogen ions expressed in units of pH have been ob-
tained on the state standard of the pH scale. The scientific novelty and purpose of this paper is to assess the
measurement capabilities of the State scientific metrological center for further transfer of the pH measure-

ment units and calibration of working standards.
Method

Estimation of solutions pH was carried out as an indirect measurement. The reference value of pH was
determined from the results of measurements of the electromotive force (EMF), temperature, pressure and
other parameters.

Results and discussion

The entire procedure of determining the pH of reference buffer solutions based on the measurement of
the EMF of the cell and has been nominally divided into three stages. The first stage includes the estimation
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of standard silver chloride electrode potential. Standard silver chloride electrode potential Egg/ aec1 18 deter-

mined by measuring the EMF of the Harned cells Ag|AgCI|HCI (0.01M)| H, Pt [3] using the formula:

2RTIn10 0
Egg/AgCl =E+ F (1g(ch1 ) + 1g(YtHCl)+O'251gp_ ) 2)

Pu,
where E is the measured voltage in V; R is the universal gas constant, which is equal to (8.314510 +
+0.000070) Jxmol'xK™"; T is the thermodynamic temperature, K; F is the Faraday constant, which is equal
to (9.648530 + 0.00002)x10* Cxmol™; m,, is the HCI molality in the solution; ¥y, is the molality activity
coefficient of chloride ions; P’ is the normal atmospheric pressure of 101.325 kPa.
Equation (1) is a measurement model equation in determining of a standard silver chloride electrode
Egg/AgCI .
The main components of the uncertainty [4] are as follows:
— the measurement of the EMF of the electrode F;
— the measurement of the temperature 7;
— the molality concentration of the solution of HCL, m, ;

— the hydrogen partial pressure Py,;

— the coefficient of ion activity Cl” v, -

Uncertainties associated with R and F were insignificant and not taken into account during calculating
the combined standard uncertainty. Standard silver chloride electrode potential was determined as Egg/AgCF

=0.222107 V with a standard uncertainty u( Egg/AgCl) =8.26-10"V.

The second stage includes the determination of the function of acidity p(oayYc) and the limit of the func-
tion of acidity p(oyYcr)’. At the second stage EMF, the E of nine Harned cells, has been measured, these cells
are filled with the reference buffer solution, whose pH(X) has been determined. These nine cells have been
divided into three groups, each containing three cells. The difference between the groups is in the concentra-
tion of the alkali metal chloride added to the buffer solution. Usually the following molality of chloride ions
is used: mc=0.005; 0.010; 0.015 mol/kg.

Values of function of acidity p(ayY.,) in 3 groups of cells have been obtained from the measured EMF
and previously determined E° Ag/AeCl

(E _EZgAgCl )F P’
oY) =———————+1lgm. +0.51g| — |. 3
POy Ye) RTIn10 gmg g Pa. (3)

Equation (3) is the measurement model equation for estimate of the function of acidity. The main com-
ponents of uncertainty in estimation acidity function p(ayc;) are:
— the estimated value £, g/ 4gCl >

— the determination of the EMF of the electrode E;
— the determination of the temperature 7;
— the molality concentration of the solution of HCI m,,, ;
— the hydrogen partial pressure Py,.
Estimates of all the major components have been identified at the first stage and are shown in Tables 1
and 2.
Limit of the function of acidity was specified equal to p(ayYe)’= 9.23980 with a standard uncertainty
u(oyYey) =1.48-107°.
Stage 3 includes calculation of the certified value of the standard sample pH(X)
0
PH(X) = p(ayyy) + 180
AT

lgyl, =— N0
Sla =11 s01

where 4 is the Debye-Hiickel constant, / is the ionic strength of the buffer.
Estimates of all the main components identified in the first stage are given in Tables 3 and 4.
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Table 1
Estimation of input values of uncertainty
Influencing quantity Estimated uncertainty
?iagfgg;;éu\i of EMF, u, (E)= error of the multi met\/%r from the certificate _ 1.2010° V

The temperature of measurement,
T=298.153K

u(E)=1.1010° K

(specified in the certificate at the thermometer )

Molality of the HCI solution, mol/kg

u(mye, )=1.2010° mol/kg

(specified in the certificate of analysis on a solution )

The partial pressure of hydrogen,

Py,

u(P,, )=5.0 Pa

(determined by the accuracy of measurement of atmospheric pressure)

Molality activity coefficient of ch
ride ions, Y, ;¢

lo-

u(Yype) = 9.3-107
(from the [TUPAC data)

Table 2

Uncertainty budget at determination of the capacity of the standard silver chloride electrode Egg, AgCl

. Standard e Contribution
Qujltlty VTPG Unit | uncertainty Sens1t1vgy factor Unit of the uncer- | Unit
! ! u(x;) ! tainty c; u(x;)
E 0.463320 \% 1.20-10° 1 1.2:10° v
lg(mye)) +1g(Yipe) +
2RIn10 .
T | 208153 | kK | 110102 F +0.251g;; VK | -88910° | Vv
H,
=8.1-10™
s 2RT s
My 0.01 mol/kg | 1.2-107 =5.14 V-kg/mol| 6.17-10 \'%
Fmyg,
2RT _
Py, 96686.0 Pa 5.0 T ~1.33-10” V/Pa | —6.65107 | V
H,
¥ 2RT 2 s
Yenar 0.9042 | mol/kg| 9.3-10 =5.68-10 V-kg/mol| 5.29-10 \Y%
FY.per
Ejynect | 0222107 \% 8.26-107° \%
Table 3
Uncertainty budget for the estimate of function of acidity p(ozHYCl)0
. Standard e Contribution of
Size Value Unit uncertainty Sensitivity factor Unit | the uncertainty | Unit
X X C;
u(x;) ciu(x)
1 2 3 4 5 6 7 8
F
1075 —— =169 107 -
E 0.904029| V 1.20-10 RT1n(10) |VAY 2.03-10
E, 0.222107| V 8.26-107° L 169 VA% ~1.40-107 —
Aghect : RT In(10) '
E-E F
T 298.152 | K 1.1-107 —(2$gc‘)=—3.86-10-2 1/K —4.25:10°* -
RT? In(10)
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Continuat

ion of Table 3

1 2 3 4 5 6 7 8
1
-6 —F =86.86 ~1.74-107* -
Myg 0.005 |mol/kg 2.010 .o In(10) kg/mol 1.74-10
P —L—Q 25-107° -5
H, 96457.0 | Pa 5.0 P, In(10) . 1/Pa -1.13-10 -
playyy) | 923980 1.48-10° _
Table 4
Uncertainty budget for the determination of acidity function p(ozHYCl)0
Size Value . Standard uncertainty Sensitivity factor Contrlbutlop
Unit of the uncertainty
X; X; u(-xi) Ci
ciru(x;)
plagys) 9.23980 - 1.4810° 1 148107
g7y, -0.05960 - 0.58-107 1 0.58-107
pH(X) 9.1802 1.48-10°°

Thus, the certified value of the standard sample is determined as pH(X) = 9.1802 with the standard un-
certainty u;,= 1.48-107.
Stability estimation of CRM is carried out within six months according to the [5].
The obtained data and calculations are shown in Table 5.

Table 5
The results of stability test of CRM pH =9.18
Time, n | Current value, Xn | Value of difference, dn o-dn (I-a)-U Un Swing, R
0 9.1802 0.0000 0.0000 0 0
1 9.1808 0.0006 0.0002 0 0.0002 0.0006
2 9.1818 0.0016 0.0005 0.0001 0.0006 0.0010
3 9.1811 0.0009 0.0003 0.0004 0.0007 —0.0007
4 9.1809 0.0007 0.0002 0.0005 0.0007 —-0.0002
5 9.1804 0.0002 0.0001 0.0005 0.0005 0.0005
6 9.1815 0.0013 0.0004 0.0004 0.0008 —-0.0011

The standard uncertainty from the instability was calculated according to [1].
Average moving range is as follows:

R =0.00022, Sp= 0.89x R = 0.89x0.00022 = 0.000193;

tainty.

Sa

D

0.000193

S
\/Z” poAP+22 437 +4 +5 46
i=11

=0.0000202 ;

Ussar = 0.0000202x7 = 0.0001415 = 0.14-10™°.
Measurement performed for an estimation of the uncertainty on account of in homogeneity, had point-
ed, that contribution of #, was insignificant and it was not taken into account to combined standard uncer-

Combined standard uncertainty of certified value of the reference buffer solution of 1" category is esti-
mated using equation (1):

u, (A)= i, +i2, =\/(1.48-10‘3)2 +(0.14-107) =1.4910°.

Extended standard uncertainty is:
U(A) = ku.(4) =2-1.49-10° =2.98-10° = 0.003.
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Certified value of the pH state certified reference materials, standard buffer solution 1 category, will be
equal to (9.1802 + 0.003) pH at k£ = 2 for 95 % confidence level. Currently work to further improve the state
standard is underway [6, 7].

Conclusions

Measurements of pH are influenced by the number of factors. The main contribution to the measure-
ment uncertainty is made by the potential of the chlorine-silver electrode.
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b.K. XKanac6aega, I".K. bextypranosa, B.A. [lon6aeBa

drajgoHabIK 0ydepJik epiTiHaiHi aTTecTaTrTay Ke3inaeri Oearici3aikrTi 0aranay

pH mkanaceiHblH MemiekeTTik Tanonsl KasakcraH PecryOinKachiHBIH 0acTanksl STaJTOHBI  OOJIBII
TaOBLIa/IBI, O ©31HIH XaJBIKapaJbIK CANBICTEIpMAaNapMeH OanaManbuIbFsH pactagsl: APMP QM-R19 (2014)
Heri3ri canbicteipManapbiMet jxone COOMET 655/EN/15 (2017) ITunoTThIK cajblcThipManapbIMeH. JTaloH
CYTEKTI )KoHE XJIOPKYMICTI AJIeKTpOATapsl 6ap TachIManchi3 (XapHex YAIIBIKTapbl) YSMIBIKTapIbl KOJJaHa
oteipei, pH emmieyaiy OacTamkbl 9IiciH jXKy3ere achipaabl. Bys ySIIBIK IIey HOTHXKENICepiHiH YKOFapbl
JKAHFBIPTBUTYBIMEH CHIATTANa/bl. OJTaJOH COHJAi-aK eJllley KypajgapblH TEKcepy JKOHE CamaHbl iLIKi
OakplIay Ke3iHIe 3epTXaHalap KCHIHEH KOJIAHATBIH MEMJICKETTiK cTaHaapttThl yiriiepai (['CO) a3ipieyre
Mymkingix Gepeni. pH I'CO-20 °C TemmepaTypaga MEHIIIKTi dnekrpeTkisrimriri 2-107 Cwm/M achaifThin
OMIMCTIIICHTEH JCUOHU3AIMSIIaHFaH CybIH | Kr-J1a epiTUIreH XUMHUSUTBIK 3aTTapIblH o1 LTIMIH Olmaipeni.
Kymeicra 9.010-9.280 pH mmanmasomsipgarsl craHgapTThl  Oydeprmik  epitinginepaiy pH CRM
aTTecTaTTajFaH MOHZEpiHiH Oeinrici3mirin Oaranay yceiHbUIFaH. Epitinainepain pH — aHbikTay-emnmeymig
*aHama Typi. pH 3TaoHIBIK MOHI 3IEKTP KO3Fayllbl KYLITiH, TEMIIEpaTypaHbIH, KbICBIMHBIH jkoHE Oacka Ja
napameTpiepiH eJliey HOTHKEeNCpPiHEeH aHBIKTANaAbl. DTANOH/ABIK JICKTPXUMHSUIIBIK yambIKTeIH KK
OJILICYJIePiHIH AYPBHICTHIFBI CYTEKTI KOHE XJIOPKYMICTI 3JIEKTPOATAPIbIH KOPCETKIIITEPiHEe TOYeIIi.

Kinm co30ep: emmeynepain Oenrici3niri, MEMIIEKETTIK cTaHAApTTHl yirinep, pH Oydeprnik yiinecimzaep,
0acTarKbl MEMJIEKSTTIK STAIOH, XaJIbIKAPAIBIK CaJBICTHIPYIIap, MEKTPKO3FayIIbI KYII, CTAHIAPTTHI JJICYeT.

b.K. XKanac6aega, I".K. bexrypranosa, B.A. [lon6aeBa

OuneHka HeonpeaeJIeHHOCTH MPH aATTECTAIIMH dTAJTOHHOTO Oy(depHoro pacTeopa

TocynapcTBeHHBIN 3TanoH mKanel pH sBiseTcs mepBUYHBIM dTaioHOM PecrmyOmukn KazaxcraH, KOTOpBIH
MOATBEPIMII CBOIO SKBUBAJIEHTHOCTh MEXIYHAPOAHBIMH CIMYEHUSIMU: KItoYeBbIMH cinaeHussMu APMP QM-
R19 (2014) u nunotaeiMu cinuenusivu COOMET 655/EN/15 (2017). DranoH peanu3yeT nepBUYHbIA METO
n3Mepenuii pH ¢ npuMeHeHueM sueek 0e3 mepeHoca (siueek XapHena) ¢ BOIXOPOIHBIM M XJIOpCEpeOpSAHBIMU
aekTposamu. JlaHHas suelKa XapaKTepu3yeTcs BBICOKOW BOCIIPOHM3BOJMMOCTBIO PE3YJbTaTOB M3MEPEHUI.
Ha sTanone arrectyrorcs rocynapcTBeHHsle cranaapTHbie 00pa3us! (I'CO), KoTopble MHUPOKO HCIOIB3YIOTCS
71a00opaTopusIMH IIPH  HOBEpKE CPEJICTB HM3MEPEHHWH M BHYTpeHHeM KoHTpose kadectBa. ['CO pH
TIPEACTABIISIIOT COOOH TOYHBIE HABECKH XMMHYECKHX BEIIECTB, PACTBOPEHHBIE B 1 KI' OMANCTHILIMPOBAHHON
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JCMOHM3MPOBAHHON BOXBI C YIENBHOM JIEKTPHUCCKON MPOBOAMMOCTBIO He OGomee 2-107* Cwm/m mpu
temneparype 20 °C. B pabore mpencraBieHa OIIEHKAa HEONPENECICHHOCTH aTTECTOBAHHBIX 3HaueHWi pH
CRM — cranpaptHbix O0yhepHbIx pacTBopoB B auanazone 9,010-9,280 pH. Onpexnenenne pH pactBopoB —
KOCBEHHBI BHJl M3MEpeHWH. OraloHHOe 3HaueHHe pH ompememsiercss u3 pe3ynbTaToB H3MeEpeHHit
IJIEKTPOABIDKYIIEH CHIIBI, TEMIIEPATypHI, JaBJICHUS U IPYTHX MapaMeTpoB.

Kniouesvie crosa: HeonpeeIeHHOCTh H3MEPEHUI, TOCYIapCTBCHHBIC CTaHAapTHBIC 00pas3ibl, Oy(depHbIe pac-
TBOpHl pH, MepBUYHBIN TrOCYIapCTBEHHBIN ATAllOH, MEXAYHApOJHBIE CIMYEHUS, AJIEKTPOJBHKYIIAs CHIA,
CTaHAAPTHBIN MOTEHIIUAI.
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Calorimetry of new double dysprosium tellurite

New dysprosium-barium double tellurite was synthesized based on ceramic technology. The formation of the
equilibrium composition of the compound is controlled by X-ray phase analysis, the results of which revealed
that DyBaTeO, s dysprosium tellurite was synthesized. For the first time, a calorimetric study of the heat ca-
pacity of the new double tellurite DyBaTeO, 5 was carried out in the temperature range of 298.15-673 K. The
calibration of the instrument was carried out on the basis of the determination of the heat meter thermal con-
ductivity. The operation of the calorimeter was checked by measuring the a-Al,O; heat capacity. The experi-
mental data of the specific and molar heat capacity were processed by the methods of mathematical statistics.
The equation for the dependence C,’~f(7) is derived based on the experimental data. The temperature de-
pendences of the thermodynamic functions H°(T)-H°(298.15), S°(7) and, F™(T) are determined from
C,"~f(T) and the calculated value of $°(298.15) of tellurite. Anomalous jumps are observed on the depend-
ence C,"~f(T), which are probably related to second-order phase transitions. The thermodynamic characteris-
tics of new tellurite can serve as background information for fundamental data banks and reference books,
and also used to predict the thermochemical constants of similar compounds.

Keywords: dysprosium-barium tellurite, calorimetry, heat capacity, phase transitions, thermodynamic func-
tions.

Modern electronic technology poses the problem of searching for new compounds with valuable
electrophysical properties and their in-depth physical and chemical research. Criteria for assessing the pro-
spects of using a particular material put forward the relative cheapness and simplicity of their production,
environmental safety as priority requirements, and also one of the decisive factors when choosing a new ma-
terial is availability of such valuable properties as semiconductor, ferroelectric, piezoelectric and
pyroelectric, radioluminescent and superconducting.

Therefore, compounds formed in systems consisting of REE oxides, alkaline earth metals and tellurium
are of particular interest for inorganic materials science, since they have promising physical and physico-
chemical properties [1]. The purpose of this work is a calorimetric study of the heat capacity of new dyspro-
sium double tellurite in the temperature range of 298.15-673 K.

Dysprosium (III), tellurium (IV) and barium carbonate («chemically pure» oxides) were used as starting
components for the synthesis in a stoichiometric ratio. Dysprosium-barium tellurite DyBaTeO,4 s was synthe-
sized by the method of ceramic technology. The method of synthesis is similar to that given by us earlier in
[2]. The formation of the equilibrium composition of the compound was monitored by X-ray phase analysis
on a DRON-2.0 diffactometer. X-ray data show that the synthesized compound crystallizes in the structural
type of distorted perovskite P,,3,, [3].

The heat capacity of dysprosium-barium double tellurite was studied by dynamic calorimetry on an IT-
C-400 serial device in the 298.15-673 K temperature range. The limit of the permissible error of the device
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is = 10 % according to passport data [2]. The calibration of the instrument was carried out on the basis of
determining the thermal conductivity of the heat meter K7 [4]. For this, several experiments were carried out
with a copper sample and an empty ampoule. Thermal conductivity of the heat meter was determined by the
formula:

KT = CL’S/(TTC _TTO) H
where C,,is the total heat capacity of the copper sample, J/(molxK); 7,. is the average value of the lag time

on the heat meter in experiments with a copper sample, s; T, is the average value of the lag time in experi-

ments with an empty ampoule, s.
The total heat capacity of the copper sample was calculated by the formula:
Ccs = CC xm,
where C¢ is the tabular value of the specific heat capacity of copper, kJ/(kgxK); m; is the mass of the copper
sample, kg.
The value of the specific heat capacity of the analyte was calculated by the formula:

C, =&><(TT -1,7),
m,

where K7 is the heat conductivity of the heat meter; my is the mass of the test substance, kg; 17 is the lag time
of the temperature at the heat meter, s; 17" is the lag time of the temperature on the heat meter in experiments
with an empty ampoule, s.

Taking into account the molar mass, the molar heat capacity was calculated using the specific heat ca-
pacity by the formula:

Cu= C; XM,

where C; is the specific heat capacity of substance, J/(gxK); M is the molar mass of the substance, g/mol.

Five parallel experiments were carried out at each fixed temperature, the results of which were averaged
and processed by methods of mathematical statistics [5].

At each temperature, the standard deviation 0 was estimated for the averaged values of the specific
heat capacity using the formula:

where 7 is the number of experiments; C; is the measured value of the specific heat capacity; ¢ is arithmetic
average of the measured values of specific heat capacity.
The random error component was calculated for the average values of the molar heat capacity:

= Ot
A=—-100,
c
where A is the random component of the error in %; ¢, is the Student’s coefficient (for n = 5 £, = 2.78 with
p = 0.95 confidence interval).
The systematic component of the error was calculated by the formula:
L _C-C,

(&

-100,

0
where A, is the systematic component of the error in %; C, is the heat capacity value of the model measure
taken at the temperature at which the heat capacity was determined.

In our studies, the systematic error and errors in temperature measurements were not included in the
calculation, since they were negligible compared to the random component.

The work of the calorimeter was tested by determining the a-Al,Os heat capacity. The resulting value of
C,,O(298.15) for a-Al,Os, which is equal to 76.0 J/(molxK), is in satisfactory agreement with its recommend-
ed value of 79.0 J/(molxK) [6]. These data show not only the reliability of the results obtained, but also the
negligible value of the systematic error, such as the measurement of the temperature error.

The results of calorimetric studies of the heat capacity of tellurite are shown in Table 1.
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Experimental values of specific and molar heat capacities DyBaTeO, s

T.K C, %9, Cl‘j + A,
J/(gxK) J/molxK
298.15 | 0.5361+0.0312 250+15
323 0.5061+0.0811 26024
348 0.5464+0.0643 280426
373 0.6393+0.0521 31027
398 0.7721+0.0251 3601
423 0.9352+0.0651 420429
448 1.1234+0.0721 50034
473 1.3293+0.0452 6202
498 0.8582+0.0187 400+4
523 0.6650+0.0335 310+16
548 0.6891+0.0295 330+12
573 0.7932+0.0445 370+19
598 0.9651+0.0362 450+16
623 0.8154+0.0257 380+10
648 0.7283+0.0452 350421
673 0.6961+0.0329 32542

Table 1

It can be seen from the data presented in Table 1 that the random components of the error of the exper-
imental values of the heat capacities are within the limits of the error of the device over the entire tempera-
ture range. The Figure shows the temperature dependence of the heat capacity of the tellurite synthesized.
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Figure. Temperature dependence of the DyBaTeQOy, s heat capacity

Based on the data in Table 1 and the Figure, it was found that the curve of the temperature dependence
of the heat capacity of double tellurite DyBaTeO,s at 473 and 598 K revealed abrupt anomalous A—shaped
jumps, probably due to the second-order phase transitions. These transitions can be associated with cationic
redistribution, with changes in the coefficient of thermal expansion, as well as changes in the magnetic mo-
ment of the tellurite synthesized or changes in the dielectric constant, electrical resistivity, etc. Due to the
presence of the second-order phase transition, the dependence of the compound was described by several
equations, the coefficients of which are given in Table 2.
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Table 2

Equations of the temperature dependence of the heat capacity of double tellurite DyBaTeO, 5

Equation coefficients C) = a + bT + ¢T~, J/molxK AT K
a b-10~ c10’

—(2550.8+76.5) 5804.6+174.1 951.3+£28.5 298.15-473
—(22283.2+668.5) 28357.0+850.7 21232.6+637.0 473-523
—(9319.0+£279.6) 12143.1+364.3 8966.9+269.0 523-598
—(7443.4+223.3) 7646.6+£229.4 11875.2+356.3 598673

There were used the values of average random errors for all considered temperature ranges to determine
the error coefficients in the equations of dependencies Cg ~ f(T) . Due to the fact that the technical charac-

teristics of the device do not allow us to directly calculate the standard entropy S°(298.15) of the test com-
pound from the experimental data on C;(T ) it was evaluated using the Kumok ion increment method [7].

Based on the known relations [8, 9] the temperature dependences of the functions were calculated S°(7),
H°(T)-H°(298.15) and F(T) using experimental data on C2 ~ f(T) and calculated values for S°(298.15).

The results are shown in Table 3.

Table 3
Thermodynamic functions of tellurite DyBaTeQ, s in the temperature range of 298.15-673 K

° o ° 0

AT K | C%T)+A, J(molxK) | S°(T)£A, J(molxK) | H(T)—H"(298,15)% A, J/mol | F*(T)+A , J/(molxK)

298,15 25015 21048 - 21046
323 260424 229+7 595960 21147
348 280426 24748 12033+146 21347
373 310+14 26649 18899+187 21648
398 360+7 288+11 270924216 21649
423 420433 312+13 37018+270 22649
4438 500432 339+16 48996+357 230£10
473 62015 370+19 63275+478 237411
498 400<15 396+12 757264597 244+12
523 31049 41319 843574788 252412
548 330£17 427+10 92163+898 260+13
573 370+17 44311 100733+8 267+13
598 450+17 460+14 1109234998 275+14
623 380+18 477411 1212311109 282+14
648 350+17 49110 130170+1181 290+15
673 325+17 503420 1384241219 298+15

The errors in the temperature dependence of enthalpy were estimated with the average random compo-
nent of the error in heat capacity, and the errors in temperature dependence S°(7) and F*(T) were calculated
by summing the average error of the experimental determination of heat capacity and the accuracy of the cal-
culation of entropy (+3 %).

Thus, for the first time, the isobaric heat capacity of new double dysprosium tellurite DyBaTeO, s was
investigated by the dynamic calorimetry method in the range of 298.15-673 K.

The standard heat capacity C,°(298.15) =250 + 15 (J/molxK) was determined for tellurite DyBaTeO, s
experimentally. The equations of temperature dependences of the heat capacity for the compound under
study were derived based on the experimental values.

Abrupt anomalous jumps of A—shaped effects related to the second-order phase transition were detected

for the tellurite under study, at 473 and 598 K, on the dependence curve C pO(T )~ f(T) . The standard entro-

py of the double tellurite under study was calculated by the method of ionic increments. The temperature
dependences of the heat capacity were calculated in the range of 298.15-673 K Cg (T) and thermodynamic
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functions such as entropy S°(7), enthalpy H°(7)-H°(298.15) and reduced thermodynamic potential F*(7) of
tellurite DyBaTeO,s.

The presence of the second-order phase transition in the temperature dependence curve of the heat ca-
pacity suggests that this compound may have unique electrophysical properties [10]. Thermochemical and
thermodynamic characteristics of tellurite can be initial information files of fundamental reference books and
data banks and are of interest for chemical informatics, and also have theoretical and practical interest for
inorganic materials science in the field of directional synthesis of compounds with polyfunctional properties.

This work was supported by the Ministry of Education and Science of the Republic of Kazakhstan
[grant number AP05132001].
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K.T. Pycrem6exoB, M.C. KaceimoBa, [I.A. KaiikeHoB,
B.H. ®omun, C.K. Angabeprenosa, A.A. TolibGek

JAucnpo3uii skaHa KOC TeJUTYPUTIHIH KaJIOPUMETPHSIChI

Kepamukasblk TEXHOJIOTHSIMEH >KaHa IUCHPO3MH-O0apuil Koc TeiurypuTi cuHTeszmenmi. KochUIBICTEIH Teme-
TEHJIK KYpaMbIHBIH KYPBUIBICEI PEHTTeH(a3albIK Tannay omiciMeH OakputaHibl. PeHTreHdasanslk Tanmay
HoTIXKeCi OolibiHIa DyBaTeO, s Koc TeJUTypHTiHIH CHHTE3/ENTreHi aHbIKTanael. Asram per 298,15-673 K
apanbIFbiaIa xkaHa DyBaTeO, s Tucnpo3uii Ko¢ TEUTyPUTIHiH KBLTYCHIBIMIBUIBIFB KATOPUMETPIIK dJliCIIEH
3eprrenii. KypbUIFbIHBIH TpagyupieHyl *KbUTyeIIIeyilITiH KbUTyOTKI3TIIITIMH aHbIKTay HETi3iHae XKy3ere
aceIpbuLibl. KamopumeTpail sxyMbichl o-Al,O3-TiH JKbUTy CHIABIMABUIBIFBIH OJIIIEYMEH TeKcepiaai. MeHIikTi
JKOHE MOJBIIK IKBUTYCHIBIMIBUIBIKTAPBIHBIH —TOKIPHOCIIK MAIIMETTEpi MAaTeMaTHKAIBIK CTaTHCTHKA
omictepiMeH eHIenai. ToXipHOETiK MONMETTepAiH HETi3iHae Cp°~f (7) Toyenminmik TeHICYl HIBIFAPBUIIBL
C,"~f(T) xoue Temtypurtiy ecentenren $°(298,15) moni Goierama HY(T)-H’(298,15), S°(T) xone @™(T)
TEPMOJIMHAMUKANIBIK ~ (DYHKIMANAPBIHBIE — TeMIlepaTypanslk — Toyenuimikrepi — ambikramuel.  C,"~f(7)
Toyenninirinze, II-texti ¢a3anpik aybicymeH OOJybl MYMKiH, KYPT aHOMaJIbl cekipynep Oaiikainsl. YKana
TEJUTYPUTTIH TEPMOAMHAMHUKAJIBIK CHIIaTTaMalapbl ipreimi Modimerrep OaHKiHE >OHE aHBIKTaMallapra
Oacrankpl Marepuanzap OOJybl BIKTHMal, COJ CHSAKTBl YKCAC KOCBUIBICTApIbIH TEPMOXHMHSIIBIK
KOHCTaHTaJIapblH 00JDKay/1a KOJIIAHBUTYbl MYMKIH.

Kinm ce3dep: nucrpo3mii-6apuil TEJUTypHTi, KalIOPUMETpPHUS, KBUIYCHIMBIMABUIBIFEL, (ha3ajbIK TYpIICHYIEp,
TEePMOANHAMUKAIBIK (QYHKIIUSIIAP.
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Calorimetry of new double dysprosium tellurite

K.T. Pycrem6ekoB, M.C. KaceimoBa, [[.A. KalikeHOB,
B.H. ®omun, C.K. Annabeprenoa, A.A. Toitbek

KaJIOpI/IMeTpl/Iﬂ HOBOI'O ).IBOﬁHOFO TCJUIypUTaA TUCIIPO3USL

Ha ocHoBe kepaMu4eckoi TEXHOJIOTHH CHUHTE3UPOBAH HOBBIM ABOIHOM TenypuT nuciposus-6apus. O6paso-
BaHUE PABHOBECHOTO COCTAaBA COEJMHEHHUs] KOHTPOJIMPOBAHO METOAOM PEHTreHO(}a30BOrO aHAlN3a, MO pe-
3yIbTaTaM KOTOPOTO OBbIIO YCTaHOBJIEHO, YTO CHHTE3MpPOBaH ABOHHON TemrypuT aucnposus DyBaTeO,s.
Brnepssie B unrepsane 298,15-673 K mpoBeneHo KaloOpUMETPUIECKOE HCCIEAOBAHNE TEIIOEMKOCTH HOBOTO
nsoiinoro temryputa DyBaTeOys. I'panynpoBky npubopa oCyIecTBIsUIM Ha OCHOBAaHUH OIPEAENICHHS Tell-
JIOBOH HPOBOJMMOCTH TeruioMepa. IIpoBepKy paboThl KalopuMeTpa MPOBOJHIN U3MEPEHHEM TEIUIOEMKOCTH
a-Al,O3. DKcriepuMeHTaIbHBIE JaHHbIE YAENEHOH U MOJBHON TEIIOEMKOCTH 00paboTaHbI METOJaMU Mate-
MaTH4ecKol crarucTuky. Ha 0CHOBE SKCIIEPHMEHTAIBHEIX JJAHHBIX BBIBEJCHO ypaBHEHHE 3aBUCUMOCTH C,’~f
(7). o C,°~f(T) u BeIYHCICHHOMY 3HadeHHIO S°(298,15) TemmypuTa ONpeneneHbl TEMICPATYPHBIC 3aBUCH-
MOCTH TepMmoauHamudeckux Qynkuui H°(T)-H°(298,15), S°(T) u @(T). Ha 3aBucumoctu C,°~f(T)
HaOJII0AI0TCS aHOMAJIBHBIC CKAa4KH, CBA3aHHbIE, BEPOATHO, ¢ (a3oBeiMu nepexonamu 11 pona. Tepmonnna-
MHYECKHE XapaKTEPUCTHKU HOBOTO TEJUTypHTa MOTYT CIIY)KUTh MCXOJHOW MH(OpMaLuei i BKIIOYEHUS B
(yHIaMeHTaIbHbIe OAHKH JaHHBIX U CIIPAaBOYHUKH, a TAK)KE€ MOTYT OBITh MCIOJIE30BAHbI JUISl IPOTHO3HPOBA-
HUSI TePMOXUMHYECKUX KOHCTAHT QHAJIOTHYHBIX COCIMHEHHUIL.

Knioueswvie cnosa: TEJLUIYPUT uncnp03m—6apnﬂ, KaJIOpuMETpus, TCIIIOEMKOCTD, (1)330Bble nepexoabl, TECPMO-
JUHAMUYCCKUEC q)yHKIII/II/I
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Values and change laws of atoms and ions radii

In the chemical technology industry many products are produced by aqueous-salt systems. In such systems
the charged particles of mineral substances used as raw materials are in the form of ions and play a decisive
role in the formation of the target products. Today research results in the theoretical chemistry show that there
is no high level scientifically substantiated data on the radii of atoms that are the material basis of such ion
particles. The atomic and ion radius values of chemical elements give rise to several values for a single ele-
ment in known literary data. These data are different from each other. Within the periodic table per each atom
and each ion about 30 scaling values are determined by the calculation or physico-chemical methods. Accord-
ing to the results obtained, the values have been found that are close to the known data and preserve their own
numerical values within the periodic system. At this point two different equations are used to calculate radii
of the atoms and ions of the elements. Version 1 is for elements in the periodic table moving from period to
another, while the other is for elements in the 1st and 8th groups in each period of the periodic table. All
chemical elements in the periodic table allow calculating the radius values of atoms and ions.

Keywords: ion, atom, radius, periodic system, particle, charge, electron, physical and chemical properties.

Introduction

In many areas of chemical technology the processes occurring in aqueous-salt systems are used. In this
case the mineral substances used as primary raw materials in the process are the elementary charge particles,
ions, and play a decisive role in the formation of target products. Nowadays the research results [1-5] in sci-
entific chemistry have shown that there is no high level scientifically substantiated data on the radii of such
ion particles and their material basis. In general within the Periodic Table of Chemical Elements of
D. Mendeleyev the data of radii determined by calculation and physico-chemical methods show about 30
scale values for each atom and each ion [6—11]. As examples we can include the research results on the radii
of the ionic and atom particles [12] of Melvin-Hughes (MH), Goldschmidt (G), Poling (P), Ingold (In) and
Boki (B) that are widely used in educational and scientific practice today (Table 1).

Table 1
Radii of atoms and ions
Elements Radius of atom, 7, 10, nm Ton charge Radius of ion, ; 10, nm
M.H G P B M.H G P In B
1 2 3 4 5 6 7 8 9 10 11
Ag 1.445 1.44 1.53 1.44 +1 1.014 1.13 1.26 1.26 1.13
Al 1.432 1.43 1.26 1.43 +3 0.55 0.57 0.50 0.72 0.57
As 1.248 1.22 1.18 1.48 +5 - 0.46 - 0.71 (0.47)
Au 1.442 1.44 1.50 1.44 +1 - 1.37 - 1.37 (1.37)
B (0.795) 0.91 0.89 0.91 +3 (0.20) 0.23 0.20 0.35 (0.20)
Ba 2.174 2.17 — 2.21 +2 1.395 1.34 1.35 1.53 1.38
Be 1.113 1.11 1.07 1.13 +2 0.314 0.35 0.31 0.44 0.34
Bi 1.548 1.55 1.46 1.82 +5 — 0.74 — 0.98 (0.74)
Br 1.1415 1.14 1.14 - +7 — — — 0.62 (0.39)
C 0.771 0.77 0.77 0.77 +4 0.195 0.16 0.15 0.29 0.2
Ca 1.974 1.37 — 1.97 +2 1.051 0.99 0.99 0.99 1.04
Cd 1.490 1.48 1.48 1.56 +2 0.99 0.97 — 1.14 0.99
Cl 0.994 0.99 0.99 - +7 — — — 0.49 (0.26)
Co 1.253 1.25 1.25 1.25 +3 0.65 0.63 — — 0.64
Cr 1.249 1.25 1.25 1.27 +6 — 0.52 — 0.81 0.35
Cs 2.655 2.62 — 2.68 +1 1.678 1.67 1.69 1.69 1.65
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Continuation of Table 1

1 2 3 4 5 6 7 8 9 10 11
Cu 1.278 1.27 1.35 1.28 +2 0.47 0.72 - 0.96 0.80
F 0.709 0.64 0.64 — +7 — - - 0.10 -
Fe 1.241 1.26 - 1.26 +3 0.67 0.64 - - 0.07
H 0.3707 0.36 0.30 0.46 -1 - 1.53 - 2.08 1.36
Hg 1.503 1.50 1.48 1.60 +2 0.66 1.10 - 1.25 1.12
I 1.333 2.20 1.28 — +7 - 0.50 - 0.77 (0.50)
K 2.272 2.36 - 2.36 +1 1.341 1.33 1.33 1.33 1.33
La 1.870 1.86 - 1.87 +3 1.14 1.14 1.15 1.39 1.04
Li 1.520 1.55 1.34 1.55 +1 0.758 0.68 0.60 0.60 0.68

Results and discussions

As can be seen form Table 1, there are large quantitative differences that can not be ignored for any
element in their atomic and ionic radius values. The research findings show the results of recent research
aimed at eliminating such shortcomings. The research has revealed that some of the latest scientific findings
about the definite patterns of traction and drainage and the atomic structure, which arise between charged
particles, have been used [13—17]. At this point two different equations are used to calculate the atoms and
ions of the elements. For elements in version 1 (1-3) elements according to their formula that move from
period to period in the periodic table. They are lithium, sodium, potassium, rubidium, cesium, and francium.

Zne’ _ K-m-V? )
41E£0 (R atom of previous element +X )2 (R atom of previous element +X ) .
From the 1* formula we find X.
_ Zne’ - K 4TESOWZV2 : Ratom of previous element (2)
- K4ne,mv’ '
Next, we find the atomic or ion radius of the element as follows:
Rion = Riom of previous element T X. (3)

In version 2 (4-6) formulas are for the elements of 1 and 8 groups in each period in the Periodic Table.
The laws are known that by an increase in the line number the atoms and ions radius of elements is de-
creased. Therefore, we deduce X from the radius of the element and ion radius of the element, and we formu-
late the formula as follows.

Zne’ . K-m-v? )
2 - .
4TCSO (R atom of previous element _X) < atom of previous element _X>
From the 4™ formula we find X.
2 2
— [(47.c£0n1V Ratom of previous element _Zne (5)
K4ne mv’ ’

here €, — dielectric permeability of vacuum, F/m; e — electron charge, C; m — electron mass, kg; z —

number of protons; R — distance between the charged particles, A; v — velocity of rotating electrons in
radius orbitals, m/sec.; K — constant value determining by the arrangement of elements electrons in the
cells.
Next, we find the atomic or ion radius of the element as follows:
R, =R X. (6)

The new calculation results obtained for the elements described in Table 1 above are relative to the data
given in Table 2, Figure 1.2.

atom atom of previous element
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Table 2
Radii of atoms and ions
Atom radius, 7,10, nm ITon radius r;10, nm
Ele- Ion Aver-
ments | MH | G | p | B |AVeraee |Caleu-loharge | i | G | P | In | B | age | CHO™
literary | lation . lation
literary
Al 1432143 ]1.26]1.43 1.388 1.383 3 0.55 1057 ] 05 |0.72]0.57 | 0.582 | 0.575
As 1248|122 1.18 | 148 | 1.282 1.256 5 - 046 | — [0.71] 047 | 0.546 | 0.482
Au |1.442|1.44| 1.5 | 144 ] 1455 1.503 1 - 1.37| - | 137]137] 137 1.377
B ]0.795/091]0.89|091 | 0.876 | 0.888 3 02 1023] 02 [035] 02 | 0.236 | 0.333
Ba [2.174[2.17| - [221] 2.184 |2.171 2 1395|134 | 135 1.53 | 1.38 | 1.399 | 1.357
Be |[1.113]1.11]1.07]1.13 1.105 1.063 2 0.314 |1 0.35] 0.31 | 044 | 034 | 0.350 | 0.472
Bi |[1.548|1.55|1.46|1.82| 1594 | 1453 5 - 074 — 1098074 | 0.82 | 0.681
Br |1.141]|1.14|1.14| - 1.140 1.166 7 - - - 10.62]0.39 | 0.505 | 0.383
C 10.77110.7710.7710.77 | 0.770 | 0.799 4 0.195]10.16 | 0.15 1029 | 0.2 | 0.199 | 0.213
Ca [1974|137| - [197] 1.771 1.777 2 1.051 1 0991099 1099|104 ] 1.012 | 1.119
Cd | 149 |148|1.48|1.56] 1.502 1.505 2 099 (097 — |1.14|099 | 1.022 | 1.989
Cl 10.994|0.990.99| - 0.991 1.007 7 — — - 10491026 | 0375 | 0.372
Co |1.253]1.25]|1.25|1.25 1.250 | 1.251 3 0.65 | 063 | - - 1064 | 064 | 0333
Cr [1.249]1.25|1.25]1.27| 1254 |1.278 6 - 052 - |[081]035] 056 | 0.514
Cs |2.655|2.62| — |268]| 2.651 |2.665 1 1.678 | 1.67 | 1.69 | 1.69 | 1.65 | 1.675 | 1.675
Cu |[1.278]1.27 135|128 1294 | 1405 2 047 1072 - |096| 0.8 | 0.737 | 0.985
F 10.709]0.64|0.64| — 0.663 | 0.684 7 - - - 0.1 - 0.1 0.099
Fe |1241]|126] - |126| 1.253 1.259 3 0.67 {064 | - — 10.07 ] 0.439 | 0.404
Hg [1.503| 1.5 | 148 1.6 1.520 | 1.488 2 0.66 | 1.1 - [ 1.25]1.12 | 1.032 | 1.097
I 1333 22 | 1.28| - 1.203 1.283 7 - 0.5 - 10771 0.5 0.59 | 0.426
3
—#—Average literary
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—-Calculation
-
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£
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Figure 1. The laws of changes in average literary and calculation values of atomic radii
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Figure 2. The laws of changes in average literary and calculation values of ion radii
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Conclusions

As shown in Table 2 and Figures 1, 2, the results of the study were close to the known data, and the
values of the latter were changed within the periodic system, but their numerical values were obtained. In
order to verify their superior sequence and authenticity, calculations were made using the atomic and ion
radii of any element in the periodic system group before and after of that element, upper and under the
certain periods, under certain elements. At the same time, in all four different calculations, the same values
of the atom and ion radii of the element under consideration were obtained. This result can be a proof of the
novelty of the findings, as well as the high scientific value and significance of it.

Thus, the results of the research can be considered as a new solution for calculating the high values of
ion particles and their radicals’ radii, which are their material basis in the field of chemistry. The
methodology used in the work allow calculation of the radius values of atoms and ions all the chemical
elements in the periodic system of D. Mendeleyev.
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V. becrepekos, C.P. Epmekos, 1.A. [lerponaBioBckuii

ATOM)Iap MEH HOHAAPABIH paanycCTapbl MGH}Iepi MEH 03repy 3aHAbLIBIKTAapPhbI

XUMHAIBIK TEXHOJOTHS CalajlapblHAA CyJbI-TY3[bl JKyHelnep apKbulbl KeNTereH eHIMAep eHAipiltyze.
MyHpaii sxyiienepie MIHKi3aTTap peTiHe maifanaHbUIaThIH MUHEPAIIbl 3aTTapIblH 3apsATHIK OenmiexTepi
HOHIAp TYpiHAe OOMbIN, KEPeKTi OHIMAEpl KaJbINTACThIpyAa LICIIYIIi poi aTKapaibl. T bUIbIMU-UTIMIIK
XHUMUS cajlachlH/Ia Ka3ipri Ke3/ie KOJDKETKEH HOTIKENEP i Talaay HOTHKECI KOPCETKeHIeH, OCBIHIAN HOHIBIK
OeJILICKTEePAiH JKOHE OJap/blH MAaTEpHAIABIK Heri3i 00JbIn TaObUIAThIH aTOMIAP/BIH PaJUyCTapbl Typaibl
LIBIHARBUIBUIBIFBI JKOFAPbI, TOJBIKTAMA FHUIBIMH IOHEKTEIIeH MOJIMETTEp JKOK. XHMHSUIIBIK JIEMEHTTEPIIH
aTOMBI MEH HOHBI PagWyCTapbl MoHJIEpi Oenrimi onebm Mariymarrapia Oip »JIeMEHT YIIiH OipHeme MoH
6epeni. Onap Gip-OipiHeH eTe anmIakThl MOHJAEp. XHUMHUSUIBIK JJIEMEHTTEPIiH HEPHOATHIK XKyiieci kecreci
IeHOepiHAe paguycTapbl eCeNTik HeMmece CaH alyaH (U3UKa-XUMUSIBIK JKOJIAPMEH aHBIKTAIFaH
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MOJIMETTep/Ie 9p aTOM dp HOH yuIiH 30 XybIK HIKaJalblK MOHAEP KenTipineni. [3aenic HaTmxkeaepi OoibIHIIA
OeJrrisli MasTiMeTTEpre JKaKbIH XKOHE JIe COHFbIIAPABIH MEPUOATHIK XKyle HeHOepiHe e3repy 3aHIbUIIKTapbIH
CaKTaiThIH, OipaK ©31HIIK CaHIBIK HOTHXeNepi 6ap MoHAep anbiHabl. OChl Ke3/1e IEMEHTTep/AiH aTOMIaphl
MEH HOHIapbl PajMyCTapblH €CeNnTeylde €Ki Typii TeHAeyldep KOJIaHbUIaAbl. 1-IIi HYCKa BIEMEHTTEp
MEPUOATHIK XKylHee IepHOATaH HePUOIKA KOIIKCHCT] AIEMEHTTTEP YILIH, al eKiHIIiCi ePUOATHIK KyHeaeri
op mepuoxaTarbl l-mn JkoHe 8- TONTAarbl OSNEMEHTTTEp yuriH. JKyMBICTa KOJNIAHBUFAH oficTeMe
. MeHesneeBTiH NEPHOATHIK KYHeCiHAeri OapiblK XUMUSUIBIK JJIEMEHTTEPIIH aToMIaphbl )KOHE HOHIApPHI
paanycTapbIHBIH MOHIICPIH €CenTel aHbIKTayFa MyMKIHIIK Oepei.

Kinm co30ep: noH, aToM, paauyc, MEPHOATHIK XYie, OeIIIeKTep, 3apsarap, IEeKTPOH, (Gpru3nuKa-XUMHUSIIBIK
KacHeTi.

V. becrepekos, C.P. Epmekos, U.A. [leTponiaBnoBckuii

3HavyeHusa U 3AKOHOMEPHOCTH USMEHECHHUS PaJnyCOB aTOMOB 1 HOHOB

B orpacisix xumuueckoi MpOMBIIIIICHHOCTH MHOTUE MPOJYKTHI MPOU3BOJISATCS C TOMOIIBIO BOJHO-COJIEBBIX
cucteM. B Takux cucremax 3apspKEHHbBIE YaCTHUIIbI MUHEPAJIbHBIX BELIECTB, UCIOJIB3YEMbIX B KaUeCTBE Chl-
Pbsl, HAXOIATCS B (pOpME HOHOB M HIPAIOT PEIIAIOIIYIO POJIb B (HOPMHUPOBAHHH IENIECBBIX MMPOAYKTOB. Pe3yib-
TaThI TEKYIIHX HCCICOBAaHUI B 00JIACTH TEOPETHICCKON XHUMHUH ITOKA3ad, YTO HE CYIIECTBYET BEICOKOYPOB-
HEBBIX HAYYHO 0OOCHOBAHHBIX JAHHBIX O PAaAMycaX HOHOB M aTOMOB. ATOMHBIE U HOHHBIE PaJnyChl XUMHUYeE-
CKHUX 3JIEMEHTOB UMEIOT HECKOJIbKO 3HAYEHHUH ISl OZHOTO 3JIEMEHTA 110 HEKOTOPBIM JINTEPATYPHBIM JaHHBIM.
B nmaHHBIX 0 pagMycax XHMHYECKHX OJJIEMEHTOB IEPUOANYECKOH TabJMIbI, ONpenessieMblX (QH3MUKO-
XMMUYECKUM M PAaCUETHBIM METOAOM, KaXblii aTOM U HOH UMeIoT okono 30 3naueHuit. Ilo pesynpraTam uc-
CJIC/IOBaHUS 3HAYCHUS OBUTM ONM3KU K M3BECTHBIM JaHHBIM. J[I BBIYHCIICHHS PAJNyCOB aTOMOB U MOHOB
9JIEMEHTOB HCHOJB3YIOTCS J1Ba pa3HbIX ypaBHeHUs. Bepcust 1 npeaHasHadyeHa ajist 3JIEMEHTOB B IEpHOIMYE-
CKOM TaOnuIle, MepeMeIaroIIuXcs U3 MepUoa B IIEPHOJI, a APYyras — JUIs JIEMEHTOB 1-i u 8-if Tpymnn B Ka-
JKJIOM TIEpUOJIC IEPUOAMICCKOM TabmuIbl. MeToIoNoT s, UCTIoNb3yeMast B paboTe, TaeT BO3MOXKHOCTh pac-
CYMTaTh AaTOMHBIE U MOHHBIE pPAJAWYChl BCEX XHMHYECKHE DJIEMEHTOB B NEPUOJNYECKOH CHUCTEMe
J.. Menpneneena.

Kniouesvie cnosa: woH, aToMm, paamyc, NEpHUOAMYECKas CHUCTEMa, YACTHIIBI, 3apsil, IEKTPOH, (hU3MKO-
XUMHYECKHE CBOKCTRA.
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The methods of improving the technology of Portland cement production
with the use of Western Kazakhstan local raw materials and industrial wastes

In this paper, one of the most rapidly developing branches in the construction industry in the Republic of
Kazakhstan Portland cement production has been examined. In this connection, the main properties of the
constituent components for producing Portland cement based on local raw materials in Western Kazakhstan
have been studied. The technological burning process of Portland cement clinker has been made and their
X-ray phase analysis has been carried out. The cement obtained main characteristics have been determined in
order to assess its quality. The technological process of obtaining Portland cement with the use of local raw
materials and the addition of pyritic cinders and carbon black has been organized. It has been established that
the introduction of technical carbon and pyrite cinders in Portland cement has a positive effect on the rheolog-
ical properties, as well as on the increase in the strength characteristics of Portland cement. The economic
value has been estimated and the profitability of Portland cement production in the West Kazakhstan region
has been calculated. An improved technology for the production of Portland cement including the use of local
raw materials with the addition of pyritic cinders of more than 2 % and technical carbon in an amount of up to
3 % has been proposed.

Keywords: clay, flask, limestone, pyritic cinder, technical carbon, clinker, Portland cement.

One of the key directions of the country’s industrial and innovative progress is the development of the
chemical industry, which has been repeatedly emphasized by the President of the country N.A. Nazarbayev
during the annual Addresses to the people of Kazakhstan [1]. Today, the chemical industry in Kazakhstan is
becoming an important issue, which is directly related to the construction industry. Technology of produc-
tion of building silicate materials is of a significant importance in the modern industry, which is one of the
areas that cement industry is involved. Nowadays cement production in Kazakhstan is not sufficiently devel-
oped, so our country buys cement mainly from the Russian Federation, which is the main supplier of cement
to the Republic of Kazakhstan. In turn, West Kazakhstan remains almost with no supplies of domestic prod-
ucts, so the need for cement in the Western region is almost completely satisfied by import. In this regard,
the use of available technologies and the full provision of the region with cement produced by means of local
raw materials remains relevant. Currently, Portland cement is widely used among many types of cement. It is
a well-known fact that, the main components in the production of Portland cement are carbonate raw materi-
als, aluminosilicate clay rocks, and additives [2].

It was of interest to study the physico-chemical properties of the constituent components to obtain Port-
land cement based on local raw materials and industrial wastes. Clays of the Pogodaevsk and Taskalinsky
deposits, flask of the Taskalinsky deposit and the limestone of the Melovye Gorki deposit (West Kazakhstan
region) were taken as raw materials in order to implement experimental studies. Chemical and physico-
chemical methods have been used to determine physico-chemical characteristics [3].
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After the researches and calculations carried out the technological process of production of Portland
cement clinker and Portland cement, including extraction of local raw materials, their crushing, drying,
grinding, firing clinker in a rotary furnace, cooling clinker, grinding and obtaining cement was fulfilled. One
of the promising methods, namely, X-ray phase analysis has been used to control the quality of the clinker
obtained, which allows determining the qualitative and quantitative composition of the clinker with high ac-
curacy. Loss on ignition, fineness of grinding, setting time, insoluble residue content, and strength of Port-
land cement were determined to assess the quality of the Portland cement obtained.

Earlier, we have studied the chemical composition of raw materials and concluded that the limestone of
the deposit of the Melovye Gorki, clay and flask of the Taskalinsky field was expedient for use in Portland
cement production. We have set the following mineralogical composition of Portland cement: C;S — 51 %;
CS — 29 %; C3A — 9 % and C4AF — 11 %. At the same time, we accept that the sum of these basic min-
erals is 100 %. We give the chemical compositions of the raw material after bringing the sum of oxides
SiOz+A1203+FCzO3+CaO to 100 % (Table)

Table
Chemical composition of the raw material after demonstration
of the sum of oxides SiO,+Al,0;+Fe;0;+Ca0 to 100 %

Materials Si0, AlO; Fe,O3 CaO Total
Limestone 0.3 0.7 0.2 98.8 100.0
Taskalinsky clay deposit 54.7 44.4 0.4 0.5 100.0
Pogadaevsk clay deposit 51.9 45.5 2.0 0.6 100.0
Flask 83.2 10.6 4.4 1.8 100.0
Cinder 15.0 6.3 71.7 1.0 100.0

Based on the mineralogical composition given, the chemical composition of Portland cement clinker in
the main oxides was determined:

Si0, =0.3x5140.3x29 = 24.0 %;

A1,0; =0.4x9+0.2x11 = 5.8 %;

Fe,0O; =0.3x11=3.3 %j;

CaO =0.7x51+0.7%x29+0.6x9+0.5x11 = 66.9 %.

A wide range of different additives is widely used in the technology of Portland cement production.
One of these additives is carbon black, which is a waste of chemical industries, unutilized reserves of which
cause irreparable harm to the environment [4, 5]. Figure 1 shows the technological process for the production
of Portland cement. The technological process of obtaining Portland cement with the use of local raw materi-
als and the addition of pyritic cinders (wastes of sulfuric acid production) and carbon black were carried out.
The introduction of pyrite cinder reduced the clinker sintering temperature by 50—100 °C, and the addition of
carbon black allowed increasing the activity of Portland cement. Cinder and technical carbon in the amount
of 3 %, which allows increasing technological efficiency and environmental safety, were added in order to
improve the technology. The X-ray phase analysis was performed on a D2 Phaser Bruker powder
diffractometer in order to determine the quality of the Portland cement clinker [6]. The phase composition of
the clinker using clay of the Taskalinsky deposit is shown in Figure 2.

The X-ray diffraction pattern obtained as a result of the survey is a broken line with sharp peaks-
diffraction reflections. The X-ray diffraction was carried out using the software DIFRAC.EVA (Bruker).
From the Figures 2 and 3 it can be seen that minerals such as tricalcium silicate 3CaO-SiO, (alite), dicalcium
silicate 2Ca0-SiO, (belite), tricalcium aluminate 3Ca0O-Al,Os, and quartet 4CaO-Al,O5°Fe,0; alumoferrite
are present in the clinker composition. The identification of the phase is considered sufficiently reliable,
since there are at least three of the most intense diffraction reflections of the phase on the roentgenogram.
Thus, the composition of the clinker obtained is consistent with the literature data [7] and corresponds to the
composition of Portland cement clinker, which contains four basic minerals.

The main characteristics of Portland cement obtained were determined, namely, loss on ignition, fine-
ness of grinding, setting time, content of insoluble residue and strength of Portland cement. The results of the
research showed that the Portland cement parameters determined with the use of the Taskalinsky clay for all
characteristics met the requirements of State Standards [8—10] and had improved properties compared to
Portland cement with the use of clay of the Pogodaev deposit. In terms of material composition, cements ob-
tained are of the CEM II / A-K Portland cement type with additives up to 20 %. The results of the research
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have shown that the compressive strength of Portland cement with the use of the clay of the Taskalinsky de-
posit meets the requirements of State Standard [9], corresponds to the M300 grade and has improved proper-
ties compared to Portland cement with the use of clay of the Pogodaev deposit.
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Figure 1. Technological scheme of Portland cement production
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Figure 2. Phase composition of the clinker (using clay of the Taskalinsky deposit)
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Figure 3. Phase composition of clinker (using clay of the Pogodaev deposit)

Based on the results of the research, we propose an advanced technology for the production of Portland
cement, including the use of local raw materials (Limestone of the Melovye Gorki, clay and trough of the
Taskalinsky deposit) with the addition of pyritic cinder more than 2 % and carbon black in quantities of up to
3 %. The introduction of pyritic cinders provides reducing the clinker sintering temperature and reducing
energy costs. The introduction of carbon black as an additive allowed increasing the activity of cement, as
well as to obtain an environmental effect. The economic efficiency of production of Portland cement of local
origin in the West Kazakhstan region has been estimated. The profitability of production has been calculated
and it has been established that the profit of this technology covers all necessary costs for production and
makes up 9891.4 thousand tenge per year. In this way, the expediency of using the clay and the flask of the
Taskalinsky deposit, the limestone of the Melovye Gorki deposit as a raw material with the addition of pyrite
cinders and carbon black in Portland cement production technology has been established.
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B.A. Bypaxta, A.M. Ixxy6ananueBa, C.C. CataeBa

Bartbic KazakcTaHHBIH KePrlikTi MUKI3aThl MeH OHAIPiC KAIABIKTAPbIHBIH
KOJIJAHYBIMEH MOPT/JIAHALEMEHT OHipici TEXHOJIOTUSICBIHBIH KeTLIAIPY daicTepi

Maxkanana Kasakcran PecnyOnukackl KypbUIBIC HHAYCTPHSACHIHBIH KapKbIHIBI JaMbII KeJle JKaTKaH
OarbITTapbIHBIH 0ipi — NOpPTIAHALEMEHT eHAipici KapacTelppurraH. Ocbiran OaifmaHbeIcTEI  Batsic
KazakcTaHHBIH XKepriTikTi MUKi3aThl HETi31HIE ajJblHFaH IMOPTIaHALEMEHTTIH Kypamaac KOMIOHEHTTEpiHiH
HeTi3ri Kacuerrepi 3eprreni. [lopTnaHAleMeHTTI KIMHKEPIIH KYHIIpy TeXHOJIOTHSUIBIK IIPOLECi Ky3ere
aCHIPBUIBIN, OJAPIBIH PEHTTeHO(DA3aAIBIK TaNaybl JKYPri3iuimi. AJBIHFAH MOPTIAHIIEMEHTTIH CalachlH
Oaranay YVIIIH OHBIH HETi3ri cHUOarramajiapbl aHbIKTanAbl. JKeprimikTi MIMKi3aT [EeH NUPUT KYJiHIH
KOJIIaHYbIMEH MOPTIAHIUEMEHT aly TEXHOJOTMSUIBIK Ipoleci icke achippuirad. IlopTiaHIueMeHTKe
TEXHHUKAJIBIK KOMIPTEK )KOHE IUPUT KYJIH KOCY apKbUIbl OHBIH PEOJIOTHSIBIK KAaCHETTEpiHE OH ocep eTim,
COHJIali-aK MOPTIAHALEMEHTTIH OEpIKTIK KaCHEeTiH apTThIpaThIHbI aHbIKTANAbL. baTeic Kazakcran 00bICHIHBIH
JKEPTUTIKTI  IIBIKKAH TOPTIAHANEMEHT OHIIPICIHIH SKOHOMHKAJBIK THIMAUITT OaFalaHgsl  IKOHE
penTabenpainiri ecenrreni. JKeprimikri mukizar 2 % acraM DUPHUT KYJIi skeHE 3 % MeJepin/e TeXHUKAIIBIK
KOMIPTEKTi KOCYIbI KapacTIPATHIH ITOPTIAHALIEMEHT OHIIPICIHIH XKETUIIIPINTeH TeXHOIOTUACH YCHIHBUIBL

Kinm c93c)ep.' cas, OIlOKa, 9KTacC, MUPUT KYJ'Ii, TEXHUKAJIBIK KeMipTeK, KIIMHKEP, NOPTIaHAUEMECHT.

B.A. Bypaxta, A.M. Ixxy6ananueBa, C.C. CataeBa

MeToabl yCOBEpPILIEHCTBOBAHUS TEXHOJOTMH NPOU3BOICTBA
NMOPTJIAHAIEMEHTA ¢ IPMMEeHEeHHEM MECTHOTO ChIPbS
3anagnoro Kazaxcrana u 0TX010B NPOMBIILJIEHHOCTH

B crarbe paccMoTpeHa 0fjHA U3 CTPEMUTENHHO Pa3BUBAIOIIUXCS OTpacieil CTpouTeNbHON HHAYCTpHHU B Pec-
my6mmke KasaxcraH — mpon3BOJCTBO MOPTIAHALIEMEHTa. B CBS3M ¢ 9THM HcclieJoBaHBl OCHOBHEIE CBOMCTBA
COCTaBJISIOIIMX KOMIIOHEHTOB JUIs TIOJTy4eHHs TIOPTIaHALIEMEeHTa Ha OCHOBE MECTHOTO ChIpbs 3amanHoro Ka-
3axcraHa. OCyIIECTBIICH TEXHOJIOTMYECKUH MpoLece 00KHura NopTIaHALEMEHTHOTO KIMHKEpa U IIPOBEJEH UX
pentreHodas3oBblii aHanu3. Jl1d OLEHKM KayecTBa IOJYYCHHOTO NOPTJIAHALEMEHTa ONPEAENICHBI ero
OCHOBHbIE XapakTepUCTHKH. OCYIIECTBICH TEXHOJIOTHYECKHI MPOLECC MOJIYYCHHs MOPTIAHALEMEHTa C HC-
HOJIb30BAHUEM MECTHOTO CBIPbSt M JIOOABJICHHEM IHPHUTHBIX OrapKOB M TEXHMYECKOrO YyIJIepoja.
YcTaHOBIIEHO, YTO BBEACHHE B MOPTIAH/IIEMEHT TEXHUYECKOTO yIIIepoaa M MUPHUTHEIX OTapKOB OKAa3bIBAET
TIOJIOXKUTENIFHOE BIIMSIHUAE Ha PEOJIOTMYECKHE CBOWCTBA, a TAKXKe Ha yBEIMUCHUE IIPOYHOCTHBIX XapaKTepH-
cTHK nopTiaHaneMenrta. OneHeHa SKOHOMHYECKast (G QEeKTHBHOCTh, M PacCUNTaHa PEHTA0EIBHOCTD MPOU3-
BOJICTBA MOPTIAH/IIEMEHTa MECTHOTO NPOUCXOXKeHN 3ananHo-Kasaxcranckoit obmactu. [Ipennoxena yco-
BEPLICHCTBOBAHHASI TEXHOJIOTHs NPOU3BOACTBA NOPTIAHALEMEHTa, BKIIOYAIOIAs HCIIOJIb30BaHUE MECTHOTO
CBIPBSI € 100aBI€HNEM MMUPUTHBIX OrapKoB Oosee 2 % U TEXHUYECKOTo yriepoja B KoaudecTse 10 3 %.

Kniouesvie cnosa: riuHa, omnoka, U3BECTHAK, IUPUTHBIE OTapKU, TEXHUYECKUN yIIIepo, KIMHKEp, MOPTIaH -
LIEMCHT.
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Phase decomposition of coals of the Tavantolgoyskoye deposit
of Mongolia during their roasting

Coals of the Tavantolgoyskoye deposit, by analogy with the coals of other similar deposits, are of interest not
only as a fuel and energy resource, but also as raw materials for the metallurgical and chemical industries. In
order to prevent contamination of the environment with toxic components when using these coals as fuel for
thermal power plant and domestic furnace installations, as well as in industry as a raw material, their special
preparation is required. In this regard, investigations were carried out to study the phase decomposition of
these coals during their roasting. The results of a comprehensive study of the thermal decomposition of hard
coal from this deposit are presented. It is established that this process of phase decomposition is carried out
within the temperature range of 300-500 °C with the release of gas, low-melting and low-boiling phases. At
the same time, the mass of the material increases in volume and is sintered with the formation of a solid, po-
rous sinter, the volume of which is 1.5-2 times higher than the volume of the initial sample. It is shown that
tavantolgoysky coal can be used to produce fuel briquettes without the addition of a binder.

Keywords: coal, phase decomposition, solid residue, resinous fraction, condensate, sublimates, organic frac-
tion.

Introduction

Coals of the Tavantolgoyskoye deposit in Mongolia, by analogy with the coals of other developed de-
posits, can be valuable raw materials not only for the power industry, but also for the metallurgical and
chemical industries [1, 2]. However, the effectiveness of the development of proven reserves is hampered by
the high cost of coal mined, and industrial use is hampered by remoteness from industrial centers and the
lack of proper transportation routes. Therefore, these coals, as well as products of other fields in Central Asia
(for example, Tuva, etc.), are used mainly as fuel for heat and power engineering and private sector units. So,
2.45 million tons were produced for the needs of nearby aimaks and local consumption in the period from
1967 to 2004. In 2006, production amounted to 787.1 thousand tons [3, 4].

The dynamics and nature of thermal decomposition of fossil coal is determined by their composition
[1, 2]. Depending on the chemical and phase composition, structure and type of coal, when it is heated, non-
condensible gas fractions are removed from the material in a certain sequence, melting and sublimation of
condensable products of thermal decomposition takes place. During the coal burning due to incomplete com-
bustion and the formation of sintering with flue gases, the products of this incomplete combustion, in par-
ticular, dispersed soot, are emitted into the atmosphere, the particles of toxic decomposition products of coal
are sorbed on the surface of the particles. This leads to the release into the environment of environmentally
hazardous substances.

The complex geological conditions and extreme continental climate of Central Asia contribute to the
formation of stagnant air zones, smog in confined spaces of intermountain valleys. All this leads to the pollu-
tion of the atmosphere of rural and urban settlements in these regions by harmful products of flue gases with
high concentrations of toxic substances, including carcinogenic polyaromatic hydrocarbons, whose concen-
trations reach X g/kg [5].

The production and use of environmentally friendly dry coal briquettes will reduce harmful emissions
into the atmosphere and reduce the degree of damage to the environment. The resulting thermolysis products
can be used to produce mineral oils, motor fuels, and other chemical products. In this regard, in order to ob-
tain baseline data for the technology of producing fuel briquettes for a number of years we have carried out
studies on the thermal decomposition of coal from deposits of Tuva and Mongolia [6—8]. This report presents
the results of a study of the phase decomposition of hard coal from the Tavantolgoyskoye deposit in Mongo-
lia.
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Experimental

The object of study was the material of the Tavantolgoyskoye coal deposit (Mongolia) in the form of an
average finely ground (~0.02 mm) sample of reservoir VIII, a single lump sample of formation IV and an
enlarged average lumpy sample of the field. Technical characteristics and elemental composition of the stud-
ied coal samples VIII and IV are presented in Table 1.

Table 1

Technical characteristics and elemental composition of samples of Tavantolgoysky coal

Samples Technical specifications, ‘V(;; ; dEflemental c;)?lposition, ;’A) Q%
w* A’ v c* H* S gen kcal/kg
Seam IV 0.9 10.6 30.1 84.0 5.4 0.67 6828.3
Seam VIII 0.9 14.7 35.8 76.0 4.4 0.69 6763.5

Thermal analysis was performed using a derivator of the model «Paulik, Paulik-Erdey», type IOM-1000
(Hungary). The maximum heating temperature was limited to 650—700 °C. The heating rate was maintained
at 10 °C/min. The magnitude of the sample was 1.0 + 0.2 g. Experiments were carried out under conditions
that ensure free diffusion of the gas components and prevent contact of the material with the air medium.

Determination of quantitative and aggregate changes in the heating process with capturing sublimates of
coal fractions was carried out in a laboratory setup that includes a furnace with a reactor in which a crucible
with a weight of 50-100 g was placed and collector of condensed sublimates connected to it with the help of
a branch pipe.

DTGA samples of coal seam VIII.
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Figure 1. DTGA of the initial sample of reservoir VIII
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The beginning of thermal decomposition (Fig. 1) is marked a sharp explosive endoeffect (at 420—
490 °C) associated with the evolution of gaseous components (with a weight loss of 5-7 %) and at the same
time the appearance of a low-melting fraction. The subsequent stages of thermolysis possess monotonous
step character. The total weight loss is 14—15 %. A characteristic feature of the thermolysis of this sample is
the appearance of an acute exo peak on the DTA curve at 360—410 °C, the nature of which was not entirely
clear from the start. This effect does not appear on the TG and DTG curves. Therefore, one would assume
that there is a phase or structural transformation with the release of heat. However, more likely, the appear-
ance of this exoeffect is due to heating due to the oxidation reaction of the sample material by sorbed oxygen
contained in the starting material with a high degree of dispersion. The process can occur without the for-
mation of gaseous products. In the case of the formation of gaseous products, their removal may be slowed
down due to sorption or delayed diffusion.

In all experiments carried out on the whole volume, the material is sintered and compacted.

DTGA samples of coal seam IV. Pre-lumpy material was crushed (to a particle size of < 0.5 mm). When
the sample is heated, exoeffects at 380, 500 and 520 °C and endoeffects at 420, 590 and 640 °C are detected
on the DTA curve (Fig. 2).
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Figure 2. DTGA of the initial sample of reservoir IV

Such dynamics of decomposition is due to the fact that several processes are simultaneously or sequen-
tially realized during heating: an exothermic structural transition, melting, boiling and sublimation of hydro-
carbon components, distillation of the gas fraction and its ignition at the crucible exit (exoeffect at 500—
520 °C). When this occurs, the sample mass decreases (TG and DTG curves) at 90-100 °C by ~0.8 %, possi-
bly due to the loss of sorbed moisture, and further from 300 °C with an increase in intensity to 440—480 °C
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and uniform up to 700 °C. In this case, the total mass loss is equal to 25.8 %, which exceeds the mass loss of
a sample of coal from reservoir VIII, for the reason that sample IV is prepared from lump monolith, and
sample VIII is from the initial dispersed, finely ground material from which, due to a large contact surfaces
with the external environment; during storage a significant part of the gas component evaporates. At
450-480 °C, a swelling and increase in the volume of the material occurs with the formation of a viscous
mass. When cooled, a sufficiently solid porous column is formed.

DTGA samples of the enlarged batch (mass ~ 3 kg), which consisted of a mixture of fines and a lump
material of various sizes, gave the following results.
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Figure 3. DTGA enlarged batch of coal Tavantolgoyskoye field

When heated, the phase and chemical changes in the material have a complex dynamics (see Fig. 3).
Already in the areas of DTA, DTG and TG curves, corresponding to a temperature of 100—140 °C, a small
effect is noted, accompanied by a small weight loss. At ~300 °C, the effect appears with a slight increase
(0.5 %) and a subsequent decrease in mass (~1.8 %). In this temperature range, the total mass loss of the
sample was 2.4 %.

The subsequent explosive effect at 405—440 °C is observed on the DTG and DTA curves with a sharp
weight loss (Am® ~8.2 %). Phase transformations (DTA: 480, 540, 590 and 610 °C) are accompanied by a
consistent decrease in mass, a total of 11.0 %, and further in the range of 610-680 °C — 3.5 %. The total
cumulative mass loss is ~25 %. At the same time, intensive swelling of the material, the formation of porous
sinter in the upper part of the sample and dense sintering in its bottom part are noted.

Enlarged experiments of thermal decomposition of coal. According to the data of experiments, the mass
loss of the sample when heated to 600 °C and exposure at this temperature is in the range of 29.35-25.45 %
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(average — 22.78 %), except for the decrease in the mass of the sample prepared from small rashes, equal to
10.45 %, which does not fit in with the results of other experiments. This is probably due to the aggregate
composition of the source material and the initial low content of the gas component in the composition of the
coal. Prolonged contact with the air environment of coal in the form of a small rash contributes to the inten-
sive diffusion of the gas component from coal, as well as chemical and physical weathering of the easily
oxidizable and removed to the environment components of this type of coal.

The amount of condensate produced by sublimates of low-boiling fractions on average reaches ~ 9 % of
the initial sample mass. The maximum value (10.09 %) was obtained in the experiment, where the initial
sample was prepared from lump material. At the same time, data on the mass of condensate (8.9 %) for the
experiment, where the source material was trifle from the package of the enlarged batch, agrees well with the
data of other experiments.

The results of experiments with heating samples up to 600 °C with holding for 2 hours every 100 °C
showed that the process of thermal decomposition for averaged samples prepared with the grinding of bulk
material of different sizes, and for the sample obtained by grinding a part of the whole monolith, implement-
ed by a single mechanism.

Intensive thermolysis occurs in the temperature range of 400-500 °C with maximum sublimation of
gaseous and easily volatile components of coal within up to 15 % of the initial mass of the sample, from
which 10-12 % is due to removal of the gas component, i.e. 70-80 % of the total mass loss of the original
sample.

The mass loss of the material when heated to 300 °C reaches almost 3 % for medium samples and 4 %
for lumpy samples. Condensate is released evenly in all temperature stages: starting with low concentrations
(0.5 %) at < 200 °C and 1.5-3.0 % at each subsequent temperature stage. The total weight loss in all experi-
ments is comparable and amounts to 21.74-23.32 % of the initial mass of the sample. This value is com-
posed of the mass of sublimate condensate (within 7.12-9.04 %) and the gas component (within 13.85—
14.62 %). This series of experiments is characterized by the absence of swelling and an increase in the vol-
ume of the material. After each stage, starting from 300 °C, sintering of the material in the bottom part of the
crucible was observed with preservation of the upper free-flowing layer.

Table 2

The results of experiments with heating and exposure (1 hour) at 600 °C samples of Tavantolgoysky coal

I]\EI); Material t,°C | YAm, % | Condensate, % | Gas. fraction, % Note
1 |Average sample 600 24.6 7.9 16.7 Swelling, sintering
2 |Average sample 600 25.45 9.3 16.15 Swelling, sintering
3 |Average sample 600 20.7 8.73 12 Swelling, sintering
4 |Trifle from the package 600 10.45 8.9 1.6 No swelling, sintering
5 |Monolith sample 600 20.35 10.09 10.26 Porous sinter
6 |Average ) exp. 1-3;5 600 22.78 9 13.78 Swelling, sintering

The results of experiments on thermal decomposition of the coal batch under study are summarized in
Table 2. As follows from the data presented, the results of all experiments (with and without stage aging)
correlate well with each other, with the exception of experience data with breakdown of the bulk material
(experiment 5), where the amount of condensate is comparable to average values (8.9 %), and the amount of
gas fraction is an order of magnitude less (1.6 %). As a result, the total mass loss for this sample during
thermal decomposition is 10.45 %. This is less than half the weight loss of the averaged samples and the
monolith sample.

It should be noted that the characteristic feature of the behavior of this type of coal during its thermal
decomposition is that the volume of the material increases 1.5-2.0 times when heated in continuous mode to
> 600 °C and at the same time with step-by-step temperature exposures this phenomenon is not observed, but
the sintering of the material in the bottom part is preserved. Apparently, this is due to the drainage of the lig-
uid fractions during their formation and subsequent heating.

Conclusions

A preliminary thermal analysis of samples of coal VIII and IV of the layers showed that when they are
heated, the gaseous components of the coal are distilled, and the solid hydrocarbons are sequentially melted
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and sublimated. The depth and quantitative characteristics of thermolysis are largely determined by the initial
state of aggregation (size of material, preparation conditions, heating mode and the final temperature of the
experiment). So, a fine sample of reservoir VIII with DTGA up to 660-700 °C has a relatively low mass loss
(13-15 %). A sample of the original lump monolith of coal seam IV has a slightly different pattern of ther-
mal decomposition. The DTA curve shows more prominently the effects of gas component sublimation,
melting, sublimation, and burning at the crucible outlet of the hydrocarbon solid phases. In this case, the
mass loss reaches 26 %.

Comparison of DTGA data from initial samples of a finely dispersed formation VIII and a large-size
formation IV indicates a sharp difference in the content of the gas component in them (~2 times). This is
probably due to more affordable storage conditions for diffusion from the material of the gas component of
the dispersed coal product of the sample from reservoir VIII, rather than lump material from the sample from
formation IV.

The studies carried out of the enlarged batch showed that the thermal decomposition of hard coal from
the Tavantolgoyskoye deposit was determined by the initial aggregate state of the samples, i.e. the size of the
material, as well as the final temperature of thermolysis.

The total weight loss during thermal decomposition of the averaged samples of the starting material
with continuous heating to 600 °C and exposure for 2 hours at this temperature is in the range of
20.35-25.45 %. It consists of the mass of the condensate formed sublimates (7.90-10.09 %) and the magni-
tude of the gas component (10.26—16.70 %).

The data on thermal decomposition of a sample prepared from a fine, loose part of batch material dif-
fers sharply from those for averaged samples at close concentrations of sublimates concentrates (8.9 %) and
almost an order of magnitude (1.6 %) less than the gas component. This is consistent with the data obtained
during thermolysis of a single dispersed sample of reservoir VIIIL.

The total decrease in the mass of the samples in experiments with a stepwise temperature exposure
(21.74-23.32 %) is comparable with the data obtained with continuous heating. This value is composed of
the mass of sublimate condensate (7.12-9.04 %) and the gas component (13.85-14.62 %). The process of
thermolysis begins already at < 250 °C and intensively develops at 400-500 °C. With continuous heating,
sintering and intensive swelling of the material occurs, its volume increases by ~1.5-2.0 times. The material
is a porous, dry product with a denser bottom part. With stage-by-stage aging, starting at 300 °C and at all
subsequent stages, the material is sintered in the bottom part, and in the upper part the bulk structure is pre-
served at the initial sample volume. From the results of the research it follows that the coals of the
Tavantolgoyskoye deposit can be used for briquetting (without any addition of binders) and obtaining valua-
ble coal-chemical products.
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H.. Konsuios

MomnroussHbIH TaBaHTOJIT0M KeH OPHBI TAC KOMipJIepiHiH KYHAIPy
Ke3iHgeri pa3ajbIK bIAbIPAYbI

TaBanTONTOIT KEH OPHBIHBIH Tac KeMipiepi, 6acka KeH OpBIHIApbl KOMIpJIepi CHSKTBI, OTHIH-YHEPreTHKAIBIK
pecypc TYDFBICHIHAH, COHBIMEH KaTap METAIyprus JKOHE XHMHUS OHEpKoCiOiHIe IIMKI3aT peTiHie YJIKeH
KBI3BIFYIIBUIBIK TYFbI3aAbl. Kopimaran opTaHBIH yibl 3aTTapMEH JIaCTaHYBIH ajJbIH aly MakcaTbIHAA Oy
keMipai KOC skoHE TYPMBICTBHIK Il KOHABIPFBUIAPHI YLIIH OTBIH PETiHIAC KOHE OHEepKACiNnTe OacTarKbl
IIMKI3aT peTiHje MaipanaHy Ke3iHjae apHaibl JaibIHABIKTAH OTKi3yaAi Kaxer ereni. COHABIKTaH KOMipaiH
KY#HIipy ke3iHgeri ¢asaiblk bIIbIpaybl 3epTTenai. TaBaHTONTOM KeH OpHBIHIAFBI TaC KOMIPIIH TEPMUSIIBIK
BIIBIpay 3epPTTEYNICPIHIH HOTIXKEIepl KopceTireH. 3epTTeyaiH HoTmKeciHae (a3aiblK biabsipay nponeci 300—
500°C TemnepaTtypachl apajJbIFBIHIA Ta3, Te3 OANKUTHIH XKoHE JKbUIIAM KaiHaWTHIH (azanapabiH OeliHyiMeH
JKYPeTiHI aHBIKTaIABL. Byn ke3me Marepman MaccachIHBIH KejeMi OOWBIHINA apTaTHIHABIFBI JKOHE KATTHI,
KCYeKTi OHIM Ty3im OipireriHi OaiKalibl, OHBIH KeyieMi OacTanmkpl ChlHamamaH 1,5-2 ece apTaThIHBI
aHpIKTaN/Abl. TaBaHTONrOW KeMipiepiH OaiaHBICTBIPFBILI 3aTTapAbl KOCMail OTBIHABIK OpHUKETTepai amyna
KOJITaHyFa OONaTBIHIBIFBI KOPCETIIAL.

Kinm ce30ep: Tac xemip, (azanblK blabIpay, KaTThl KaJIbIK, MIAHBIPIbI (paKiys, KOHIEHCAT, BOTOHIAD,
OpraHUKAaJIBIK PPaKIHL.

H.. Konsuios

®a30B0€ pa3ioKeHUe KAMEHHbIX yried TaBaHTOJIroucKoro
MecTOPOXKAeHUs1 MOHI0JIuM IIPH UX 00KHUTe

Kamennsie yrim TaBaHTONTOHCKOTO MECTOPOXKICHUS 110 QaHAIOTHHU C YIJISIMH JIPYTHX HOJOOHBIX MECTOPOXK-
JICHUH MPEJCTaBIIAIOT UHTEPEC HE TOJIBKO KaK TOINIMBHO-DHEPI€THUYECKUI pecype, HO U KaK ChIPhE I Me-
TaJULyprUYecKoil U XUMHYECKOH OoTpaciell IpOMBINIICHHOCTH. B nensax mpenoTBpaiieHus 3apakeHus OKpy-
JKarolel cpeibl TOKCHYHBIMU KOMIOHEHTaMH IPU MCIIOJIb30BaHUM 3TUX yIJiel B kadecTBe TommBa st TOL]
U OBITOBBIX MEYHBIX YCTAHOBOK, @ TAKXKE B IIPOMBIIIIEHHOCTH B Ka4eCTBE MCXOIHOTO CBHIPbs, TpeOyeTcs ux
CreruanpHasi MOAroToBKa. B cBsA3M ¢ 3TUM ObLIN MPOBEAEHBI HCCIIEN0BAHUS MO U3yYEHHIO (Pa30BOT0 pasiio-
JKEHHA 3TUX yriei npu ux oboxure. IIpencraBieHs! pe3ynbTaThl KOMITIEKCHOTO UCCIIEI0BAHUS TEPMUUECKOTO
pa3noXkeHns] KaMEHHBIX yIiIel JaHHOTO MECTOPOXKAEHHs. Y CTaHOBIICHO, YTO 3TOT Iporecc (Ha3oBOro pasio-
JKEHUS ocyllecTBisiercs B npenenax remuneparyp 300-500 °C ¢ BblaeneHUEM Ta30BOH, JIETKOILUIABKOW U JIer-
xokursimer ¢as. [Ipu sTom Macca Marepuana yBeIUdnBaeTcs B 00bEME U CIIEKaeTcst ¢ 00pa3oBaHHEM TBEP-
JIOT0, TIOPHUCTOTO CIEKa, 00BEM KoToporo B 1,5-2 pasa npeBbinaer 00bEM HcXoHOM mpoosL. [TokasaHo, uTo
TaBaHTOJTONUCKHE YTIIM MOKHO HMCITOJIB30BATh JUIS ITOJYUCHHUS TOIUTUBHEIX OPHKETOB 6e3 T00aBOK CBS3YIOLIe-
ro.

Kniouesvie crosa: xameHHBIH yronb, (pa3oBoe pa3nokeHHe, TBEPABII 0CTaTOK, cMoNUCTast (GpaKius, KOHIEH-
cart, BO3rOHbI, Opranuyeckas Gppakuus.
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Investigation of chemical nickel plating of powdered carborundum

The technology of application of metal coatings on the surface of powder carborundum was developed. At the
same time, the process of chemical nickel plating was used for this purpose. It was found that carborundum,
although not included in the number of catalysts of this process, could contribute to the reduction of nickel
ions. It was assumed that in the high-temperature decomposition of the hyposphyte ion, hydrogen evolution
took place at the carborundum surface with a slowed-down stage by recombining hydrogen atoms into the
molecule. The high reactivity of hydrogen atoms leads to the reduction of nickel ions. This makes it possible
to activate the surface of carborundum and to further build up the metal under conditions typical for chemical
nickel plating. Experiments in which the surface of the powder was investigated by means of a scanning elec-
tron microscope showed that such a mechanism for activating the powder surface was valid. Testing of this
technology under laboratory conditions allowed obtaining a coating having the necessary adhesion to carbo-
rundum particles and containing 95 % of chemical nickel.

Keywords: carborundum, silicon carbide, chemical nickel plating, composite material, hydrogen atoms, acti-
vation, nickel-phosphorous coating.

Introduction

Carborundum (silicon carbide) is a refractory (melting point 2830 °C), chemically permanent, second in
hardness to diamond and boron nitride. Silicon carbide has high thermal, chemically and radiation perma-
nent, stands out for its oxidation resistance among many metal-resistant alloys and chemical compounds.
These properties contributed to its widespread use as a material of ceramic composite materials and coatings
[1-4].

But at the same time, in order to ensure adhesion between the individual components, it becomes neces-
sary to clad the surface of powdered carborundum with various metals. The coated particles of carborundum
can be used for the manufacture of abrasive tools and composite materials such as metal-ceramics. Such ma-
terials are used for the manufacture of corrosion and erosion-resistant nozzle inserts; for the manufacture of
parts of heat exchange equipment and parts of pumps for pumping acidic solutions and other corrosive lig-
uids [1-4].

Known methods of applying metal coatings on dielectric powders can be divided into physical and
chemical methods [5—7]. Physical methods, when the metal is first converted into vapor or liquid applying to
the surface to be coated, where they again turn into a compact solid metal, forming a coating [8—10]. Chemi-
cal methods, when a metal is formed during a chemical reaction and, settling on the surface to be coated,
create metallic coatings [6, 7]. Chemical methods are more convenient for the metallization of powders since
in this case, it is easier to obtain coatings from particles uniformly distributed over the entire surface.

So for the metallization in the gas phase, the reaction of thermal decomposition of metal carbonyls can
be used [11]. During the course of the reaction, they decompose, leaving the metal on the surface to be coat-
ed and release carbon monoxide, which can again be used to produce metal carbonyl. Currently, using car-
bonyl technology, it is possible to apply dielectric powders of iron, nickel, cobalt, tungsten, and chromium
coatings. The disadvantage of this method is the use of high temperatures necessary for the decomposition of
carbonyl compounds, and the high cost of carbonyls.

Plasma-chemical method [9] allows obtaining a metal coating on the surface of the powder material lo-
cated in the pseudo-boiling layer. The disadvantage of this method is the need to obtain high temperatures,
the complex design of the reactor, the use of the working gas, additionally purified from oxygen, the fragility
of the electrodes.

The electrochemical method [12] requires preliminary deposition of a metallic sublayer on dielectric
materials using other methods. The method does not have the disadvantages of the above analogues, allows
obtaining higher performance, however, in the case of obtaining powders with a metal content of up to 50 %,
the quality of the coating deteriorates significantly.

Cepusa «Xumuns». Ne 1(93)/2019 85



Sh.T. Koshkarbaeva, M.S. Sataev et al.

The chemical method of precipitation from solution involves the pretreatment of the starting powder in
solutions of the palladium and tin salts in order to obtain active catalytic sites [6, 13]. Then, in solutions con-
taining a compound of the corresponding metal, the reducing agent and the complexing agent are chemically
coated with copper or Nickel coating. The disadvantages of this method are the high cost of palladium salts
used to activate the surface of the powder particles and the possibility of desorption of palladium from the
surface of the particles, leading to the formation of a coating metal in a solution outside the surface of the
powder particles.

Palladium-free methods for powder metallization are proposed. So in [14, 15], pretreatment is carried
out by creating on the surface of powdered particles a layer of copper sulphate, which is then transferred with
the help of a phosphine gas to a metal-like layer of copper phosphide. This film allows to further obtaining a
metallic coating by chemical or electroplating. But the use of phosphine requires a process in sealed condi-
tions, which creates additional difficulties.

The analysis shows the relevance of the metallization of the carborundum surface and the need to de-
velop new alternative methods for this purpose.

Experimental

In this work, it was proposed to use a process of chemical nickel plating for the application of a metallic
coating. Chemical nickel plating was carried out in electrolytes containing a nickel salt, a reducing agent:
sodium hypophosphite, as well as buffering additives (salts of organic acids). The process flows at a high
temperature on the surface of metals that are catalysts for the decomposition of hypophosphite. Thus, the
process begins spontaneously on metals such as nickel, iron, aluminum, and palladium at temperatures above
50-70 °C. The process of chemical nickel plating was accompanied by the release of hydrogen. Moreover,
there is often a relationship between the amount of the deposited nickel-phosphorus coating and the volume
of hydrogen released [6].

NaH,PO,+ H,0 — NaH,PO;+ 2H" + 2¢~ (1)
NaH2P02 + 2H20 - NaH2P04 + H2 + 2HJr +4e (2)
3NaH2P02 —2e > Na3PO3 +2P + 3H20 (3)
5NaH,PO, —4e” — Na;PO,4+ 4P + 2NaOH + 4H,0 4)
The electrons formed by reactions (1, 2) reduce the Ni*" and H" ions in the electrolyte solution.
Ni*+2e” — Ni 5)

There are other hypotheses explaining the mechanism of chemical nickel plating. So the process of

deposition of coatings can be linked by the reactivity of hydrogen atoms.
2H + Ni*" — Ni + 2H" (6)

In this case, part of the hydrogen released, always accompanying the process of chemical Nickel plat-
ing, is the result of a side reaction.

The study of the mechanism of chemical nickel plating by measuring the stationary potential of some
metals in solutions containing 10 and 50 g/L of sodium hypophosphite in the temperature range of 20—100 °C
showed that the stationary potential of the nickel electrode sharply shifts to the negative nickel at tempera-
tures above 70 °C [16]. In addition, spontaneous chemical nickel plating on copper phosphides deposited on
dielectric materials is noted, although in this case this potential is not reached. Moreover, even after the dep-
osition of a layer of chemical nickel, the stationary potential was in a more positive area than the reduction
potential of nickel ions. Therefore, the reduction of nickel ions can occur only at the expense of atomic hy-
drogen.

The study of chemical nickel plating was carried out on carborundum powder 93CF40. Samples of
powders at various stages of the process were studied using an ISM-6490-LV scanning electron microscope
(JEOL, Japan), which allowed obtaining electronic images (photographs) of individual sections (spectra) of
the surface at given magnifications. The microscope made it possible at the same time to obtain elemental
compositions of the spectra in the form of a table.

The initial powders were decreased in a 20 % solution of sodium carbonate at a temperature of 40—
500 °C until the surface of the particles was completely wetted and washed in hot running water. The powder
prepared in this way was placed in a Petri dish and dried at 50 °C to constant wt. Then 10 g of the powder
was placed in a heat-resistant beaker, poured 100 ml of NiSO,-7H,0 solution — 30 g/L. NaH,PO, — 10 g/L,
CH;COONa — 10 g/L and subjected to activation. For this, the solution was heated to boiling. The heating
process was carried out on a hotplate and usually took about 10 minutes. After boiling the solution, heating
was stopped and the solution was allowed to cool to 70 °C. At the same time, visual observations show that
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when the temperature rises, hydrogen evolution is practically absent. But after boiling it is already visually
possible to observe the release of gaseous hydrogen. Consequently, silicon carbide, which has semiconduct-
ing properties, can be a catalyst for the decomposition of hypophosphite ions after such activation, and there
is slow recombination of adsorbed hydrogen atoms. The temporary existence of hydrogen atoms and can
lead to the process of chemical nickel plating.

Results and discussion

Figure 1 shows the electron image of the carborundum powder after such an activation cycle. This fig-
ure, it is possible to distinguish light areas characteristic of the metal phase and dark areas of carborundum.
The spectral analysis presented in the table shows that the content of carborundum (Si + C) is over 94 % in
dark areas, and the content of nickel phosphorus coating (Ni + P) is over 90 % in light areas.

At the same time, even in the dark area, nickel is released (3.28 %), which indicates the initial stage of
activation of these areas. It also draws attention to the fact that when nickel is released, no phosphorus is re-
leased. Perhaps this is due to the fact that when activated, reaction (6) is predominant. In general, after acti-
vation, the nickel extraction process takes up about 36 % of the total carborundum.

Experiments have shown that after carrying out the activation process three times, a nickel layer is
formed that is sufficient for carrying out the process at usual temperatures (80—95 °C). This technique should
be considered more preferable than prolonged boiling in the electrolyte of chemical nickel plating, in which
undesirable decomposition of hypophosphite and nickel release outside the surface of carborundum is possi-
ble.

Element Weight, %

Total |8psc! |Spec2
[+ 2001 3158 [ 497
[5] 645 5.33
Al 042 - 3
Si 36.78 61.84 | 284
P 2.09 - 9.73
Fe 0.24 - -
Ni 34.02 126 | 8246

Figure 1. Electronic image after one activation cycle
(the Table shows the elemental composition common to the whole powder and for individual spectra)

Further growth of the metal film was carried out by chemical nickel plating in the usual solution of the
following composition: NiSO,47H,O — 30 g/L, NaH,PO, — 10 g/, CH;COONa — 10 g/L, at an electro-
lyte temperature of 90 °C for 30 minutes.

The data of the spectral analysis of the powder (Fig. 2) show that the carborundum particles are 95 %
coated with a nickel-phosphorus coating.

Element Weight, %
C 1.54

Si 3.15

P 8.75

Ni 86.46

20kv %1000 Toumt ¥_ %,

Figure 2. Electronic image of carborundum powder after three cycles of activation
and chemical nickel plating at 90 °C in ordinary acid electrolyte
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A photograph of the powder, taken at a magnification of 8,000 times (Fig. 3), shows that the coating is
formed in the form of spherical particles, the average diameter of which ranges from 300 to 750 nanometers.
It is also seen from this figure that the individual spherical particles are collected in large agglomerates hav-
ing a dense packing.

20kv  X8,000

Figure 3. The structure of metallic nickel particles deposited on particles of carborundum powder
after one cycle of activation in a solution of chemical nickel plating

It can also be seen from the above figures that the formation of a coating occurs only on the surface of
the carborundum particles. Consequently, such a coating will provide the necessary adhesion between the
particles of carborundum and the matrix in obtaining composite products or coatings.

Conclusions

Silicon carbide can be a catalyst for chemical nickel plating. However, this catalytic activity is mani-
fested at high temperatures, which are achieved by boiling the electrolyte of chemical nickel plating. Such
activation is explained by the decomposition of hypophosphite ions, leading to the release of hydrogen. The
intermediate stage of the process is the formation of atomic hydrogen adsorbed on the surface of silicon car-
bide. As a result, the interaction of nickel ions with hydrogen atoms on the surface of carbide particles forms
a metallic nickel film, which makes it possible to carry out the process at lower temperatures. In addition, for
solutions for chemical nickel plating, electrolyte regeneration methods have been developed that make this
process cheaper and more technologically advanced.
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II.T. Komkap6aesa, M.C. Caraes, [1.A. A6nypa3zoa, K.b. Aman6aeBa, E.b. PaiibimOexoB

YHTAaK TIpi3ai KapOoOpyHATHI XUMHUSIIBIK HUKEJIbAEHAIPY/i 3epTTey

¥YHrak Topi3ni KapOOpyHATHIH OeTiHe MeTal >KaObIHABICHIH KOJJaHy YIIIH TEXHOJIOTHs a3ipiaenai. byn
MaKCcaTTa XMMHUSIIBIK HUKEJIb KalTaMachl KOJLIaHbULABL. byJl ypIicTiH KaTaian3aropiap KaTapblHa Kipe aimaca
Jia, KapOOpyH/I HUKEIIb HOH/IAPBIHBIH a3al0blHA BIKMAJ CTETIiH/Ir aHBIKTANIBl. I MIOCHHUT HOHBIHBIH YKOFaphI
TeMIlepaTypajarbl  bUIbIpay  Ke3iHge KapOOpYyHATHIH  OeTiHAe  MOJIeKylara CyTeri  aTOMIapbiH
pekoMOHMHaIMsUIay apKbUIbl Oasiyinay caThIChIHAA Kypeni aen GoipkaHyna. Cyreri aTOMAApBIHBIH JKOFaphl
PEaKTUBTIK KaOUICTTUIIrT HUKEIh HMOHIAPBIHBIH a3aroblHa okenendi. by kapOopyHATeIH OeTiH OenceHuipyre
JKOHE XMMUSJIBIK HUKENb KalTaMachlHa TOH JKaFrjaiiaa MeTanabl ofaH opi yIeryre MyMKiHIK Oepeni.
PacTpsbl 2J€KTPOHABI MHKPOCKON apKbUIbl YHTAaK OeTi 3epTrenreH ToxipuOenepae yHTaK OeTiH
OenceHipyaiH OChIHIAH MeXaHW3Mi Kapamiasl €KeHiH KepcerTi. OChl TEXHOJOTHSHBI 3epTXaHAJbIK
JKaFalnapaa celHay KapOopyHATHI OeIIeKTepre KaxeTTi aAre3usicbl 6ap »oHe KypaMbIHAa 95 % XUMUSITBIK
HUKeNb 0ap >kaGBIH/BI aTyFa MYMKIHIIK Oep/i.

Kinm co30ep: xapObopyHI, KpeMHUH KapOHi, XMMHSIBIK HUKEIIBICHIIPY, KOMIIO3HIUSIIBIK MaTepHall, CyTeri
aToMIapsl, OenceHaipy, HuKeIb-(hochopibl KanraMa.

II.T. Komkap6aesa, M.C. Caraes, I1.A. A6nypasoa, K.b. Aman6aeBa, E.b. PaiibimOexoB

HccnenoBanue XUMHYECKOI0 HUKEJIUPOBAHUSA HOpOIHKOOﬁpaIiHOFO Kapﬁopy}ma

Pa3paboTaHa TEXHOJOTUSI HAHECEHUS] METAJUIMUECKOTO TOKPBITHS Ha MOBEPXHOCTh MOPOLIKOOOPA3HOTO Kap-
6opynna. Ilpu sToM m1s 3TOH Lenu MCHOIB30BaH IMPOLECC XMMHUYECKOTo HUKenupoBanus. Haiineno, 4ro
KapOOpyHII, XOTS U HE BXOIUT B UHCIIO KAaTaJIH3aTOPOB 3TOTO MPOIlecca, MOKET CIIOCOOCTBOBATh BOCCTAHOB-
JIEHHI0 MOHOB HuKens. IIpennomnaraercs, 9To NMpH BHICOKOTEMIIEPATYPHOM Pa3l0KEHUH TMIOCOUT-HOHA BbI-
JieJIeHHe BOJIOPO/A MIPOUCXOAUT Ha ITOBEPXHOCTH KapOOpyHAA ¢ 3aMeUICHHON CTaanel peKoMOMHAINK aTo-
MOB BOJIOPOJIa B MOJICKYITy. BrIcokast peaknmoHHasi CIOCOOHOCTh aTOMOB BOJIOPO/a MIPUBOANUT K BOCCTAHOB-
JICHHIO MOHOB HUKEIS. DTO MO3BOJISICT aKTHBHPOBAThH IIOBEPXHOCTh KapOOpyH/IA M MPOBOJHUTH JallbHEHIIee
HapalUBaHWEe METAJUIA B YCIOBUAX, OOBIYHBIX UL XUMUYECKOTO HHUKEJIUPOBAHUS. DKCIIEPUMEHTEI, B KOTO-
PBIX TIOBEPXHOCTH MOPOILIKA MCCIIE0BANIACH IPHU MOMOIIH PACTPOBOTO 3JIEKTPOHHOTO MUKPOCKOIIA, MTOKa3alu
CMPaBeIMBOCTh TAKOTO MEXAHM3Ma aKTUBHPOBAHUS NMOBEPXHOCTH mopouika. [IpoBepka faHHOH TexHONOrHI
B 1a0OPATOPHBIX YCIOBUSX MO3BOJIMNIA TTOMYYUTh MOKPBITHE, UMEIOLIee HEOOXOAUMOE CIETUICHUE C YacTHUIIa-
MH KapOopyH/Ia U coaepxariee 95 % XUMHUECKOTO HUKEIIS.

Knioueswie cnosa: Kap60pyH;[, Kap6I/III KpEMHUA, XUMHUYCCKOC HUKCIIUPOBAHUEC, KOMHO3I/IIII/IOHHI)Iﬁ mMmarepual,
aTOMBbI BOAOpOAa, aKTUBAIlu, HI/IKGIII)-(i)OC(i)OpHOG TIOKPBITHE.
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Modeling of catalytic-cavitation processing of middle oil fraction (200-300 °C)

Experiment planning is the optimal control of an experiment in the context of incomplete information about
the process mechanism. Interest in the science of experiment is associated with a wide range of experimental
studies and a significant economic effect from the optimal organization of the experiment. An optimal exper-
iment is a way to save time and cash, increase reliability of results. Middle fraction of Kumkol oil (200—
300 °C) was used to study the cavitation effect on fuel oil. The following catalytic systems were used, name-
ly, modified FeS,, nanocatalysts e-Fe,03/Si0,, a-Fe,03/Si0, spherical catalyst, B-FeOOH, and Fe(OA);. By
quantifying the individual composition of the middle fraction (200-300 °C) of Kumkol oil, a general pattern
of the effect of catalytic-cavitation processing on the hydrocarbon composition of the middle fraction (200—
300 °C) of Kumkol oil was established. The optimal conditions and a number of factors affecting the cavita-
tion processing of the middle oil fraction (200-300 °C) in the presence of a FeS, catalyst were determined. In
accordance with the regression equation obtained, the optimal conditions for cavitation processing are the fol-
lowing: T =90-120 s, the amount of added catalyst is 0.7-1 g and the amount of added water is 1.5-2 ml.

Keywords: nanocatalytic systems, cavitation processing, Kumkol oil, experiment planning, middle fraction,
iron (III) oxides, polymorphic modifications, hydrocarbon composition.

Introduction

A large number of experimental problems in chemistry and chemical technology are formulated as
extremal problems: determining the optimal process conditions, the optimal composition and etc. Due to the
optimal location of points in the factor space and the linear transformation of coordinates, it is possible to
overcome the drawbacks of classical regression analysis, in particular the correlation between the coeffi-
cients of the regression equation. The choice of the experiment plan is determined by the formulation of the
research problem and the features of the object. The research process is usually divided into separate stages.
The information obtained after each stage determines the further strategy of the experiment. Thus, the possi-
bility of optimal control of the experiment arises. Planning an experiment allows all the factors to be varied
simultaneously and to obtain quantitative estimates of the main effects and interaction effects. The effects of
interest to the researcher are determined with a smaller error than with traditional research methods. Ulti-
mately, the use of planning methods significantly increases the efficiency of the experiment [1].

Middle fraction of Kumkol oil (200-300 °C) was used to study the cavitation effect on fuel oil. The in-
dividual chemical composition of the middle fraction of Kumkol oil (200-300 °C) is presented in Table 1.

Table 1
Individual chemical composition of the middle fraction (200-300°C) of Kumkol oil

Exit time, min Chemical composition Content, %
1 2 3
2.477 Methylcyclodecane 0.46
3.589 2-Methyldodecanol 3.92
3.755 1,2,4-Trimethylbenzene 4.15
4.629 2-Hexyloctanol 10.87
4.758 2-Hexyldecanol 10.05
5.963 Cyclodecane 2.4
6.049 2-Ethyl-1,4-dimethylbenzene 2.56
7.912 Decane 5.87
9.129 Undecane 3.63
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Continuation of Table 1

1 2 3
9.664 2,6,11-Trimethyldodecane 6.35
10.138 2,7-Dimethylnaphthalene 3.68
10.986 1-Hexadecene 34
11.620 2,3,6-Trimethylnaphthalene 4.3
12.357 2-Dodecyloxyethanol 2.34
12.517 Dodecane 2.82
13.304 Tridecan 10.62
13.390 2,6,10-Trimethyltetradecane 0.62
14.534 2-Methylheptadecane 1
14.768 1,1-Hydroxybishexadecane 13.05
15.635 2-Methylhexadecane 0.79
15.819 Tetradecane 2.33
16.194 8-Methylpentadecane 1.59
20.197 Pentadecane 3.1

The following catalytic systems were used, namely, modified FeS,, nanocatalysts &-Fe,03/SiO,,
a-Fe,0;/S10, spherical catalyst, B-FeOOH, and Fe(OA);.

Experimental

Experiments on the cavitation processing of the middle fraction of o0il (200-300 °C) were performed in
a ultrasonic disperser MEF-92, which allows high-intensity processing of small volumes of liquids under
laboratory conditions.

A sample of the treated liquid with a volume of 0.05 ml was subjected to a cavitation effect for 7—
10 minutes. The amount of the introduced catalytic additive was 1 % of the volume of the treated substance.
The parameters of the ultrasonic cavitator MEF-92 are as follows: the oscillation frequency is 22 kHz, the
intensity of the ultrasonic effect is up to 250 W/em?, the power is 600 W.

The study of products of the middle fraction of oil (200—300 °C) before and after cavitation processing
was determined by gas chromatography-mass spectrometry using an HP 5890/5972 MSD instrument from
Agilent (USA). Chromatography conditions are DB-XLB-5 column, 30 mm X 0.5 pm; gas — helium,
0.8 ml/min; in the temperature range of 50 °C — 4 min, 50—150 °C — 10 °C/min, 150-300 °C — 20 °C/min,
300 °C — 4 min; evaporator: 200-300 °C. Identification of substances was carried out according to the NIST
98 mass spectral database.

Results and discussion

One of the ways to successfully solve the technological problem of cavitation processing of oil fuels is
to determine the optimal process conditions, namely, the duration of the cavitation processing, the amount of
catalyst added and water. As optimization parameters (y), the dynamic viscosity of the average fraction of oil
was considered, since viscosity is the main physico-chemical parameter of the properties of oil fuels. The
following factors have been chosen as independent factors, namely, z; is duration of cavitation treatment (s);
z, is the amount of catalyst (g); z; is the amount of water added (ml).

The influence of various factors on the reduction of viscosity during cavitation processing of the middle
fraction of oil (200-300 °C) was determined by the method of full factorial experiment design [1]. To derive
a linear regression equation, an extended planning matrix of the full factorial experiment of type 23 was used
(the number of levels was 2, the number of factors was 3), where all possible combinations of factors were
implemented at the levels chosen for the study [2]. The coordinates of the center of the plan, the intervals of
variation and the levels of research are shown in Table 2.

Table 2

Experimental Conditions

Z1 Zy z3
Main level, z% 90 0.75 1.5
Variation interval, Az; 30 0.25 0.5
+1 60 1 2
-1 120 0.5 1
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Table 3 presents the plan of the extended planning matrix of the full factorial experiment 2* on a dimen-
sionless scale.

Table 3
Expanded matrix of planning full factor experiment 2°

Experience Your
number o X1 X2 X3 X1X2 X1X3 X2X3 X1X2X3 Pas
1 +1 -1 -1 -1 +1 +1 +1 -1 2.52

2 +1 +1 -1 -1 -1 -1 +1 +1 2.34

3 +1 -1 +1 -1 -1 +1 -1 +1 24

4 1 * *1 -1 +1 ~1 -1 1 228

5 +1 -1 -1 +1 +1 -1 -1 +1 2.37

6 +1 +1 -1 +1 -1 -1 -1 -1 2.4

7 +1 -1 +1 +1 -1 -1 +1 -1 2.26

8 +1 +1 +1 +1 +1 +1 +1 +1 2.16

Using the plan presented in Table 3, the coefficients of the full linear regression equation were calculat-
ed:
V=by+bx, +b,x, +byx; + b, x, X, + by x, Xy + by X, X5 + by X X, X5 (1)
Any coefficient of the regression equation b; is determined by the scalar product of the column y on the
corresponding column x; divided by the number of experiments in the planning matrix N:

1 N
bj :N;xﬁyi' 2

In accordance with equation (2), the following coefficients of the regression equation were obtained:
b() = 189, bl = —044, b2 = —034, b3 = —036, b12 = —089, b13 = —46, b23: —016, b123 =0.04.
To determine the dispersion of reproducibility (s;,,,,, ) and check the significance of the regression co-

efficients and the adequacy of the equation, three additional experiments were put in the center of the plan
and the following values of y were obtained:

y =242, y)=23; y, =237,

3
>y

y' =2l =236;
4 3

3
D00 -7")
2 u=1

SreprodA -

=0.0016; = =0.04.

reprod.

The diagonal elements of the covariance matrix are equal to each other; therefore all the coefficients of
equation (1) are determined with the same accuracy:

5, = 3)
TN
According to the formula (3):
5, = 0.04/~/8 =0.014 .

The significance of the coefficients of the regression equations was estimated by the Student’s criterion
using the formula:
b,
- 4)
S,

According to the formula (4) #, = 1334.1; t, =31.05; t,=24; t; =25.4; t|, = 62.8; 13 =324.7; t3 = 11.3;
t123 = 2.82. The tabular value of the student’s criterion for the significance level p = 0.05 and the number of
degrees of freedom f= 2 #,(f) = 4.30. Consequently, the coefficient b3 is insignificant and should be exclud-
ed from the regression equation (1), and the equation takes the form:
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y=18.9-0.44x, —0.34x, —0.36x, — 0.89x,x, —4.6x,x, —0.16x,x, . %)
The adequacy of the obtained regression equation (5) experiment was tested by the Fisher criterion:
F = Srzesidual / SrzeprodA 5
8
Z(y i .)A/ i )2
2 ) = =0.0225,

where / is the number of significant coefficients in the regression equation, equal to 4. Then F = 0.0225/
/0.0016 = 14.06. The tabular value of the Fisher criterion for p = 0.05, f; = 1, £, =2, Fi_(f1, /o) = 18.5, i.e.
F< El—p(fl» f2)

Consequently, the resulting regression equation (5) adequately describes the experiment.

In accordance with Figure, we find that according to the obtained mathematical calculations, the opti-
mal conditions for cavitation processing are the following: T = 90-120 s, the amount of added catalyst is
0.7-1 g and the amount of added water is 1.5-2 ml.

2.44 2.6
2.42
2.4 2.1
2.38 w
E 2.36 £ 16
= 2.34 >
2.32 1.1
2.3
2.28 0.6
40 100 160 0.2 0.6 1
Processing time, s Amount of catalyst, g
2.42
2.4
2.38
0
< 2.36
-
2.34
2:32
2.3
0.5 1 ks 2 25

Amount of water, ml

Figure. The influence of factors zy, z,, z; on the reduction of viscosity
during cavitation processing of the middle fraction of oil (200-300 °C)

Conclusions

Thus, optimal conditions and a number of factors affecting the cavitation treatment of the middle oil
fraction (200-300 °C) in the presence of a FeS, catalyst are determined. In accordance with the obtained re-
gression equation, the optimal conditions for cavitation processing are the following: t=90-120s, the
amount of added catalyst is 0.7—-1 g and the amount of water added is 1.5-2 ml.
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Mymnaiiabin opta ¢ppakuuschbid (200-300 °C) kaTaIuTHKAJIBIK-KABUTAUNSJIBIK

OH/Iey MPOIEeCiH MoIeJIbey

OKCIepUMEHTTI XKocmapiay — Oy YpJic MeXaHH3Mi Typasbl TOJIBIK eMeC aKIapar apKbUIbI SKCIIEPUMEHTTI
OHTAIBI OaKplIay. DKCIEPUMEHTTIK FRUIBIMFA JAETEH KBI3BIFYIIBUIBIK SKCIIEPUMEHTANIIBI 3ePTTeYIepAiH KeH
ayKbIMBIMEH XOHE TOXIpHOEHIH OHTAMIBI YIBIMIACTHIPBUTYBIHAH alTapibIKTail SPKOHOMUKAIIBIK acepre Oaid-
naHbICTEL. OHTAMIIBI SKCIIEPHMEHT JeN YaKbIT IeH Kap KbIHBI YHEMEY/ i, HOTYDKENICPAiH CEHIMIIITIH apTThI-
pyzsl aiitagel. MyHait OTbIHAApbIHA KABUTALMSIIBIK SCep/i 3epTTey YIIiH Kymkes MyHaiibiHbIH (200-300 °C)
oprauia yieci naitianansuiabl. Keneci kaTanuTHKaIbIK xKylesnep KoagaHbu1sl: Moaudukanusianran FeSy; e-
Fe,0,/Si0, nanokaranusatopsr; a-Fe,03/Si0, chepansik karanusaropsr, B-FeOOH sxone Fe(OA);. Kymxen
MyHaibIHBIH opTa ¢pakuusaceiHbH (200-300°C) xeke KypaMblH aHBIKTay apKbUIbl KaTaJIUTHKAJIBIK-
KaBUTAIMSUIBIK OHJCYIIH KOMIpCyTeri KypambIHa acepi aHbIKTanabl. FeS, KaTaan3aTOpBIHBIH KaThICYBIMEH
MyHalaeIH opra ¢paxmnuscsiH (200-300 °C) xaBHTAIUSIBIK OHJIEYTe dCep eTEeTiH OHTAaWIBI XKaraaiiap MeH
Oipkarap (axTopyiap aHBIKTAJIABL AJBIHFAH PETPECCHSUIBIK TEHASYre CoWKeC, KAaBUTAIMSUIBIK OHJICYIIH
OHTAIBl MmapTTapbl MeHagai: T = 90-120 c, xarammsatopabiH Memmepi 0,7-1 T, an KOCBUIFaH CYJIBIH
meuepi 1,5-2 mi.

Kinm co30ep: HaHOKATaIMTHKAIBIK JKYienep, KaBHTALMs YpAici, KYMKeN MYHA#bl, IKCIECPHMEHTTIK
xocmapiay, opta gppaxuust, remip (II1) okcnarepi, monumopd el MogudUKALUSIAP, KOMIPCYTEKTIK KypaMm.

®suploHb Ma, Cunrail Cy, M.U. baitkenos, A.b. Tareena,
I'.I'. baiikenosa, C.K. MyxameTtxkaHoBa, /[.E. AiitGexoBa

MopenupoBaHue Npouecca KATAJIUTHYECKO-KABUTAIHOHHOI 00padoTKHU
cpeaneii ppaxuun Hedpru (200-300 °C)

IInanupoBaHuE SKCIEPUMEHTA — 3TO ONTUMANIBHOE YNPABICHUE IKCIIEPUMEHTOM B yCJIOBUSAX HEMOTHON HH-
(dopmarmu 0 MexaHu3Me nporecca. FlHTepec k Hayke 00 KCIIEpPUMEHTE CBs3aH C LIMPOKHMH Maclitabamu
SKCIIEPUMEHTAIIBHBIX MCCIIEJOBAaHUH 1 3HAYUTEIIBHEIM YKOHOMUYECKUM (P (HEKTOM OT ONTUMAIBHOM OpraHu-
3aruy. ONTUMAIBHBIA 3KCIEPUMEHT — 3TO IIyTh K 9KOHOMHHU BPEMEHHU H CPEJICTB, YBEIHICHHIO HAaIEeKHOCTH
W JTOCTOBEPHOCTH pe3yNbTaToB. JIsi MCclIenoBaHMS KaBUTALMOHHOTO BO3ACHCTBHS Ha HE(TSHBIC TOILIHBA
ObLIa MCIIOIB30BaHa CpeHss ppakuus KyMkosubckoil Hedtr (200-300 °C). B kauecTBe KaTaIUTHIECKUX CHC-
TeM ObUIM HCHONB30BaHbl: MoaubuuupoBanHbii FeS,; nHanokarammszatopsl &-Fe,03/Si0,; a-Fe,03/Si0,
chepuueckuit karanuzatop; B-FeOOH u Fe(OA);. ITyTeM KOJIHMYECTBEHHOTO ONPEACIICHUS] HHIUBUIYaTbHOTO
coctaBa cpenneit ¢ppakuun (200-300 °C) kyMKoIbCcKOM He(pTH ObLIa ycTaHOBIEHa OO0LIast 3aKOHOMEPHOCTh
BIIMSIHUST KaTaJIMTHYECKO-KaBUTALIMOHHOW 00pabOTKK Ha YIJIeBOJOPOMAHbIH cocTaB cpeaHel ¢paxunu (200—
300 °C) xymxonbsckoit HedT. OnpeneneHs! ONTHMaNIBHEIE YCIOBHS U Psf (PaKTOPOB, BIMAIOMNX HA MPOBe-
JIeHHe KaBUTalMOHHOW oOpaboTku cpenmuedt ppaxmum Hedtr (200-300 °C) B mpHCYTCTBHH KaTallH3aTopa
FeS,. B cooTBeTCTBHN C MOTYYCHHBIM PETPECHOHHBIM YPAaBHEHHEM ONTHUMAIIBHEIE YCIIOBUS JUIS KaBUTAIlMOH-
HOIi 00paboTku cienyromue: T= 90—120 ¢, komnuecTBo HodaBisieMoro karamm3aTopa 0,7—1 T U KOJIU4eCTBO
nobasisieMoit Bogsl 1,5-2 mir.

Kniouegvie cnosa: HaHOKAaTaINTUUYECKas CHCTEMa, IPOLECC KaBUTALMH, KyMKOJbCKas HEdTh, IKCHEPUMEH-
TaJbHOE IUIAHUPOBaHME, cpenusas ¢pakuus, okcuusl okeneza (III), momumopduble Moauduxanmu,
YTJIEBOJOPOIHBIN COCTAB.
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Extraction of copper from the waste of the Karagayly concentrator
under the action of an electric hydro-pulse discharge
depending on the pH of the medium in the cell

In the work, the waste of the Karagayly concentrator was processed at the experimental hydro pulse discharge
(HPD) laboratory set-up in order to transfer the copper contained in them (0.11-0.14 %) into the solution and
then partially precipitate it in the process of pulsed electrolysis. Pulp from waste (waste + water 1:1) was
poured into the cell, then an acidic medium was adjusted to the value pH = 1.0-3.0 using a mixture of rea-
gents. Under the action of electro-hydro pulse the process of pulsed electrolysis occurs simultaneously. Then
the lid was tightly closed and a hydro-pulse discharge (HPD) was performed for 5-20 minutes. Under the ac-
tion of the discharge, all the metals contained in the pulp went into solution and simultaneously precipitated,
except for copper ions, which remained in the solution and partially deposited on the cathode. As a result, af-
ter processing the pulp with HPD, 20 solutions with a precipitate were obtained. All solutions and precipitates
were studied on a copper content by an atomic absorption spectrometer. The optimal conditions for the ex-
traction of copper into solution, namely, the duration of discharge HPD for 20 minutes at pH = 1 and presence
of silicate and phosphate ions, were established. All interfering ions of other metals remain in the sediment,
since copper is to the right of other metals in the galvanic series.

Keywords: waste, copper, hydro-pulse discharge, pH medium, cell, pulp, sediment, solution.

Integrated use of mineral resources and the development of technologies for their complete processing,
providing access to high quality products, taking into account the demand of external and internal markets is
one of the most important areas of the mining and metallurgical complex of Kazakhstan [1]. To date, the
state of the mining industry in Kazakhstan is characterized by the lack of significant capital investments in
the industry, the lag in the development of the mineral resource base, the deterioration of geological and min-
ing conditions for the development of deposits. The increase in production and processing volumes will be
possible only through the development of new fields and the involvement of imbalance ores, dumps and
waste after enrichment in the complex processing.

Worldwide, the process of mining and processing of metal ores is associated with the formation of a
large amount of waste of various aggregative states. Currently, they contain billions of tons of ore processed.
Further accumulation of waste from the mining complex is fraught with serious environmental degradation
in the Republic of Kazakhstan. In this regard, the question of creating new environmentally friendly technol-
ogies for mining focused on their maximum usage [2].

The main advantage of non-ferrous metallurgy of Kazakhstan is the presence of its own mineral re-
source base. Kazakhstani ores containing non-ferrous metals are complex and have a complex structural and
mineralogical composition. They include a wide range of rare and trace elements. At the same time, the
structure, physical, chemical and other characteristics of Kazakhstani ores during mining, enrichment and
metallurgical processing require an individual technology for each field. Existing technologies in Kazakhstan
in the production of non-ferrous and rare metals do not fully meet the modern requirements of ecology, eco-
nomics and integrated using of mineral raw materials. At present, the possibility of recycling the valuable
components of metallurgical wastes is negligible, and the extraction of these components into such wastes is
incomplete [3].

In Kazakhstan, the State Program of Industrial and Innovative Development of the Republic of Kazakh-
stan for 2015 — 2019 has been implementing, in order to ensure the sustainable development of the country.
The program highlights the main problems of the metallurgical industry, namely:

— depletion of the resource base;

— low complexity of the raw materials used;

— a high degree of depreciation of fixed production assets;
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— high degree of environmental pollution;

— technological lag;

—lack of integrated complexes with a full production cycle from mining to production with a high de-

gree of product readiness;

— low capacity and distribution of the internal market;

— high energy, labor and material consumption of products.

In order to solve these problems, the state policy in the development of the mining and metallurgical
complex of the country provides for:

— the organization of production of final products of high processing on the basis of base metals by

small and medium-sized enterprises;

— stimulation of reducing the share of exports of ores and concentrates to ensure the integrated pro-

cessing of mineral raw materials.

The promising areas of technological development of non-ferrous metallurgy are the production of pure
metals (aluminum, copper, gold, and titanium) and products from them (wire rod, wire, rolled products, pro-
files and alloys, as well as jewelry) [4].

One of these technologies is the use of electro-hydraulic effect (EHE) to extract non-ferrous metals
from mining waste, by passing energy-consuming enrichment technologies. In the series of electro-physical
technologies, including laser, ultrasonic, plasma, electronic, electroerosion, electro-hydraulic technologies
occupy a separate niche. Electrohydraulic (EH) technologies are based on the use of EH-effect (effect of
Yutkin) [5].

EH-effect is a set of phenomena observed in a high-voltage pulsed discharge in a liquid (usually in wa-
ter). There are only a few studies of electrolyte solutions [6].

High-voltage pulsed discharge in a liquid is accompanied by light and electromagnetic radiation, the
formation of shock, ultrasonic and sound waves of a wide frequency range, pulse pressure (with an ampli-
tude reaching tens of thousands of atmospheres under certain conditions), powerful hydrostream with
cavitations [7, 8].

In our work, the waste of the Karagayly concentrator was processed at an experimental hydro pulse dis-
charge (HPD) laboratory set-up in order to transfer the copper contained in them (0.11-0.144 %) into the
solution and then was partially precipitated in the process of pulsed electrolysis. The presence of other metals
in the waste is as follows: Zn — 0.12 %, Ni — 0.08 %, Fe — 0.04 %, the rest is less than 0.01 %. Metals
standing to the left in the galvanic series are stronger reducing agents than metals to the right. They displace
the latter from solutions of salts. For example, the interaction of Zn + Cu*" — Zn*" + Cu is possible only in
the forward direction. Zinc displaces copper from an aqueous solution of its salt. At the same time, if a com-
pound with which zinc forms an insoluble precipitate is present in the solution, for example OH , CO;>,
Si05*, PO, ions, then zinc ions precipitate, and copper ions or metallic copper remain in solution. These
processes and the effects of HPD allow copper ions to be transferred into solution and partially precipitate
pure copper on the cathode.

Experimental

Test Specifications:

— capacitance of the storage capacitor C = 0.4 puF;

— switch operating voltage ~30 kV;

— energy storage of about 200 J;

— geometry of the anode of conical shape to the top of the cone covered with an insulator with a base

diameter of 10 mm;
— the cathode was a cylindrical cell with a diameter of 120 mm and a height of 100 mm with a tip in the
center of the bottom with a base diameter of 10 mm and a height of 12 mm;

—pH 1.0-3.0.

Pulp from waste (waste + water 1:1) was poured into the cell, then an acidic medium pH = 1.0-3.0 was
adjusted using a mixture of reagents (reagents are selected for each type individually); in this case, under the
action of an electro-hydro pulse, at the same time there is a process of pulsed electrolysis. Then the lid was
tightly closed and a hydro-pulse discharge (HPD) was performed for 5-20 minutes. Under the action of the
discharge, all the metals contained in the pulp went into solution and were simultaneously precipitated, ex-
cept copper ions, which remained in solution and partially deposited on the cathode. As a result, after pro-
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cessing the pulp with HPD, 20 solutions with a precipitate were obtained, which were filtered through a pa-
per filter (red ribbon).

All solutions and precipitates were studied on a copper content by an atomic absorption spectrometer.
The data are given in the Table.

Table

The output of copper from the pulp into the solution, depending on the pH of the medium
and the duration of discharge HPD, % (P = 0.95)

Time, minutes

No. pH 5 10 15 20
Sediment Solution Sediment Solution | Sediment | Solution | Sediment | Solution
3.0 80.1+£3.8 18+1.3 78.9+3.5 21423 71.3£5.3 22+1.4 72.24+2.7 26+2.3
2.0 75.44+4.1 23+1.5 70.1£2.9 28+1.9 68.7+4.2 31+1.6 69.0+4.3 32433
1.0 62.2+2.2 37+2.4 49.6+3.6 49+2.6 48.4+2.6 53429 42.3£2.6 61+4.6
0.5 65.5+1.8 334+2.6 45.8+1.4 41+1.5 56.8+2.5 4243 .4 53.6+3.2 46+3.6

BRI

Note. The discrepancy between the percentage of copper in solution and sediment is due to the partial deposition of pure metal
on the cathode.

Conclusions

A discharge of more than 20 minutes is not profitable, both in terms of energy consumption and as well
as increasing the output of copper. Further lowering the pH below 0.5 does not increase the yield of copper
in the solution. The optimal conditions for the extraction of copper into solution are the duration of discharge
HPD for 20 minutes at pH = 1, in the presence of silicate and phosphate ions. All interfering ions of other
metals remain in the sediment, since copper is to the right of other metals in the galvanic series, and the rea-
gents in the pulp contribute to their conversion into insoluble sediments. The mechanism of action of HPD in
an acidic medium formed by a mixture of reagents is not completely clear and requires further research.
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¥sambIKTarsl opTa pH Toye i 3/1eKTp ruIpouMIyJIbCTiK Pa3psij HOTHKECIH/Ie
Kaparaiinbl keH 0aiibITy (padpukachl KATABIKTAPbIHAH MBICTBI AJ1y

Kanaeikrapasiy (kangsik + cy 1:1) kocnacsl yAnIbIKKa KyHbUIIbI, COJaH KeiiH peareHTTep KOCHachl apKbUIbI
KpiKpL1 opta pH = 1,0-3,0 skeTki3iini; (peareHTTep op Kar[aiifa jKeke TaHIam ajablHaabl), Oyl jkaraaiina
ANEKTPXUMUSIIBIK HMITYJIBCTIH SCEPIHEH UMITYJIBCTIK AJIEKTPOIU3 mpoiieci 6ip mesrinne xypeni. Coman keifin
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KAaKIaK THIFbI3 xKa0bUIbI, 5—20 MUH 00WBI THAPOMMITYJIBCTIK pa3ps Kyprizinai. Paspsg Oepy kesinge kocma
KYpaMbIHIaFbl MBICTaH Oacka OapJblK MeTrajmap epiTiHaire erteni »oHe Oip mesriume TyHambl. Epitinmine
KaJIFaH MeTanJap jkapThUIail karoara TyHaael. Hartmkecinge kocmansl [MIP-mMeH enzpeyaeH keilin TyHOAch!
6ap 20 epitinai ansiasl. bapibik epitinaiiep MeH TyHOamaparsl MBICTBIH KYPaMbl aTOMJIBIK-a0COPOIHSIIBIK,
CIIEKTPOMETpIMEH 3epTTelii. MBICTHI epTiHJIre MIBIFapy Ke3iHAeT] eH XKaKCh MapTTap CHINKAT XKaHe docdar
nouapsHbIH KatsicybiMeH pH = 1, TP pa3psaebH y3akTersl 20 MuH 6onasl. bapisik kexepri sxacaymst
METal HMOHAaphl TYHOana Kanangpl, ce0e0di XHMUSUIBIK J3JIEMEHTTep KepHey Ti3iMiHIe MbIC Oacka
MeTalaapAblH OH JKarblHAa opHanackaH. Keiukeul oprara I'MP-miH ocep eTy MeXxaHU3Mi TOJBIFBIMEH
aHBIKTAJIMaFaH JKoHE opi Kapail 3epTTey/i KaKeT eTe/i.

Kinm ce30ep: kanapIKTap, MbIc, THAPOUMITYJIBCTIK pa3ps, pH opTta, yabIk, Kocna, epiTinai, TyHOa.

AM. Ilynos, E.C. Mycradun, JI. XaBnuuex,
X.b. Omapos, A.C. bopceiabaes, JI.A. KaiikeHoB

N3Bieyenue meau u3 orxoaoB Kaparasimuckoii oooratureibHOM (padpuku
NPH e CTBUHU 3JIEKTPUYECKOT0 THAPOUMITYJIbCHOTO pa3psaa
B 3aBucumoctu ot pH cpeasbl B siueiike

B cratbe nposenena obpaboTka orxonoB Kaparaiinuackoil oboratutensHol GpadprUKu HA ONBITHOM abopa-
TOPHOH yCTaHOBKE TuapoummyibcHoro paspsaa (I'MP) c¢ menpio mepeBoza, comepskaimieiics B HUX MeIu
(0,11-0,14 %) B pacTBOp M 3aTeM YacCTHYHOE OCAKACHHE €€ B IIPOIECCE HMITYJIbCHOTO 3JIEKTPOJIH3a.
B stueiixy 3anmmuBanach Imyibia U3 OTXOJ0B (OTXOmEI+BoAa 1:1), nanee ¢ IIOMOIIBIO CMECH PEareHTOB (hOPMHU-
poBayack kucias cpena pH = 1,0-3,0 (peareHTsI mogOUparoTCst U KQKAOTO BUA MHANBHIYAIBHO), B 3TOM
cllydae MpH JeHCTBUM JIEKTPOTUAPOUMILYIbCA OAHOBPEMEHHO IIPOUCXOIUT MIPOLECC UMITYJIBLCHOTO JIEKTPO-
nu3a. 3aTeM IUIOTHO 3aKPhIBATACh KPBIIIKA, U MPOHM3BOAMICA THUIPOUMITYIbCHBIH paspsa B TeueHue 5-20
muH. [Ipn geiicTBuM paspsiga Bce cojeprkaliiecs B MyJblle METaUIbl TIEPEXOIHIN B PACTBOP U OJHOBPEMEH-
HO OCaXJ[aJINCh, KpOME HOHOB MEJH, KOTOPhIE OCTABAIHNCh B PACTBOPE M YACTUYHO OCAXKIAINCH Ha KaToze. B
pesynbrate nocie obpabotku mynsnsl [P 6pun mosyuenst 20 pacTBopoB ¢ ocankoM. Bce pacTBopsl u
0CaJIK! UCCIEZ0BaIN Ha aTOMHO-a0COPOIIMOHHOM CIIEKTPOMETpE Ha coziepkanne Menu. OnTuMalbHEIe YCIIo-
BUS U3BJICYCHUS MEIU B PACTBOP — MPOAOIDKUTENLHOCT paspaga [P 20 mun npu pH = 1, B npucyrcrBun
cuukat 1 (ocdar noHOB. Bee Memaroniie HOHBI IpyrHX METAUIOB OCTAIOTCS B OCAJKE, TaK Kak B PsIy Ha-
TIPSDKEHUH XMMHYECKUX JIEMEHTOB MeJb CTOUT IIpaBee JPYrHX METaJLIOB.

Knioueswie cnoea: oTxonsl, Melb, TUAPOUMITYIIbCHBIH pazpsan, pH cpensl, sueiika, mysbna, pacTBOp, OCAIOK.
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