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Development of composite hydrogel materials
for cleaning the inner surface of pipelines

Flexible, mechanically strong composite hydrogel materials based on polyacrylamide hydrogel (PAAH), clay
minerals (kaolin, bentonite and montmorillonite), poly-N-vinylpyrrolidone (PVP) and SiO, were developed
for cleaning the inner surface of pipelines. The mechanical strength of composite hydrogels increases in the
following order: PAAH-PVP > PAAH-Montmorillonite > PAAH-SiO, > PAAH-Bentonite. The results
showed that the composite hydrogel samples are able to sustain more than 200 cycles of vertical deformation
without damage. The hydrogel «pigs» selected according to the values of tensile strength and Young's modu-
lus were tested on model «small» and «big» pipelines. The application of hydrogel «pigs» for cleaning the
model pipelines proved to be successful. In contrast to mechanical analogues, hydrogel «pigs» pass freely
through the pipelines of various shape and size, ensure necessary hydraulic pressure in the inner surface, pro-
vide explosion and fire safety, and absorb water along in the course of movement inside the pipeline. Their
cleaning efficiency of the model pipelines from the asphaltene-resin-paraffin deposits (ARPD) was evaluated
as 93-95 %. The scaled up hydrogel «pigs» were fabricated for cleaning of oilfield pipes. The proposed mate-
rials would be of interest for oil transportation companies due to cost-efficiency and technological feasibility.

Keywords: hydrogels, clay minerals, polyacrylamide hydrogel, composite materials, hydrogel «pigs»,
Young's modulus, model pipeline, cleaning effectiveness, asphaltene-resin-paraffin deposits.

Introduction

During the last decade, technical policies of oil transportation companies became more demanding re-
garding the longevity of the pipelines [1]. In the process of pipeline exploitation, the debris, sand and a mix-
ture of asphaltene-resin-paraffin deposition (ARPD) are accumulated and deposited on the inner surface of
the pipeline, leading to reduced capacity of the pipeline, low velocity of oil stream and increased pressure in
the pipeline [1,2]. Additionally, water retention that occurs in the lower sections of the pipeline can cause
corrosion process while accumulation of gas-air mixture in the upper sections of the pipeline can lead to ex-
plosion problems. The simultaneous transportation of crude oil and petroleum products in one and the same
pipe is also a challenging task [3—5]. Periodic cleaning of pipelines by hydrogel «pigs» can significantly in-
crease their productivity, prevent corrosion and extend their lifetime [6—8].

The pioneering works to strengthen the mechanical properties of hydrogels adding inorganic compo-
nents were performed by Haraguchi [9, 10]. Composite gel is made from N-isopropylacrylamide; in its ma-
trix, montmorillonite particles are immobilized. Mechanical characteristics of a gel with inorganic fillers are
much better than that of a conventional gel. Mechanism of formation of the composite structures can be rep-
resented as a diffusion of acrylamide monomers to the layered clay structure [11-15]. After monomers are
intercalated to the minerals, polymerization with simultaneous crosslinking of composite hydrogel materials
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takes place. Nano- and microsized clay particles play the role of additional physical crosslinking centers. It
leads to a significant increase in quality of mechanical properties of the composite materials.

Osada and co. [16-18] designed a series of double-network hydrogels with extremely high mechanical
strength. This kind of nanocomposite hydrogel exhibited high transparency, high deswelling rate and ex-
traordinary mechanical properties with up to 10’ % of elongation ratio at break. Recently [19], physical hy-
drogels composed of polyampholytes demonstrating high toughness and viscoelasticity were developed.

In our earlier works [20-22], we have described the preparation and characteristics of composite mate-
rials based on PAAH and clay minerals. The present paper highlights the applicability of the composite hy-
drogel materials for purposes of cleaning the inner surface of pipeline from ARPD.

Experimental
Materials

Preparation of composite materials based on polyacrylamide hydrogel (PAAH), clay minerals, SiO, and
PVP is reported elsewhere [20-22] (Fig. 1).

1 2 3 4 5

Figure 1. Samples of the composite materials based on PAAH
and kaolin (1), SiO, (2), bentonite (3) montmorillonite (4) and PVP (5)

Two model pipelines with different length and diameter of the pipes, «Small» pipeline with L =3 m,
d =20 mm) and «Big» pipeline with L =15 m, d =40 mm, were used for laboratory test of hydrogel «pigs»
(Figs. 2 and 3).

1 — section for cooling of oil; 2 — steel pipe; 1 — steel pipe; 2 — oil reservoir; 3 — pump;
3 — section for visualization of oil flow; 4 — oil reservoir 4 — inlet for hydrogel «pigs»
Figure 2. «Small» model pipeline Figure 3. «Big» model pipeline

Both «Small» and «Big» pipelines consist of oil reservoir, pump, steel pipe of different cross-section,
equipped with valves and monometers, sections for cooling of oil and visualization of oil flow, inlet and out-
let for hydrogel «pigs». In order to have the ARP deposited, the crude oil was heated up to 60 °C and circu-
lated inside of a pipe for 2, 4 and 6 hours. The temperature of the cooling section was maintained at 5 °C.
The heating and cooling regimes of oil in model pipe correspond to real conditions of oil transportation. As
anticipated, some ARPD was deposited on the inner part of steel pipe leading to the reduction of the pipe-
line’s capacity. After cleaning a pipe by hydrogel «pigs», the solid ARPD was weighed and its amount was
calculated.
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After circulation of crude oil inside of «Small» model pipeline during 2, 4 and 6 hours, the section was
cooled at 5 °C, then dismantled and weighed. The amount of deposited ARP was calculated, and the efficien-
cy of pipe cleaning (E) by hydrogel «pigs» was estimated using the formula (1):

E="2%100%, (1)
ml
where m; — is the mass of the pipe before ARP deposition (g); m, — is the mass of the pipe after ARP dep-
osition at definite time (g).
Scaling-up of hydrogel «pigs» was performed in reinforced plastic oilfield pipe with internal diameter
of 220 mm and length of 230 mm. The bottom of plastic oilfield pipe was plugged and filled with the mix-
ture of acrylamide, crosslinker, initiator, appropriate clay minerals dispersed in distilled water. The polymer-
ization reaction was initiated by addition of accelerator — N,N,N’ N’-tetramethylethylenediamine and car-
ried out at room temperature during 3—4 hours. The scaled-up composite hydrogel «pigs» are presented in
Figure 4.

Figure 4. Scaled up composite hydrogel «pigs»

Results and Discussion
Testing on model pipeline

It should be noted that both «Small» and «Big» model pipelines were set up according to technical doc-
umentations of regular oilfield pipelines. As illustrated in Figure 5a, the gel «pig» successfully cleaned the
inner surface of the pipe from corrosion deposits and mechanical impurities. Figure 5b shows the case when
the «pigs» were used for cleaning the pipeline from ARPD.

Figure 5. Cleaning of pipe from mechanical impurities and corrosion deposits () and from ARPD (b)

The effectiveness of cleaning the model pipeline was compared with other composite hydrogel materi-
als. As indicated in Table 1, the cleaning of the deposited ARP from Kumkol and Usen oil (Western Kazakh-
stan) with composite hydrogel «pigs» in dynamic regime showed 92-95 % effectiveness. The advantages of
the proposed materials in comparison with mechanical scrapers are: the smooth passage through pipe sec-
tions with complex profile, the good hydraulic pressure inside of pipe, the sorption of water-salt mixtures
accumulated inside of pipe, and explosion safety.
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Table 1
Cleaning effectiveness of hydrogel «pigs»

Composite hydrogels | ARPD deposition time, hour | ARPD deposited, g | ARPD removed, g | Effectiveness, %
PAAH/PVP-Bentonite 2 28145 2655 90£2
PAAm/PVP-SiO, 4 269+5 24445 9112
PAAm/PVP 6 255+5 23845 9212

From practical point of view, the most important parameter of hydrogel «pigs» is their mechanical
properties. The selected samples exhibit a high stability and good tolerance towards mechanical stress. As
illustrated in Figure 6, the mechanical strength of composite hydrogels increases in the following order:
PAAH-PVP > PAAH-Montmorillonite > PAAH-S10, > PAAH-Bentonite.

1000+ 1 .pAAm-Bentonite
2 -PAAm-PVP 2
3 - PAAm-Montmorillonite
o 8009 4 paam-sio 3
o 2
X
4 600
o
b7
400 -
200
0 - T - T . T
0 20 40 80 100
Strain, %

Figure 6. Compressive stress-strain curves of polyacrylamide hydrogels
containing bentonite (1), PVP (2), montmorillonite (3) and SiO, (4)

The optimal hydrogel «pigs» selected for testing on model pipelines according to the values of tensile
strength and Young's modulus are presented in Table 2.

Table 2

The Young’s modulus and tensile strength of composite hydrogels used for model pipeline cleaning

Composite hydrogels Mechanical properties
Young’s modulus, kPa Compressive strength, kPa
PAAH/PVP 5.89 791.3
PAAH/PVP-Bentonite 3.30 120.0
PAAH/PVP-SiO, 2.60 96.1

Usually inside of the real pipeline, the hydrogel «pigs» are subjected to high pressure during the move-
ment. Therefore the stability of composite hydrogel materials under vertical stress was evaluated at constant
cyclic deformation. The results showed that the samples are able to sustain more than 200 cycles of vertical
deformation without damage (Fig. 7). It indicates that the materials have advanced mechanical properties and
can be applied under oilfield conditions.

The cost of developed composite hydrogel «pigs» is compared with commercial available gel samples
in Table 3. The diameter of gel «pigs» corresponds to diameter of the pipe used for oil transportation. Evi-
dently, the composite hydrogel «pigs» developed at the Institute of Polymer Materials and Technology are
more cost-effective than that of «SamTechnoOil» (Russia) and «Aubin» (UK) companies. At present the
manufacturing instructions for production of hydrogel «pigs» were developed. In 2015, the Committee of
industrial development and safety of the Ministry of investment and development of the Republic of Kazakh-
stan issued a permission for the production and application of hydrogel «pigs» («PIG-1») for cleaning of real
pipelines.
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Figure 7. The effect of the number of compression cycles
on the elastic deformation of PAAH-PVP composite hydrogel

Table 3
Characteristics and costs of hydrogel «pigs» developed by various companies
Company Diameter of gel «pigs», mm | Volume of gel «pigs», mm’ | Price, USD
«SamTechnoOil» (Russia) 1200 100 295
«Aubiny» (UK) 700 1000 4912
«PIG-1» (IPMT «Kazakhstany) 377 750 455

Conclusions

Flexible, mechanically stable composite hydrogel materials based on crosslinked polyacrylamide, clay
minerals and PVP were developed. The mechanical strength of composite hydrogels increases in the follow-
ing order: PAAH-PVP > PAAH-Montmorillonite > PAAH-SiO, > PAAH-Bentonite and demonstrates that
PAAH-PVP semi-interpenetrating networks withstand the highest compressive load. Particularly, the PAAH-
PVP can sustain more than 200 cycles of vertical deformation without damage. Composite hydrogel «pigs»
were tested for their cleaning properties on «Small» and «Big» model pipelines; the efficiency of ARPD,
corrosion deposition and mechanical admixtures removal from the inner surface of the pipe was in the range
0f 93-95 %. Additionally, permission for production and application of hydrogel «pigs» («P1G-1») for clean-
ing of real pipelines was issued.
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E.B. bnarux, JK.K. Cagax6aeBa, A.H. Kinsenko,
X.A. Hypaxmetosa, B.b. Curutos, C.E. KynaiibepreHos

KyObipoeTkisrimrepain imki OeTTepid Ta3apTyFra apHaJIFaH KOMIO3HIUSAJIBIK
THAPOre/ib MaTePUAJIAAPAAPBIH Kacall IIbIFAPY

[Nommakpunamun (ITAAT), momu-N-pununnupponunos (I1BIT) sxoHe cazael MuHepanaap (kaojauH, OCHTOHUT
JKOHE MOHTMODPWJUIOHUT) HETi3iHJe KOMIO3ULUSAIBIK THAPOrelb MaTepUAIAapbIH XKacal LIbIFapy, OJNapIbH
MEXaHHUKAaJIbIK KACHETTEPIH 3epTTey XoHe MyHall KYObIpIapbIHbIH iIIKi KabaThIH Ta3apTy YILIiH MEXaHUKAJIBIK
Oepik, HINTIm >XoHE MaHMBICKAK KBIPFBINTAP pETiHAe KoJmaHy HoTIkenepi Oepinren. Kommosurrik
THIPOTENBICPAIH MEXaHHKAIbIK KacHeTTepi Kenecimedl apraTeiHbl aHbikTamael: [TAAT-IIBIT > TTAAT-
MOHTMOpWIUIOHAT > [TAAT-SiO, > I[TAAT-6enToHnT. HoTikenep kepceTkeHael, KOMIO3ZUTTIK THAPOTEIb-
JepIiH YATiIepi »KOoFapFbl MEXaHUKAIBIK TO3IMALTIKKE He, oJap aifrapmeikraid, Oyminyci3 200 Tik nedopma-
LMSIaH apThIKKAa Te3e anajibl. «YJKEH» XOHE «Killli» KyOblpiapibl Ta3apTyFa apHalfaH TIMAPOTeIbIiK
MaTepHaIIapIbl TaHIay MEH TECTLIeY ChIFBUTY MEH CO3BLTYIarbl TO3IMALTIK HiekTeyiri MmeH FOHT MomymiHig
OHTAaMJIbl MOHIEpIHE colikec jkacairaH. KOMIO3UIMAIBIK THAPOTreIb MaTepHalliapbl Ta3apTy KYPbUIFbUIAPHI
perinze Monenbai MyHal KyObIpbIHZA YTBIMIbI KOJAAHBLIAbL. MeXaHHKaJbIK aHaJOrTapblHa KaparaHa,
THAPOTENbIl Ta3apTKBIIITap dp TYPJI MIIIiHJET] jKoHe eIeM/eri KyOsIpIap apKeUIbl OHAil eTexi, imki GeTke
KaXKETTI TUAPABIUKAJIBIK KBICEIMABI KaMTaMachl3 €Tell, >Kapbuly KayillCi3[iriH KaMTaMachl3 eTeli KoHe
KYOBIpIapabIH ki GeTiHmeri cyas! e3iHe ciHipeni. Monenbai KyObIpeTKisrimrepai achaabTeH Il MABIPITBI
napaduuni KamgeikrapaaH (ARPD) koHe MeXaHMKambIK KOCHAlapAaH KOPPO3MSUIBIK KaJJBIKTapIaH
TazapTyna onapAblH THiMAmri 93-95 % kypanpl. OHuipicTik MyHall KyObIpiapblH Ta3apTyFa apHalfaH
THAPOTENbAIK MaTepHalliapibl MacITa0Tay >KYpPrizingi. ¥ ChbIHBUIBIN OTBIPFaH MaTepuajiap 3KOHOMUKAJIBIK
THIMJIJIT] JKOHE TEXHOJOTHSIBIK JKY3€re achlpblIyblHa OaiIaHBICTBI MyHall TachIMaJllayMeH aiHaJbICaThIH
KOMIIaHUSIAP/IbIH, KbI3BIFYIIBUIBIFBIH TYIBIPAIBI.
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Kinm co30ep. ca3npl MEHHEpaigap, MOJIHAKPHIAMHA THAPOTENAePi, KOMIOSHUMSIIBIK MaTepHaIaap, THIPO-
reani «Keiprbin, KOHr Moaysi, Moaenbai KyObIPOTKI3rill, Ta3apTy Adpexeci, achaibTeH-1aibp-napahuH
HIeriHinepi.

E.B. bnarux, XK.K. Cagax6aesa, A.H. Kinusenko,
K.A. Hypaxmerosa, B.b. Cururos, C.E. Kynaiibeprenon

Pa3paboTka KOMIO3MIMOHHBIX IHAPOreJbHbBIX MATEPHAIOB
JJIS OYMCTKHM BHYTPEHHell MOBEPXHOCTH TPYOONPOBOI0B

Pazpaboranbl rubkue, 3macTHYHbIE ¥ MEXaHUYECKHM MPOYHBIE KOMIO3HLHOHHBIE THAPOTENIEBbIE MAaTEPHUaITBI
Ha OCHOBe nonuakpuiamuaHoro rugporens (ITAATD), rmHUCTBIX MUHEpanoB (KaoJHH, OEHTOHUT U MOHTMO-
puLIOHKT), noiu-N-BuHuanuppoaugona (IIBIT) u SiO, 1t o4HCTKH BHYTPEHHEH MOBEPXHOCTH TPYOOIpo-
BOJIOB. MeXaHMYeCKHEe CBOHCTBAa KOMIIO3UTHBIX THAPOTENCH YBENIUYUBAIOTCS B CIEIYIONIEM IIOpSIKE:
ITAAT-TIBII > ITA AT -mouT™Mopmmnonut > [TAAT-Si0, > ITAAI'-6enronut. Pe3ynbraThl mokasanu, 94To 00-
pa3nbl KOMIIO3UTHBIX THApOrened 001afaroT BBICOKOH MEXaHWYECKOH MPOYHOCTHIO U 0e3 CYIIECTBEHHBIX
pa3pymeHui MoryT Belgepkath Oonee 200 BepTHKaMbHEIX nedopmarumii. TectupoBanue n 0TOOp THIpOTENE-
BBIX «CKPEOKOBY I OUHCTKH «MAJIoro» U «00JBIIOroy» TPyOONpOBOIOB OCYLIECTBISIINCH B COOTBETCTBUU C
ONITUMAJbHBIMU 3HAYEHHAMH IIPEeNa POYHOCTU MPH CHKATUH WM pacTsbkeHuH U Moxyns FOnra. B mabopa-
TOPHBIX YCIIOBHSAX HCIOJIb30BaHHE KOMIO3UTHBIX MaTepHajioB B Ka4eCTBE T'MAPOTENEBBIX «CKPEOKOB» ISt
OYHCTKH MOJIENBHOTO TPyOONPOBOJa OKA3al0Ch yCMEIIHBIM. B 0TIHune 0T MEXaHMYECKUX aHAJIOTOB, THIPO-
reJieBble «CKpeOKM» cBOOOIHO MPOXOJT Yepe3 TpyOOoImpoBOIbl pa3InIHON (HOPMEI M pa3Mepa, obecrieunBa-
10T HeoOXOJMMOE THAPABINYECKOE JABJICHHE Ha BHYTPEHHIOI MOBEPXHOCTh, OOECIICUMBAIOT B3PHIBOOE3-
OIIaCHOCTB ¥ HOTJIOIIAIOT BOAY IPH JBIKEHHH II0 TPyOOorpoBoxy. DPp(EeKTHBHOCTh THAPOTEIEBBIX «CKpeO-
KOB» ITIPH OYHCTKE MOJEJILHOTO TPYOOIPOBOAA OT MEXaHWYECKUX HMpUMeceH, KOPPO3HOHHBIX OTIOXKEHUH 1
acdanbreH-cMono-napadpuHoBbix oTinoxkenuit (ACIIO) cocraBuina 93-95 %. [IpoBeneno macmrabupoBaHue
THAPOTEIEBbIX «CKPEOKOB)» JUIS OYUCTKH MPOMBICIOBBIX He(TenpoBonoB. [IpeuiaraeMple MaTeprasl OyayT
MPEJCTaBIATh MHTEpeC ISl HE(TIHBIX KOMIAHUM, 3aHMMAIOLIMXCS TPAHCIOPTUPOBKOW HedTH, Oraromaps
9KOHOMHYECKOH 3 (GEKTUBHOCTH U TEXHOJIOIHYECKOH OCYIECTBUMOCTH.

Kniouesvie cnoga: TIMHUCTBIE MHHEPATbI, TMOMHMAKPUIAMUIHBIE THAPOTENU, KOMIO3ULIUOHHBIE MaTepuabl,
THIPOTENEeBBIH «CKpeOoK», Moxysb FOHTa, MofeNnbHEIH TPpyOOopoBoa, 3 PEeKTHBHOCTE OYUCTKH, ac(halIbTeH-
CMOJIO-TIApAa(MHOBBIE OTIIOKECHUSL.
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The number average and mass average molar masses
of polyethylene(propylene)glycol fumarates

Unsaturated polyesters are interesting for theoretical and practical studies, since along with the simplicity of
economical production, contain in their composition unsaturated double bonds, which makes it possible to
obtain spatially crosslinked structures on their basis. In this work polyethylene glycol fumarate, polypropyl-
ene glycol fumarate were synthesized by the step-growth polymerization of ethylene(propylene)glycol and
fumaric acid. The compositions of polyethylene(propylene)glycol fumarates were determined using elemental
analysis and IR spectroscopy. Some physicochemical characteristics of synthesized polyethylene(propylene)-
glycol fumarates were established. In order to state the correlation between the molar masses of polyeth-
ylene(propylene)glycol fumarates, the number average and mass average molar masses were found. As fol-
lows from the results presented in this paper mass average molecular masses of polyethylene glycol fumarate
and polypropylene glycol fumarate calculated by the light scattering were around 2500 and 1488 a.e.m., the
number average molar masses determined by the method of end groups were 2010 and 1245 a.e.m., respec-
tively. It is shown that the methods of light scattering and end-group assay give good convergence and have a
high degree of correlation. As a result of the study the correctness the light scattering method for the estima-
tion of molecular masses of polyethylene(propylene)glycol fumarates was shown.

Keywords: unsaturated polyester resins, polyethylene glycol fumarate, polypropylene glycol fumarate, the
number average molar mass, mass average molar mass, light scattering, titration, step-growth polymerization.

Introduction

The molar mass, which is one of the main characteristics of any chemical substance, plays a special role
in case of high-molecular compounds, since it serves as a measure of length of the chain molecule. The latter
is also characterized by the number of repeating units or the degree of polymerization of macromolecule. It
should be noted that the molar mass of the polymer is the average statistical value, which refers to the molar
masses of the macromolecules constituting the polymer. Polymers, unlike low-molecular substances, are
polydisperse; they dissolve via preliminary swelling and in rare cases form colloidal solutions. A very large
molar mass is typical for polymeric compounds and itoften changes from 8—10 thousand to several millions.
Determination of the molecular mass of polymers is possible by using the classical methods (osmometry,
ebullioscopy, cryoscopy, viscosimetry, etc.) and modern methods of investigation such as gel permeation
chromatography, nephelometry, etc. Knowing the molar mass of the polymer necessary information on its
structural features and properties can be obtained; also it is possible to carry out directed synthesis of sub-
stances based on properties.

Unsaturated polyesters due to the simplicity of economical production, availability of raw materials at-
tract the attention of researchers, practitioners and have found wide practical use. The main and unique fea-
ture of unsaturated polyesters is the ability to copolymerize with various monomers to form valuable prod-
ucts that have special physicochemical and mechanical properties; they are characterized by low toxicity and
relative availability. As the literature analysis shows, only co-monomers of hydrophobic nature are involved
in the copolymerization with unsaturated polyesters [1-3] and synthesized polymeric materials can be use
construction products. The problems of copolymerization of unsaturated polyesters with hydrophilic ionic
monomers remain relevant until recently. It opens up prospects for the synthesis of new so-called «intelli-
gent» polymers capable of reversibly reacting in response to insignificant changes in the environment. An
important factor affecting the properties of synthesized copolymers is the molar masses of the initial unsatu-
rated polyester resins. In literature there are contradictory data on the values of molar masses of unsaturated
polyester resins. In this regard, it seemed interesting to compare the molar masses obtained by different
methods.

With the aim of evaluation of the molar masses of synthesized polyethylene(propylene)glycol fumarate
(p-EGF, p-PGF), this study presents the results on the determination of the number average and mass aver-
age molar masses obtained using light scattering method and end-group assay.

Cepusa «Xumuns». Ne 2(90)/2018 17



M.Zh. Burkeyev, G.K. Kudaibergen et al.

Method

Polyethylene(propylene)glycol fumarates were obtained by step-growth polymerization of ethylene
(propylene)glycol and fumaric acid of the ratio 1.05:1 mol by heating and stirring them in a nitrogen medium
[4]. After the reaction mixture reaches a temperature of 153 °C, a catalyst (AICl;) is introduced into it at an
amount of 0,2 % on total mass of the original monomer mixture. Stirring was continued for 6—8 hours until
water was completely removed; after which the reaction mixture was cooled to room temperature. The route
of the reaction was monitored by determining the acid number. The resulting resin was purified from the
starting monomers by washing with acetone.

The number average molar mass of unsaturated polyesters was determined by acid number (AN) and
hydroxyl number (HN) by direct titration with 0.1N and 0.5N KOH where phenolphthalein is used as an in-
dicator.

~56.11-2-1000
" AN+HN

ay = Ji=V2)-/-0.00561-1000
g
where V; and V, — the volume of 0.1N KOH, consumed for the titration of sample with a polymer and a

control sample, ml.

HN=(

V,~V,)- f-0.028-1000

g
where V; and V, — the volume of 0.5N KOH, consumed for the titration of sample with a polymer and a
control sample, ml.

The Debye method (light scattering) was used to estimate the mass average molar mass [5]. Determina-
tion of the turbidity of polymer solutions was carried out by light scattering using a 2100 AN nephelometer
from HACH at A = 5460 A.

The degree of scattering of monochromatic light by a solution (turbidity) t° is related to the osmotic
pressure of the true solution by the following relation, known as the Debye equation:

o 32(3.14)" nZ (n—n,)’

a(%) ’
3N,C| \RT

aoC

where n and ny — the refractive indexes of the solvent and solution, respectively; N, — Avogadro constant,
mol™'; my — osmotic pressure, atm; C — concentration of solution, g/ cm’; A — wavelength, nm.

The accuracy of determining the molar mass and conformational features of molecules depends on the
nephelometric features of the solvent used [5].

It was noted above that the osmotic pressure is a characteristic of the change in chemical potential of

the solution and is due to the activity of the dissolved substance a’. It can be shown that the turbidity of the
system increases with the increasing the activity of dissolved particles. In another words, with increasing a°,
the proportion of scattered light increases. The intensity of the scattered light /, observed at an angle 0 to
the incident monochromatic ray is called the optical anisotropy of the dissolved polymer particles and varies
with the angle of observation. The optical anisotropy of these particles is that the intensity of the scattering is
not the same along the different axes of the molecular coil. The dependence of the intensity of the scattered
light on the angle of observation of the scattered ray is called the Rayleigh ratio (number), or the reduced
intensity.
Ry = rzlei 11,
where /,, and I, — the intensity of scattered and incident light, respectively; » — distance from particle to
observer.
In practice, when determining the turbidity often a value R, is calculated, but not t°. Therefore:
HC 1 N 2BC
R, M, RT

w
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At small values of C, the dependence HC/R, = f(C) is expressed by a straight line that cuts off
C — 0 on the y-axis is a segment equal to the reciprocal of the molar mass.

nel 1
Rei c—=0 M

The concentration of the initial solution for the determination of the polymer at the wavelength region
10°~107 nm is of the order of 2-10 g/ml (0.2 g/I). For this, a sample of unsaturated polyester of 0.1 g (accu-
rate to 0.0001) was placed in a pre-weighed volumetric flask (~50 ml) with a clogged cork. Further it was
dissolved in an increasing volume of a thoroughly purified and repeatedly distilled solvent, then brought to a
mark and weighed. The concentration of the solution C,; (g/cm’) was calculated using the formula

C, = m,p/m;,
where m,, — polymer mass, g; p — density of solvent, g/em’; m, — mass of solvent, g.

Then, 30 ml of the prepared solution was transferred to a cuvette of the instrument; the turbidity of the
solution and the refractive indexes were determined until complete reproducibility.

A series of solutions were prepared from the available solution by successively diluting an aliquot
(~30 ml) of each previous solution to 50 ml in a volumetric flask, then turbidity and refractive indexes were
measured. The concentration of the subsequent solutions was calculated according to the above formula.
Based on the calculated values, a plot of the dependence HC/Ry; — f(C). Extrapolating the resulting straight

line to C = 0, we obtained a segment that corresponds to the limiting value HC/Ry; = 1/ M .

Results and Discussion

Polyethylene(propylene)glycol fumarates were obtained by step-growth polymerization of fumaric acid
and ethylene glycol according to the following scheme [4]:

HOOC\ /H H2C|_OH ” ”
I H
c—cC ¥ HC——OH — 3 JWVO—C—E':C—C—O—Cz—CJVV\
/ AN A A
H COOH
R
R —H, CH;

Polyethylene(propylene)glycol fumarates were identified by IR spectroscopy (Fig. 1). In the IR spectra
of synthesized polyethylene(propylene)glycol fumarates, the absorption bands at 755 cm ™' due to pendulum
oscillations of -CH,— bonds are observed, and absorption bands at 1162 cm™ region confirm the presence of
the -C—O—C— bond of the ester. The intense absorption band at 1461 cm™ indicates the vibrations of —C—H
bonds. The presence of —C=0 bond and symmetrically located —CH bonds in the CH, and CH; groups are
characterized by absorption bands at 1736 cm™ and 2985 cm™, respectively. The spectra exhibit an intense
peak at 1306 cm™' reflecting the presence of the —C=C—group of the polyester. The presence of p-EGF and
p-PGF-C=C- bonds in the structure indicates the formation of an unsaturated polyester.

0.9+

/

08—

o7 -

0.6 —

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

1 — p-EGF; 2 — p-PGF
Figure 1. IR spectra
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The light scattering method is the most reliable and convenient out of the few absolute methods for the
determination of the mass average molar masses of polymers, covering an exceptionally wide range of mo-
lecular masses. In addition, it is a direct method for measuring the size of macromolecules in solution, used
for approbation and calibration of other, indirect methods (in particular, hydrodynamic methods).

The results of metrological processing of straight lines and calculated values of molar mass are given in
Table. The data obtained were confirmed by a mathematical study and a graph of the accuracy of the coordi-
nate HC/Ry; — f(C) (Figs. 2, 3). Extrapolation of the HC/Ry; dependence on C is determined by the formula
extrapolated to the zero scattering angle 0 in accordance with equation.

Thus, the molar mass of the polymer is calculated and determined by the intersection values. As follows
from the results presented in Table, polyethylene glycol fumarate and polypropylene glycol fumarate have
molar masses of the order of 2500 and 1488, respectively, and the values of the molar masses studied in the
three units of turbidity are in good agreement. The values of M, listed in Table are in good accordance with

the data calculated from the titration [3].

Table
Molar mass features of an unsaturated polyester resin
HC 1 _ _ _
Object H *107 — | =—=—x10" M, M, D,
R9i >0 Mw
p-EGF 6.401 0.400 2500.00 2010.59 1.24
p-PGF 3.3010 0.6720 1488.00 1245.34 1.19
HC/R,x10" HCR 107
25 - 12 -
2 L
0,8
L5
0,6 1
1 .|
0,4
05 02 1
0 T T | [t T T T T T |
0 0,5 1 15 Gl 0 05 1 15 2 2,5 ; &l

Figure 2. Dependence of HC/Ry; on the concentration (C)  Figure 3. Dependence of HC/Ry,; on the concentration (C)
for solutions of p-EGF in chloroform for solutions of p-EGF in chloroform

In the literature, it is noted that the light scattering method is most applicable for polymers with a high
molar mass (above 10,000). To confirm the correctness of the use of the light scattering method for the
estimation of the molar masses of polyethylene(propylene)glycol fumarates, we additionally determined the
numberaverage molar mass by the method of determining the end groups. This method is most effective
forlinear condensation polymers of which the molar mass is usually below 20,000.

Conclusions

The set of experimental results on the establishment of the mass-average and number-average molar
masses obtained by light-scattering and the determination of end groups have similar values, indicating the
oligomeric nature of p-EGF and p-PGF. Thus, as a result of the study, the correctness of the light scattering
method for the estimation of molecular masses of polyethylene(propylene)glycol fumarate were shown.
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HonusrTHACH(IIPONNIIEH)[VINKOJIb(pYyMapaTTapAbIH OPTACAHABIK
7KOHE OPTAMACCAJIBIK MOJIEKYJIAPJIBIK Maccajlaphbl

Kanbiknaras nonusudpiii mwaibipiap TEOPUSIIBIK KOHE IPAKTUKAIBIK KaFbIHAH KbI3BIKTBI OOJIBIN TaObLIa/bI,
cebebi amynplH KapanalbIMIbUIBIFBI MEH JKOHOMHKAIBIK THIMAUIIMIHE KapamMacTaH, KypaMblHAa KOC
OaiiaHBICTEIH OOJYBIHAH OJIAPABIH HETi3iHAE KEHICTIKTI-TIFUITeH KYPBUIBIMIBI KOCBUIBICTApIbl alyFa
MYMKIiHIIK Oepeni. Makanana 3THICH(TIPONMICH)JIMKOIbE MEH (yMapaTThl HOJMKOHICHCAIUSIIAY PEeaKIHs-
Japbl apKbUIBI MOJIMATIIICHITIMKOIB(QYMapaT, HOJUIPONMICHITNKOIb(pYMapaT cunaTte3neningi. I[lommoTu-
JeH(TIPONMIICH ) [NINKONb(YMapaTTapAblH  KypaMbl 3JIeMeHTTiK Tampay, MK-crexrpockonust KkemeriMeH
aHpIKTanAbl. CHHTE3[EreH MOIMATHIICH(IPONWIEH ))ITTUKOIb(yMapaTTapabH KeiHoip Gu3nka-XuMHUsIbIK CH-
narramaiapbl Oenrimi Oosmel. [TonudTHICH(IPOIMICH )IITHKOIB(GYMapaTTapAblH MOJICKYIadblK Maccaiapbl
apachlHAaFbl apaKaTbIHACTBUIBIK TOPEXKECIH aHBIKTay MaKCAaThIHAA OpPTACAHIBIK >KOHE OpPTaMacCaibIK
MOJIEKYJIaJIBIK Maccajapbl TaObULABL. ABTOpJIAp KOPCETKEH MAIIMETTEpP/CH IMOJIM3THICHITIMKONIb(pyMapar
JKOHE MOJUIPONIICHIINKOIb(GYMaparT >KapbIK MaNIbIpaTy 9/ici GOMBIHIIA OpTaMacCcaIblK MOJIEKYIaIbIK Mac-
camapel 2500 men 1488 a.e.m., am meTKi TONTapAbIH MOJIIEPiH aHBIKTAy OAICi OOMBIHIIA OpTacaHIbBIK
MOJIEKyJaJIbIK Maccanapsl caiikecinme 2010 a.e.M. xoHe 1245 a.e.M. TeH ekeHi kepceTinai. COHBIMEH KaTap
JKapbIK IIAIIBIPATy MEH LIeTKi TONTApJbIH YJECIH aHBIKTAy OJICTEpiHIH MOHJEpI >KaKChl COHKECTIK >KoHE
JKOFapbl apaKaThIHACTBUIBIK Jopexecine ue. JKyprisiiren 3eprreynep HOTHKECIHAE MOTHITUICH(IIPOITHIICH )-
TIIMKONIb(yMapaTTapAblH MOJIKYJaJblK MaccachlH aHBIKTay Ke3iHAE JKApbIK MIAIIBIPATY SAICIHIH
KOJIIaHBLTYBIHBIH TYPBICTBUIBIFbI ANENACH .

Kinm cesdep: KaHblKnaraH NoJMI(GUPII aldbIpiiap, HOJUATHICHIIMKOIb(GYMapar, MOJIUIPONHISHIIMKOIb-
(ymapar, opTacaHIbIK MOJICKYJIAIbIK Macca, OpTaMacCalIbIK MOJEKYIaIbIK Macca, )KaphlK MIalIbIpaTy, THTP-
ey, HOJTUKOHICHCALHS.

M. XK. bypkees, I'.K. Kynaitbepren, E.M. Taxb6aes,
I" K. Bypkeesa, A.B. Omamesa, H.A. EcenraeBa, A.H. bonar6aii

CpeaHeunc/ioBasi 4 CpeIHEMACCOBasi MOJIEKYJISIPHbIE MACChI
MOJHATHJICH(MPONWIEH)IJIMKO0JIb(yMapaToB

Henaceimennsie nonmmdGupsl HHTEPECHB! UL TEOPETUYECKUX M MPAKTUYECKUX HCCIIEIOBAHUM, OCKOJBKY,
Hapsiy ¢ MPOCTOTOH, SKOHOMHYHOCTBIO MOYYEHHS, COAEPKAaT B CBOEM COCTaBE HEHACHIIICHHBIC J[BOHHEIC
CBSI3H, YTO JIeJIaeT BO3MOKHEIM ITOJIyd€HHE HAa UX OCHOBE POCTPAHCTBEHHO-CIIUTHIX CTPYKTYp. B crathe mo-
Ka3aHO, YTO peaKLHeH IOJUKOHAEHCAMN STHICH(IIPONMICH)IIUKONIS U (yMapOBOH KHCIOTBI CHHTE-
3UPOBAHbI MOJUSTWICHIIUKOIbQYMapaT M NOIMIPONMICHNIHKOIbGyMapar. CocTaBbl IOIMATHIEH(IIPO-
HMJICH)NIMKOIb(YMapaToB ObUIM yCTAQHOBJIEHBI IO JaHHBIM BJEMEHTHOro aHanmsa, MK-crnexrpockonuu.
OrmpeniesieHbl  HEKOTOPBIE (DH3HKO-XUMUUYECKHE XapAKTEPUCTHKU CHHTE3HMPOBAHHBIX ITOJIMATHICH(IIPONH-
JIeH)rIuKoibGymMapaToB. C Lenpio onpeereHus KOPPEi MKy 3HAYeHISIMH MOJICKYJIIPHBIX Macc I0-
TUATHICH(TIPOIMIICH )TIIMKOIb()yMapaToB HalIEHB! CPEHEUUCIOBBIE U CPEJHEMACCOBBIE 3HAUCHUS IIOCIIEN-
Hux. Kak ciemyer W3 mpeiCcTaBICHHBIX B JJaHHOH paboTe pe3yibTaToB, MOJIMITWICHITHKOIb(pYMapaT U 1mo-
JMIPOIIICHTINKOIb(yMapaT MUMEIOT CPEIHEMAcCOBYI0 MOJICKYJSIPDHYIO MAacCy, PacCUHTaHHYIO METOJIOM
cBeropaccesHus, nopsaaka 2500 u 1488 a.e.M. COOTBETCTBEHHO, CpeIHEUYHCIOBasi MOJIEKYJIIpHAs Macca Io
METOZy ONpeeNIeHHs AOJIM KOHIEBhIX rpymm coctaBisieT 2010 u 1245 a.e.m. cootBeTcTBeHHO. [lokazaHo, 4To
METO/Ibl CBETOPACCESIHHUS U ONPE/IENICHHUs KOHIEBBIX IPYI JAl0T XOPOLIYIO CXOAUMOCTb U MMEIOT BBICOKYIO
CTEeNeHb KOppeJsIiU. B pesysbpTraTe NpoBeeHHBIX HCCIEA0BAaHNH MTOKa3aHa KOPPEKTHOCTh IIPUMEHEHNUS Me-
TOJ]a CBETOPACCESIHUS ISl OLICHKU MOJIEKYJISIPHOH MAacChl IIOJIMATHICH(IIPOIIIIICH )IIIHKOJIL(yMapaToB.

Knrouegvie cnosa: HeHaCHIICHHBIC HOIII/I3(1)I/IpHI)Ie CMOJIbI, HOIII/IBTHJICHI‘III/IKOIII)(l)yMapaT, TOJIMITPONIICH-
l"JII/IKOIIb(i)yMapaT, Cp€aHEYHCII0Basd MOJICKYJIIpHasi Macca, CpeaHeMacCcoBasl MOJICKYJISIpHad Macca, CBETopac-
CEsIHUEC, TUTPOBAHUE, TOJIMKOHICHCALIUA.
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Variation of the stereoparameters for description geometry
of calix|[4]arenes — more suitable solution for «flat systems»

This article deals with a variation of previously introduced parameters a, 3, and 6 which were used to describ-
ing the all possible conformations of these compounds, cone, partial cone, 1,2- and 1,3-alternate conformers
of methylene- and heteroatom-bridged calix[4]arenes. Usefulness of these parameters o, , 6 have been al-
ready demonstrated, but, it seems, to be more suitable to do any variations them for flat systems. The back-
ground for the parameters a, f3, d lies in the representation of the scale of the angles of the calix[4]arene rings
towards the reference plane. The original scale 0° — 360° for these angles depicts very well the differences
between the calix[4]arene conformations but has two significant disadvantages. The first one is the disconti-
nuity of the scale. The angles o; range approximately from 0° to 110° and from 250° to 360° because of the
sterical hindrance that would occur should the calixarene phenyl ring enter the cavity. The second disad-
vantage is the discontinuity at the point o; = 0°, it means the case of flat systems. These flat systems are usual-
ly the ‘transitions states‘ between the calixarene conformations and cannot be observed using parameters o, f3,
8. To eliminate the difficulties in describing the 'transition states' between the calix[4]arene conformations
caused by the discontinuities of the original scale, the new scale should be introduced. New parameters o', B,
& were introduced by subtracting 360° for each 'negative' ring present in the structure (one for partial cone
conformers, two for 1,2- and 1,3-alternate conformers); after the parameters o, B, 6 are calculated.

Keywords: supramolecular chemistry, stereochemistry of calix[4]arene, conformation, transition states, tor-
sion angles, distorsion parameters, analysis of structural data from CCDC, cluster analysis.

Variation of the parameters o, f, 0

The background for the parameters a, 3, d lies in the representation of the scale of the angles of the ca-
lix[4]arene rings towards the reference plane [1-3]. The original scale 0°-360° (see Fig. 3 in [2]) for these
angles depicts very well the differences between the calix[4]arene conformations (separation into the distinct
'clusters') [3, 4] but has two significant disadvantages. The first one is the discontinuity of the scale. The an-
gles a; range approximately from 0° to 110° and from 250° to 360° because of the sterical hindrance that
would occur should the calixarene phenyl ring enter the cavity [3, 4].

The second disadvantage is the discontinuity at the point o; = 0°, it means the case of flat systems. This
discontinuity is principally responsible for the distinct separation into the 'clusters' observed in [3, 4] on
Fig. 4-7, but as a result the ‘transitions states‘ between the calixarene conformations cannot be observed.
And mainly these ‘transitions states* are flat systems.

To eliminate the difficulties in describing the 'transition states' between the calix[4]arene conformations
caused by the discontinuities of the original scale, the new scale, depicted in the second part of Figure 1,
should be introduced. This scale differs from the first one in the values of the negative' phenyl ring angles;
these angles are calculated from those in the first scale by subtracting 360°. However, the negative values of
some phenyl ring angles might cause difficulties in parameter a, 5, & calculation. Therefore we decided for
transformation of the existing parameters o, B, 0 by subtracting 360° for each 'megative' ring present in the
structure (one for partial cone conformers, two for /,2- and /,3-alternate conformers); after the parameters
a, B, 8 are calculated. The formulae for the resulting parameters o’, B, 6" are given in the next paragraph.

1100 1100

250° -110°

Figure 1. The dual representation of the scale of phenyl ring angles o
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A new set of parameters, o, B’, 8" was therefore introduced to describe the 'transition states' between
the calix[4]arene conformations. These parameters are defined using the original a, B, 6 parameters for four
conformers of calix[4]arenes as follows:

cone calix[4]arenes: o' = a; " =p; 3" = 5;

partial cone calix[4]arenes: o’ = o —90°; B" = — 360°;, 8" = 6 — 360°;
1,2-alternate calix[4]arenes: o’ = a — 180°%; " =p; 6" =0 — 720°;
1,3-alternate calix[4]arenes: o’ = o — 180°%; " = — 720°;, 6" =0.

(1)
(@)
3)
“)

Aplication of the new parameters a.’, ', 0’

The a'-f” and a’-8" plots for the group of calix[4]arenes with methylene bridges are depicted on

Figures 2 and 3.
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Figure 2. The a’-f plot for the group of calix[4]arenes with methylene bridge groups
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From the a’-B” plot, it is obvious that two hits from the partial cone group lie within the 7,2-alternate
group. The plot is more transparent and better than using parameters o-f. These structures are ZALGOI
(Fig. 4) and a very open structure KOCQIC (Fig. 5). The similarity of these structures to the 1,2-alternate
group is readily observable. The distinct group separated from the partial cone conformers (‘on the path' to
the 1,2-alternate conformers) is the group of single atom 'triple-bridged' structures which possess very
opened cavities (see structure ABIHIC, Fig. 4). These structures have been already discussed.

ABIHIC

Figure 5. Structure KOCQIC [5]

From the a’-B’ plot it can be clearly seen that four hits from the partial cone group are close to the cone
group. The structures GUBTAY (no Fig.) and KOCQEY [4] (Fig. 4) belong to this group.

From the two plots it is obvious that several hits from the /,3-alternate group are very close to both
cone and partial cone group (hits with o” > 10°). The unifying feature of these structures is the presence of
calix[4]arene skeleton strongly deformed towards C,, geometry; close to that of saddle shaped ca-
lix[4]resorcinarenes. The main reason behind this deformation is missing of two opposite phenolic oxygen
atoms at the lower rim and the resulting 7,mt-stacking between the other opposite calix[4]arene phenyl rings
(e.g. structure GUCYUY, Fig. 6). The m,mt-stacking might occur even between calix[4]arene phenyl rings
from different molecules. Representative example of this group of structures is the structure GUCYUY (the
deformation in this case is due to the presence of m,m-stacking between the opposite calix[4]arene phenyl
rings and between one calix[4]arene phenyl ring and the phenyl ring from the crown ether bridge).
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Figure 6. Structure GUCYUY [5]

The a'-B" and a'-3" plots for the group of calix[4]arenes with heteroatom bridges are depicted on Fig-
ures 7 and 8. From both plots, it is obvious that several structures from the partial cone group (structures
with a” ~ 10-20°) are close to the 1,2-alternate group. These structures possess relatively opened cavities;
structure SEBZEE [5] is a clathrate with a trimeric structure, the other two structures possess open cavities
due to the presence of m, m-stacking between one calix[4]arene phenyl ring and an aromatic moiety from
complex ligand molecule (see structure YAQKAD, Fig. 9 and VAVRAM, Fig. 1I-5 in [4]).
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o — cone; ® — partial cone; A — 1,2-alternate; ¥ — 1,3-alternate conformation
Figure 7. The a’-B’ plot for the group of calix[4]arenes with heteroatom bridges

From the a’-f plot it can be observed that several cone structures are 'on the path' to the /,3-alternate
group (structures with a” ~ 45°). These structures (e.g. structure ACAJAQ see Fig. 10) all exist in a very flat
pinched cone conformation (a remarkable deformation towards C,, symmetry) because of a distal cis- coor-
dination of a metal ion to the four phenolic oxygen atoms. Structure TETQEO [5] also belongs to this group.
In this case proximal cis- coordination of two potassium ions causes a marked opening of the calixarene
cavity (symmetry approximately C,,) and therefore lower value of the parameter a’. Examples of the distal
cis- coordination are given on the structure ACAJAQ (Fig. 10) and BEPKOX (see [3]).
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Figure 8. The a’-d" plot for the group of calix[4]arenes with heteroatom bridges

Figure 10. Structure ACAJAQ [5]
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It is obvious from the two plots, that several hits from the 7,3-alternate group are very close to both
cone and partial cone group (hits with a” > 20°). The unifying feature of these structures is the presence of
calix[4]arene skeleton strongly deformed towards C,, geometry; close to that of saddle shaped ca-
lix[4]resorcinarenes. All these structures (e.g. FEZZIU, HAXGAP, NODJOF, SAXJEG [5]) lack at least two
distal phenolic oxygen atoms at the lower rim and with the only exception of SAXJEG (Fig. II-25 in [4])
have distally m- substituted two phenyl rings. The geometry of these structures is governed by the presence
of m,m-stacking between the two other opposite calix[4]arene phenyl rings; sometimes even between ca-
lix[4]arene phenyl rings from different molecules (structures FEZZIU, HAXGAP [5]). The representative
examples of this group are the structures FEZZIU (Fig. 11-23 in [4] and HAXGAP (Fig. 11).

Figure 11. Structure HAXGAP [5]

The only hit from this group with a’~ 10° close to the 'renegade' group of partial cone structures (struc-
ture TAZMEN, see the a’-f" plot) has a very open structure probably due to m-substitution of two opposite
calix[4]arene rings (Fig. 12).

Figure 12. Structure TAZMEN [5]

Conclusion

The utility of parameters a, , & in describing the conformation of calix[4]arenes and the impact of in-
ter/intramolecular interactions present in the structure on the symmetry of the cone calix[4]arene base frame
has been evaluated in review [3, 4]. These parameters can describe deformations of the scaffold symmetry.
A deformation towards C,, (flattened cone structures) is reflected by the parameter ; a deformation towards
C, symmetry is best reflected by the parameter 6. The parameter areflects the degree of 'opening' of the ca-
lix[4]arene cavity.

The «original» parameters o, 3, 6 are based on the angles at the scale from 0° to 360° for a; having two
significant disadvantages. The first one is the discontinuity of the scale (see Fig. 1). The angles o; range ap-
proximately from 0° to 110° and from 250° to 360° because of the sterical hindrance that would occur should
the calixarene phenyl ring enter the cavity. The second disadvantage is the discontinuity at the point o; = 0°,
it means the case of flat systems. But these flat systems are usually the ‘transitions states® between the
calixarene conformations and cannot be acceptable described using the parameters a, f3, 6.

To eliminate the difficulties in describing the 'transition states' between the calix[4]arene conformations
caused by the discontinuities of the original scale, the new scale for o; (see Fig. 1) should be introduced. New
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parameters o, B’, 8" were introduced easily by subtracting 360° for each 'negative' ring present in the struc-
ture (one for partial cone conformers, two for 1,2- and 1,3-alternate conformers); after the parameters a, 3,
darecalculated.

These new parameters are not quite different approach, their properties and connections with a sym-
metry of calixarenescafold are remained. They are able to reflect same effect as the original parameters a, 3,
d. It is only small «correctiony», but it seems to be useful for description and modelling flat systems and for
studying transitions between calixarene conformations.
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J. KimmvenTosa, I1. Boitumek

Kanukc[4]apenaepaiHn reoMeTpHsiChIH CHNIATTAY YIIIH cTepeonapaMeTpJiepiH
03repTy — «KAa3bIK Kylesep» YUIiH KOJIaiJbl IIemim

Maxkanana kanukc[4]apeHnep OapiblK MYMKiH GonaThlH KOH(OpMaUMsIAapblH, HAKThUIANl aiTKaHAA,
JKapThUIail KOHYCTBIH, METHJICHII JKOHE rerepoaroMiabl kemipmienepi Oap 1,2- sxone 1,3-ajabpTepHaHTTHI
KOH(epMenepiH, CUIaTTay YIIiH KOJJaHbUIFaH, ajIblHIA CHII3UIreH o,  :KoHe O mapamMerpiepiH e3repTy
KapacTteipbuasl. Ockl o, B, O mapaMeTpiepiHiH )KapaMIbUIBIFbI KOPCETIIreH, Oipak onapbl )Ka3blK JKyheaep
YLIIH KOJJaHFaH aypeictay Oonanmsl. o, B, O mapaMerpiiepi YUIiH anfblliapT Kaiaukc[4]apeHaepniH cakuHa
OypbIlITapblHA CAJBICTHIPY JKa3bIKTHIFBIHA KAaTBICTBHI IKaJa YChIHY OGousbim Typ. Ocbl Oypblmtap YIniH
6acranksl MacmTab 0°-360° kamukc[4]apennepaid KOHGOPMaNUsIIaphl apachIHAAFl ©3TEIICIIKTEPIl KaKChI
Kepcereni, Oipak eki emeymi kemminik Oap. BipiHmiici — on mxamansiH y3inyi. KenicrikTik keneprinep
cannmapsiHad, Oypemmrap o; 0° mam 110° »xeme 250° nmen 360° mexreyinnme >kaTelp. Erep Kybicka
KaJIMKCcapeHIiK (eHmI cakuHachl eHCe, OChI icke acabl. Exinmi kemiuinik — o; = 0° HykTeciHmeri y3iny, 6y
Ka3blK JKyHenepiHiH jkarnainapbl. OCbl KasblK OKyHenep, OAeTTe, KalUKcapeHaep KOH(pOpMalusIapsl
apachIH/IaFbl «aybICy KyHiaepi» OoJbI TabbUIa bl XKaHE @, [, 8 mapameTpliepiH KoigaHraHaa OaiikaaMaibl.
Bacrankpl mikanmaHelH Y3idyl HOTIKeciHae maiima OonathlH, Kaiukc[4]apeHmep KoH(pOpMaLUsIaphl
apachIHAAFbl «aybICIANBl KYWIepai» cunarrayna GailKajaThlH OCBIHIAHl KUBIHABIKTAP/bl JKOK YINiH KaHa
Macmrab eHrizy kaxer. XKana mapamerpiep o', f', §' KypbuibIMaarsl opOip «repicy caxuHa yiiH 360° ambm
Tacray apKbUIBl eHri3iuireH (Oipeyl KOHYCTBIH >kapTbUlal KoH(poOpMeprepi ymriH, ekeyi 1,2- xoHe 1,3-
IBTEPHAHTTHI KOH(GOpPMEp YIIIiH); COHBIHAH 0, 3, § mMapamMeTpIepi ecenTenreH.

Kinm co30ep: cynpaMoieKynanblK XHMHS, KaluKc[4]apeHAepIiH CTepeoXHMUACH, KOH(pOopManusiap,
aypICTIaNIbl KYWiep, TopcuoHabl Oypsimitap, aybiTKy napamerprepi, CCDC KypbUIBIMIBIK MATiMETTePiHIH
TaJ/iaybl, KJIacTepIiK Tajaay.
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J. KimmvenTosa, I1. Boitumek

N3meHeHnne cTepeonapaMeTpoB IJisl ONMCAHUA FTeOMETPHUH KaJNKc[4]apeHoB —
0oJ1ee moaxoAsiiee pemeHme 1 <IJIOCKHX CHCTeM»

B craTtbe paccMOTpeHO M3MEHEHHE paHee BBEACHHBIX MApaMeTpoB 0, § M 8, KOTOpBIE OBUIM MCIIOIb30BAHBI
JUIsL OMHCAHWSI BCEX BO3MOXKHBIX KOH(OpMAalMii, a MMEHHO: KOHyca, 4aCTHYHOro KoHyca, 1,2- u 1,3-
AIbTEPHAHTHBIX KOH(GOPMEPOB KalUKc[4]apeHOB ¢ METHICHOBBIMHM M I'eTEpOATOMHBIMH MOCTHKaMu. [Ipu-
TOJIHOCTb IIapaMeTpoB o, 3, & OblIa MPOJEMOHCTPUPOBaHa, HO, O-BUIMMOMY, O0JIee 11e1ecO00pa3HO UCIIOb-
30BaTh MX JUIS IUIOCKHX cucTeM. IIpeanochuika ajis napamMmeTpos o, B, & JeKUT B NPEICTABICHUH IIKaJIbl yT-
JOB KOJeI Kauukc[4]apeHOB 10 OTHOLIEHHIO K IUIOCKOCTH cpaBHeHHs. lcxomueli MacmTad
0°-360° I 3TUX YIJIOB OYEHH XOPOIIO MOKa3bIBACT PA3IMUMs MEXIY KoH(opMarmsMu Kaiukc[4]apeHos,
HO HMeCT JIBa CYIISCTBEHHBIX HemocTaTka. [IepBblif — 3TO pa3phIB MIKAIBL. YTIHI 0 JIEKaT B npenenax ot 0°
10 110° 1 ot 250° no 360° u3-3a CTepUUECKUX NPEISTCTBUMA, KOTOPbIC IPOU30OUIYT, €CIIU B MIOJOCTh BOWAET
KaluKcapeHoBoe (PeHUIIBHOE KOJIBIIO. BTopoii HemocTaTok — pa3peiB B Touke o; = 0°, 9TO 03HAUaeT cirydait
TUIOCKMX CHCTeM. OTH IUIOCKHE CHCTEMBI OOBIYHO SBISIOTCS «COCTOSHUSIMU MEPEXOAOB» MEXKIy KOH-
(dbopManusaIMy KaJTMKcapeHa U He MOTYT HaOJII0[aThCsl C UCIOIBb30BaHUEM MapaMeTpoB o, B, 8. Utobsl ycrpa-
HUTb TPYAHOCTH IPU ONHCAHUHU «IIEPEXOAHBIX COCTOSHHI» Mex1y KOH(opMauusiMHu Kanukc[4]apeHa, BbI-
3BaHHBIMH Pa3pbIBAMH MCXOJHOW LIKANBI, ClieAyeT BBECTH HOBbI Macutab. HoBbie mapamerpsl o, f3', 8' ObI-
JM BBEIEHHI ITyTeM BhIYUTaHUS 360° Ui KaXJOT0 «OTPUIATEIHHOT0» KOJIbIIA, IPUCYTCTBYIOIETO B CTPYK-
Type (OIUH — ISl YaCTHYHBIX KOH(DOPMEpOB KOHYca, 1Ba — A 1,2- u 1,3-anbpTepHaHTHBIX KOHPOPMEPOB),
Janee OBUTH PacCYUTAHBI ITapaMeTpHl a, 3, O.

Knioueswvie criosa: cynpaMomneKyisipHas XUMHsI, CTEPEOXUMUSI KaTHKC[4]apeHoB, KOH(OpManuy, IepexoHbe
COCTOSIHUSI, TOPCHOHHBIE YTJIbI, MApaMETPhl OTKIOHEHHS, aHanu3 CTPYKTYpHbIX AaHHBIX CCDC, kiacTepHbIif
aHaIu3.
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Nanoparticles on the basis of polylactic acid and polylactic-co-glycolic acids
loaded with drugs

In this article a brief review on the research works devoted to the synthesis and investigation of polymeric
nanoparticles and nanocapsules on the basis of polylactic acid and its copolymer with polyglycolic acid is
given. Nanoparticles based on biocompatible and biodergadable polylactic acid and polylactic-co-glycolic ac-
ids gained special interest in pharmaceutical field as the carriers of different drug preparations. General meth-
ods of synthesizing nanosomal formulations of polylactic acid and polylactic-co-glycolic acids were de-
scribed in this work. Among the perspective methods of obtaining the polymeric nanoparticles and
nanocapsules of polylactides and its copolymer with glycolic acid loaded with drugs the nanoprecipitation
and emulsion methods were found to be the most suitable for the systems used. Another method of synthesiz-
ing the nanosized systems of polylactic-co-glycolic acid is a double emulsion method which makes possible
to obtain nanocapsules with optimal characteristics. The possibilities of immobilization of nanoparticulate
systems based on these polymers with antitumor and antituberculosis drugs were considered. Some examples
of polylactic acid and polylactic-co-glycolic acids’ nanoparticles and nanocapsules loaded with drugs which
have applications in medicine for the treatment of tumor and tuberculosis diseases were shown.

Keywords: polylactic acid, polylactic-co-glycolic acid, nanoparticles, antitumor drugs, antituberculosis drug,
drug delivery, polymers, nanocapsules.

One of the promising drug carriers used in developing controlled drug delivery systems is polylactic ac-
id (PLA) [1-13]. Polylactide or polylactic acid was first found in 1932 by Carothers. PLA was the first pol-
ymer which was used together with polygycolic acid as a surgical suture [1-6]. PLA is not soluble in water
and in water-ethanol mixtures: it possesses unique properties including high mechanical properties and very
low toxicity [2—13]. Polylactide is biocompatible and biodegradable polymer which has been used in medi-
cine for a long time not only as an auxiliary material, but as carrier for the targeted delivery of the drugs [7—
12]. First synthetic polymer and bioabsorbing material was polyglycolic acid which opened this class of pol-
ymers in 1954. Since that time the derivatives of this polymer with polylactic acid (polylactide) and e-
caprolactone have been used for the drug delivery purposes [13—15]. Incorporation of the chains of glycolic
acid allows controlling the biodegradation rate, hence the drug release rate can be regulated by obtaining the
copolymers of poly-lactic-co-glycolic acid (PLGA) of wide range of composition [16].

The drug delivery systems are known to be constructed on the basis of biocompatible polymers in the
forms of micro- and nanoparticles or nanocapsules [13—-20]. Biodegradable nanoparticles gained much inter-
est of scientists due to their unique properties and advantages over conventional drug dosing forms. The use
of such forms is especially important in a treatment of long-termed diseases using high doses of potent drugs.
So, micro- and nanoparticles based on polylactic, polyglycolic acids and their copolymers and ethers, are
used for the delivery of various drug preparations [13—27]. The polymers of glycolic and lactic acids are
widely used for the preparation of biodegradable medical devices and of drug-sustained release microspheres
or implants marketed in Europe, Japan, and the USA [27].

The use of the copolymers of lactic acid with glycolic acid gives more opportunities in the creation of
controlled delivery systems for potent drugs which are used in the treatment of tumors and tuberculosis. An-
titumor drug preparations based on nanoparticles of the copolymers of lactic and glycolic acids have been
worked out and they are allowed to be used in medicine practice in Russian Federation by the trade names
dekapeptyl, zoladex, sandostatin and somatulin [17]. The copolymer of lactic and glycolic [50/50 Poly-(D,L-
lactide-co-glycolide) (nominal)] acids is non-toxic and its catabolism in the organism ends up with the for-
mation of CO, and H,O [17, 25, 27].

Microspheres with controlled degradation were obtained on the basis of a copolymer of lactic and gly-
colic acids, polyethylene glycol (PEG) or polycaprolactam. An important feature of polylactides and
polyglycolides is biocompatibility with the tissues of the body, enzymatic degradation by ethereal bonds to
derivatives of lactic and glycolic acids.
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As it was mentioned above depending on the ratio of lactic and glycolic acids it is possible to change
such properties of the product as plasticity, durability, the biodegradation time and release rate of the drug. It
was found that varying the ratio of the lactic and glycolic chains the release rate of the drug can be controlled
[28]. With increasing the content of glycolic chains the release rate of hydrophilic drugs increases and the
release rate of lipophilic drugs decreases provided that the drug excretion takes place as a result of polymer
degradation. By this way the copolymers of PLGA with PEG and poly-e-caprolactone (PCL) with controlled
degradability were successfully synthesized in [28]. They degrade by the ester bonds to the derivatives of
lactic and glycolic acids. It has been established that polylactides with hydrophobic end groups degrades 2.7
times faster in vitro and 4 times faster in vivo than the polymers with hydrophilic groups [29].

Different techniques can be used for the preparation of nanostructures of PLA and PLGA:

— double emulsion followed by solvent evaporation [18, 19];

— dialysis [18, 19];

— nanoprecipitation [18-21];

— the salting out [19-24];

— supercritical fluid technology [18, 19].

Detailed description of these methods and the examples of the polymeric nanoparticles obtained using
these techniques can be found in [18].

Among the effective and reproducible methods of obtaining nanoparticles of PLA, polyglycolic acid or
their copolymers is found to be nanoprecipitation [18-30]. This method was first developed by Fessi et al.
for the preparation of polymeric nanoparticles [19]. It is also called as solvent displacement method [19].
J. Prasad Rao and E. Geckeler Kurt described this process in detail [18]. According to them the basic princi-
ple of this technique is based on the interfacial deposition of a polymer after displacement of a semi-polar
solvent, miscible with water, from a lipophilic solution [19]. Rapid diffusion of the solvent into non-solvent
phase results in the decrease of interfacial tension between the two phases, which increases the surface area
and leads to the formation of small droplets of organic solvent [18, 19]. The authors inform that the
nanoprecipitation system consists of three basic components: the polymer (synthetic, semi synthetic or natu-
ral), the polymer solvent and the non-solvent of the polymer [19]. Organic solvents such as ethanol, acetone,
hexane, methylene chloride or dioxane which are miscible with water and easy to remove by evaporation can
serve as a polymer solvent [19]. Due to this reason, acetone is the most frequently employed polymer solvent
in this method [19]. Also there are some examples of using the solvent mixture (acetone-water, acetone-
ethanol and methanol) [19]. J. Prasad Rao and Kurt E. Geckeler summarized the examples of the polymers,
solvents and non-solvents used for the preparation of nanoparticles by nanoprecipitation method in Table 1
[18].

Table 1
Nanoprecipitation formulations for the preparation of polymer nanoparticles [18]
Polymer Solvent Non- Stabilizing agent Particle size, References
solvent nm

PLGA Acetone Water PVA 95-560 [24]
Allylic starch Acetone Water - 270 [16]
Dextran ester Acetone Water - 77 [27]
PLGA Acetone/ethanol Water Tween 20 63-90 [31]
PCL diol Chloroform Water Pluronic F 127 17.4 [16]
Eudragit L100-155 Acetone/absolute ethanol Water — 120 [22]
PLGA Acetone Water — 165+5 [27]
Acetonitrile 16444 [23]

PCL Acetone Water PVA 365+5
PLA THF Water - 100-300 [24]
PCL Acetone Water - 741-924 [21]
PCL Acetone Water Span 20 266+11 [20]
PLA Acetone Water Polysorbate 80 250£50 [25]
PCL Acetone Water Poloxamer 188 308-352 [20]
PE/F68 [27]
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According to H. Fessi, et al. [19] when obtaining nanoparticles using nanoprecipitation method the pro-
cess of particle formation consists of three stages: nucleation, growth and aggregation. The rate of each step
determines the particle size and the driving force of these phenomena is the ratio of polymer concentration
over the solubility of the polymer in the solvent mixture [19]. The separation between the nucleation and the
growth stages is the key factor for uniform particle formation.

The system of nanoprecipitation mainly consists of three components; these are the polymer, the solvent
of the polymer and non-solvent of the polymer [18, 19]. PLA nanoparticles with the range of particle size
from 100 to 300 nm were obtained depending on the solvent and surfactant used in [19, 21]. So nanopre-
cipitation is a simple, fast and reproducible method which allows obtaining both nanoparticles and
nanocapsules [18].

PLGA nanoparticles coated with transferrin with the size in the range 63—90 nm for the purpose of pass-
ing through blood-brain-barrier were successfully synthesized in the presence of Tween 20 using
nanoprecipitation method [22]. B.J. Nehilla et al. synthesized coenzyme Q10-loaded PLGA nanoparticles
without using surfactant with the average size 165 nm [23]. Nanoprecipitation method was also used for the
encapsulation of curcumin into PLGA nanoparticles by M.M. Yallapu et al. [24] as a result of which the par-
ticles with the size ranging in 95—-560 nm were obtained.

The mechanism of intracellular uptake of PLGA nanoparticles and their effect on therapeutic efficiency
of the active compounds in cellular level when encapsulating DNA, proteins and different low molecular
weight compounds are throhoughly considered by J. Panyam and V. Labhasetwar in [16].

There are also the examples of using PLA and PLGA nanoparticles for the treatment of tumor and tu-
berculosis diseases below.

Derakhshandeh K. et al. encapsulated 9-nitrocamphotericin in the copolymer of poly-lactic-co-glycolic
acids using above said nanoprecipitation method. As a result the encapsulation efficiency 30 % [11].
Fonseca C. with colleagues synthesized PLGA nanoparticles loaded with Paclitaxel using solvent evapora-
tion followed by extraction [12]. In this case the authors achieved the encapsulation efficiency of 100 % with
complete maintenance of antitumor activity in in vitro study [31]. In [30] PLGA nanospheres immobilized
with triptorelin were synthesized using the double emulsion technique followed by solvent evaporation. As a
result the encapsulation efficiency varied from 4 to 83 % depending on initial drug concentration [30]. The
authors of the work [31] successfully encapsulated poorly water-soluble xantones into PLGA nanoparticles.

Helle A. et al. investigated the possibility of using capillary electrophoresis for the quantitative deter-
mination of model drugs (salbutamol sulphate, sodium chromoglycate and beclomethasone dipropionate)
which were encapsulated in PLA nanoparticles by nanoprecipitation method [26]. A quantitative capillary
electrophoresis method was developed for salbutamol sulphate and sodium chromoglycate by the authors. It
was found out that the encapsulation of beclomethasone dipropionate in the PLA nanoparticles was more
efficient than in case of more hydrophilic model drugs (salbutamol sulphate and sodium chromoglycate)
[26].

It is necessary to note that there are works on obtaining nanoparticles from the commercial polymers
and load them with drugs. For instance, Jac-Woon Nah et al. prepared nanoparticles of PLGA using dialysis
method without surfactant [32] and loaded them with a model drug clonazepam. The authors investigated the
effect of different solvents on physicochemical characteristics of the nanoparticles and found that the drug-
loading contents were dependent on the copolymer composition and initial feeding amount of the drug [32].

R. Jalil and J.R. Nixon prepared the microcapsules of PLA containing phenobarbitone using a w/o
emulsion-evaporation method [33]. The authors used the polymer of three different molar masses, 20.200,
13.300 and 5.200 to obtain microcapsules and they studied the in vitro release kinetics of phenobarbitone
from prepared microcapsules at different pH values (pH 2, pH 7 and pH 9) [34]. They have found that the
release follows in a square root of time dependent release mechanism [34]. M. Dutt, et al. used the same
technique to obtain PLGA microparticles and load them with the antiTB drugs isoniazid and rifampicin. It
resulted in PLGA nanoparticles with the drugs with the size around 200-300 nm and with the encapsulation
efficiency of 50—65 % [35]. The authors investigated the in vitro and in vivo drug release on CaCo-2 cells
and established that obtained nanoparticles had a slower release kinetics compared to free drugs [35].

During the last decades various polymeric systems have been developed for the targeted delivery of an-
titumor drug preparations. The examples of nanoparticles on the basis of PLA and PLGA, PEG-PLGA for
passive transport of antitumor drugs are given in Table 2 [36].
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Table 2
Polymeric nanoparticles developed for the delivery of drugs to treat various tumors [36]
Polymer Drug Tumor cell line In Yltro and in References
vivo study
Paclitaxel Human cervical carcinoma cells (HeLa) In Y 1tr9 37
and in vivo
Cisplastin Colon adenocarcinoma cells In'Vltrp anq n 38,39
vivo in mice
. Glioma (U87MG) and breast and .
PLGA >-Fluorouracil adenocacinoma (MCF-7) cell lines I vitro 40
MDA-MB-231 breast tumor cells In vitro 41
Doxorubicin HeLa cells In vitro 42
x Fibroblust cells In vitro 43
Lung epithelial tumor cells (A549) In vitro 44
Gemcitabine Pancreatic tumor cells (PANCI) In vitro 45
PLGA-mPEG Cisplastin Prostate tumor (LNCaP) cells In vitro 46
Docetaxel Prostate tumor (LNCaP) cells In Vl\;gigé nude 47
PLGA-b-PEG Cisplastin Breast (MCF-7) and prostate tumor (PC-3 In vitro and in 48
p and DU145) cells vivo in nude mice
PLGA-mPEG+ In vitro and in
carboxymethyl Cisplastin Ovarian tumor (IGROVI-CP) cells o 49
vivo in mice
cellulose
hyaluronic acid- . . In vitro and in
PEG-PLGA 5-Fluorouracil EAT cell lines vivo in mice 50
I-PLGA-human Doxorubicin Rat glioblastoma In vivo in rat 51
serum albumin

Isoniasid is a first-line drug to treat tuberculosis which can be administered perorally as well as intra-
muscularly. However the drug dose used for healing the disease is high compared to the required minimum
inhibitory concentration of the drugs [52]. Therefore the attention of scientists is concentrated on prolonga-
tion the effect of isoniazid together with other antiTB drug preparations by encapsulation them in different
matrices. M.Zh. Burkeev et al. used the same method (nanoprecipitation) for the encapsulation of widely
used antituberculosis drugs isoniasid and p-aminosalicylic acid (PASA) in PLA and PLGA nanoparticles
[53]. Optimal conditions (solvent, the ratio polymer: drug, etc.) for synthesizing PLA nanocapsules loaded
with the drugs were found. The best results were obtained when acetone was used as a solvent. Nanoparticles
of PLA loaded with isoniazid with the average diameter 200—300 nm and high meaning of binding degree
(50 %) have been successfully synthesized. Immobilization of PLA nanoparticles with antituberculosis drug
isoniazid have been performed with the ratio of the polymer to drug as 1:10, 1:5, 1:4. As a result of the ex-
periments the last proportion was chosen as an optimal one. The procedure can be described briefly as fol-
lows: 5 mg of drug was dissolved in 0.2 ml of water and then 0.5 ml of acetone was added. 20 mg of PLA
was dissolved in 1 ml of acetone and was mixed with the solution containing the drug. After that organic
solvent was evaporated within 40 min at low pressure. The volume of the dispersion was made to 20 ml with
water and filtered from aggregated particles. Obtained nanoparticles were characterized using photon corre-
lation spectroscopy which have shown that the system consists of rather small particles with the size 253.7
nm and obtained particles have narrow particle size distribution (PDI = 0.241). The yield of PLA nanoparti-
cles with isoniazid was 78.4 %. The system was found to be stable within the time which was confirmed by
measurement of the surface charge of nanoparticles (-30-35 mV) [53].

PASA and its sodium salt are commonly used in tuberculosis therapy together with aminoglycosides. It
is specifically to treat active drug resistant tuberculosis. Having high activity against strains of Mycobacte-
rium tuberculosis it has side effects typical to antituberculosis drug preparations, which needs to be reduced.
Therefore with the aim of increasing the efficiency of this drug and decreasing its therapeutic concentration
the possibility of binding antituberculosis drug PASA with PLA nanoparticles was studied further by our
research group. Data on physicochemical characteristics of synthesized empty PLA nanoparticles and poly-
meric particles loaded with antituberculosis drugs isoniazid and PASA are summarized in Table 3.
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Table 3
Physicochemical characteristics of empty and drug loaded PLA nanoparticles
o . Empty PLA PLA nanoparticles loaded with drugs
Characterization of nanoparticles nanoparticles with isoniazid with PASA
Average particle diameter, d, nm 290.1 253.7 310.7
PDI 0.316 0.241 0.515
Zeta potential, mV -35.0 -30.4 -32.6
Fraction of nanoparticles, % 98.8 97.5 100.0
Yield of nanoparticles, % 76.6 78.4 76.0
TN conductometry - 50.5 63.7
Binding (%) spectrophotometry — - 70.4

From data given in Table 3 it is obvious that the particle size (determined by dynamic light scattering
(DLS) of PLA nanoparticles increased after incorporation of the drug which probably took place because of
the adsorption of some part of the PASA on the surface of PLA nanoparticles. The yields of the nanoparticles
with and without drug (determined using gravimetry) were high in both cases (Table 3). Data on binding ob-
tained by two methods (conductometry and spectrophotometry) show that the meanings of binding degree of
PASA with PLA nanoparticles correlates with each other and equal to 68.7 % and 70.4 % accordingly.

Poor solubility of some potent drugs in water is one of the major obstacles in using such drug prepara-
tions. In this regard the scientific group under supervision of prof. M.Zh. Burkeev investigated the possibility
of loading the nanoparticles on the basis of PLA and PLGA with poorly-water soluble drug silymarin.
Silymarin is known to be a potent antioxidant, liver protector and anti-cancer agent. Its hepatoprotective ef-
fectiveness is due to its antioxidant and anti-inflammatory properties. Being such an effective drug it has a
problem of low bioavailability caused by its poor solubility in water, which means that high dose of the drug
is needed for achieving therapeutic level in plasma. Its solubility in distilled water is 58 mkg/ml at 25 °C,
therefore this drug is considered as a preparation insoluble in water [54]. With the aim of synthesizing novel
form of silymarin which provides sustained release Y. Ma et al. encapsulated it in self-assembled nanoparti-
cles of Bletilla striata polysaccharide conjugates modified with stearic acid [54, 55]. Obtained nanoparticles
of a mean diameter of 200 nm exhibited a sustained-release profile for nearly 1 week with no obvious initial
burst and they showed a lower viability and higher uptake intensity on HepG2 cell lines compared to drug
solutions [55].

With the aim of overcoming low bioavailability of silymarin the attempts to bind this drug with PLA
nanoparticles was made by our research group. Nanoparticles of PLA loaded with silymarin were synthe-
sized using nanoprecipitation method. As a result PLA nanoparticles containing the drug with the mean di-
ameter 206.9 nm and PDI 0.291 were obtained. To observe the surface of the drug-loaded PLA nanoparticles
they were analyzed using electron microscopy (SEM and REM). The images of PLA nanoparticles immobi-
lized with silymarin are shown in Figure.

From given pictures it is seen that the system is not stable at a time and the particles have aggregated;
however there are separate nanoparticles the meaning of mean diameter of which is in good accordance with
data obtained by DLS. The binding degree of PLA with the drug determined using UV-Vis-spectroscopy
(A=325 nm) was 75 % which is a high value.

The nanoparticles on the basis of PLGA can be obtained by various methods: by mixing aqueous and
organic solvents containing polymer and drug substance and then removing first the organic and then the
aqueous phase [18, 19, 56-64]. The methods for obtaining nanoparticles are based on the ability to form
films at the water/solvent interface. Thus, with intensive mixing of the polymer solution in chloroform or
methylene chloride with a small amount of water, particles with a polymer shell containing water or a solu-
tion of the drug substance are formed. When the water: solvent ratio is reversed, it is possible to obtain nano-
particles with a solvent incorporated therein.

Most of the methods used to incorporate active substances into the polymer matrix are based on the use
of emulsions. The method of obtaining nanoparticles using emulsions consists in dispersing and stabilizing
one liquid by another, in which it is insoluble. The key criterion for creating an emulsion is the insolubility
(or weak solubility) of the dispersed phase in a homogeneous dispersion medium. Further, the resulting
emulsion is mixed with a surfactant solution and the solvent and water are removed.
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Figure. SEM (a) and REM (b) images of PLA nanoparticles loaded with silymarin

In this regard the attempts to immobilize the antituberculosis drug p-aminosalicylic acid into the poly-
mer matrix of PLGA using the emulsion method were made by our research group. The ratio of 1:8 of the
drug to the polymer and the concentration of surfactant 5 % (polyvinyl alcohol) were found to be optimal for
synthesizing nanoparticles with satisfactory characteristics and with high meaning of binding degree (78 %).

Conclusions

Advances of nanotechnology in medicine, especially in the field of applying nanoparticulate systems
for the controlled drug delivery are obvious. Nowadays there are the systems which have already passed pre-
clinical and clinical trials and are allowed to be used in therapy of different tumors and tuberculosis diseases.

The review on the use of PLA and PLGA as drug carriers for the last two decades shows the increase of
the number of publications in this area; hence the works on synthesizing nanoparticles and nanocapsules on
the basis of these polymers for the drug delivery purposes are gaining much interest. The results of the stud-
ies points on the importance and potential of application of such systems on the basis of PLA and its co-
polymer with glycolic acid in the treatment of long-termed diseases such as tumors and tuberculosis.

The review given in this article is far from being comprehensive, however the authors tried to cover all
aspects of synthesizing and characterization of nanoparticulate systems on the basis of such polymers as PLA
and PLGA loaded with drugs.
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Japinik 3aTTapMeH MMMOOWIN3ALMSAJIAHFAH MOJUCYT KbIIIKbLIbI
MeH MOJWIAKTUATINKOIU] Heri3inaeri HaHo0eJeKTep

Makasiazia TOJMCYT KBIIIKBUIBI MEH OHBIH TJIMKOJb KBIIIKBUIBIMEH COMOJIMMEpIHIH HEri3iHae MoimMmepdi
HAHOOOJILIEKTEp MCH HAHOKAICylauap/pl ajyFa OaFbITTalfaH 3epTTEY JKYMBICTApbIHA KbICKAIIA IOy
xkacanrad. buoyiiiecimai koHe OHOBLIBIPAMAabl TOJUCYTKBIIKBUIBI MEH IOJMIAKTHINIHKOIN KBIIIKBLIBI
ToJIMMepiepiHiy HaHoOemmekTepi (apMareBTHKa cajachlHIa AOPUIIK 3aTTapAblH TachIMajJaylIbuIapbl
peTiHjie FalnbIMIap/IblH Ha3apblH €PEeKIIe ayJapbll OTHIP. ABTOpJIAp MOJMIAKTH KOHE MMOJTMIAKTHTITHKOIIH
KBIIIKBUIIAPBIHBIH HAHOOIIIEM/[l YAriiepin any oaicrepid cunartaraH. OHBIH ilIiHAC HAHOTYHIBIPY XKOHE
SMYJIBCHS OMICTEPiHIH MOJMCYT KbIIKBUIBI MEH OHBIH IJIMKOJIb KBIIIKBIIBIMEH CONOJIMMEpiHiH HaHOOeJI-
IIEKTepi MEH HaHOKAICyJalapblH CHHTe3Aeyle Oonamiarbl 30p eKkeHairi kepceringi. IlomuaakTHarn-
KOJIMAITIH HAHOOJIIEMl JXyilenepiH CHHTe3AeyAiH Tarbl Oip afici KocapiiaHFaH SMYJbCHS 9fici OOJbII
Tabbutazbl. Byt ofic BIKIIaMpI cUMaTTaManapra He HaHOKArcCysIanapbl alyFa MyMKiHZIIK Oepeai. ATairaH
TIOJIMMEpIIepIiH Heri3iHAe HaHOCOMAJbl JKyHenepai Karepii icikke oHe TyOepKynesre Kapchl IIOpillik
npenapaTTapMeH UIMMOOMIN3anusulay MyMKIHAITIH KapacTeIpasl. Karepi icik sxoHe TyOepKyies aypynapbslH
eMey/e IOpUTiK 3aTTapMeH HMMMOOWIM3AlMSIAHFAH IIOJMCYT KBIIKBUIBL MEH IOJHIAKTHITIUKOIHIT
HAaHOOOJLIEKTEpI MEH HAHOKAICYNalapblHBIH MEAMLHHAAA KOJIAHBIC TamlKaH KeWOip Mblcagapsl
KeNTipiIrex.

Kinm ce30ep: TNONMCYT KbILIKBUIBL, MONMIAKTUATIUKONNI, HAHOOGJIIEKTep, KaTepii iCIKKe Kapchl
npemnaparrap, TyOepKyIesre Kapchl pernaparTap, JOpilik 3aTTap/ibl KeTKi3y, HoJIMMepIiep, HaHOKaICyasiap.

E.M. Tax06aeB, M. XK. bypkees, JI.)K. Xanaposa,
T.C. Kymaranuena, XK. T. ApsicranoBa

HanouyacTubl Ha OCHOBE MOJIUMOJIOYHOM KUCJIOThI H NOJWJIAKTHATJINKOJIHNAA,
HMMOOMJIU30BAHHbIE JIEKAPCTBCHHBIMHU IIperiapaTaMu

B crarbe npuBeneH KpaTKuii 0630p HCCIeA0BaHUI, TOCBALICHHBIX CUHTE3Y U H3Y4YEHHUIO TIOIUMEPHBIX HAHO-
YACTHILl U HAHOKAIICYJI HA OCHOBE MOJIMMOJIOUYHOM KHCIIOTHI U €€ COMOJIMMEpPA ¢ INIMKOJIEBOH KucnoToi. Hano-
YacTHUIIbl HA OCHOBE OMOCOBMECTHMBIX U OMOIETPagUPYEMbIX HOJIMMEPOB MOJOYHOH U TJIMKONEBOW KUCIOT
MPUBJIEKAIOT BHUMaHNE YUCHBIX NIPH UCIIOJIb30BAHUH UX B KaUeCTBE HOCHUTEJICH JIeKapCTBEHHBIX PENaparoB.
B craTtbe ommcaHbl METO/BI CHHTE3a HAHOCOMAJBHBIX (POPM MOJMIAKTUIA U TOJMMOJIIOYHOU U TIIMKOJICBON
KHCIIOT. MeTOIbl HAHOOCAXK/ICHUSI U OMYJIbCUH MMOKa3aHbl KaK MEPCIEKTUBHBIC CIIOCOOBI MOTYyYCHHUS MOJIH-
MEpHBIX HAHOYACTHI] U HAHOKAICYJ TOJMMOJIOYHOMN KUCIIOTHI U €€ COTOJIMMEPA C INIMKOJIEBON KUCIOTOM JUIst
MMMOOWIM3ALUN WX JICKAPCTBEHHBIMH Ipenaparamu. Eie oJHUM MEeTOJI0M CHHTE3a HAaHOPa3MEPHBIX CUCTEM
MOJMIAKTUA-CO-TIIMKOJIN/AA SABISIETCSI METO JBOMHON 3MYJIBCUU, KOTOPBIN MO3BOMIAET HOITYyYUTh HAHOKAIICY-
JBl C ONTUMAJIBHBIMU XapaKTepUCTUKAMH. PaccMOTpeHBI BO3MOKHOCTH MMMOOMIIM3AIIMU HAHOYACTHUIl U Ha-
HOKAIICYJ1 Ha OCHOBE 3THX IOJMMEPOB MPOTHBOOIYXOJIEBBIMH M MPOTHBOTYOCPKYJIE3HBIMH IperapaTaMu.
[Toxa3zaHbl HEKOTOpPbIC PUMEPHl HAHOYACTHUI] ¥ HAHOKAIICYJ MOJMJIAKTHIA U HOJMMOJIOYHONW U TJIMKOJIEBOM
KHUCIIOT C JIEKAPCTBEHHBIMHU IpenaparaMy, KOTOpbIE YK€ HallJIM IPUMEHEHUE B MEJUIIMHE B JICUEHUU PaKo-
BBIX 3a00JIeBaHMI 1 TyOepKye3a.

Kniouesvie cnosa: MNOIMMOIIOYHAS KHUCJIOTA, MMOJWIAKTUATIIHUKOINA, HAaHOYACTULBI, ITPOTHUBOOIIYXOJICBbIC
npenaparnl, HpOTI/IBOTy6epKyJ'Ie3HI>Ie npenaparbl, JOCTaBKa JICKAPCTB, ITOJIUMEPHI, HAHOKAIICYJIbI.
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Preparation and characterization of empty nanoparticles
of poly-D,L-lactic acid and serum albumin

The methods of preparation of polymeric nanoparticles and nanocapsules on the basis of such polymers as
human serum albumin and poly-D,L-lactic acid are shown in this article. Human serum albumin and poly-
D,L-lactic acid are well-known polymers used in medicine for different purposes including delivery of some
potent drugs in the forms of nanoparticles. Empty nanoparticles of human serum albumin and poly-D,L-lactic
acid have been successfully synthesized using desolvation and nanoprecipitation methods correspondingly.
Optimal conditions of synthesizing the nanoparticles of human serum albumin and poly-D,L-lactic acid have
been worked out. Obtained nanoparticles of the polymers have satisfactory physicochemical characteristics:
the particle sizes were in the interval of 100-300 nm with narrow particle size distribution which points on
the formation of nanoparticles of similar size. The surface charge of the particles was defined as it is the pa-
rameter that determines the stability of the system. The meanings of zetapotential were around —30 mV for
both systems which justifies the stability of particles within the time. So the results of this study have shown
that synthesized nanoparticles of human serum albumin and poly-D,L-lactic acid have good characteristics
and hence they can further be used for loading them with different drugs.

Keywords: polymers, polylactic acid, human serum albumin, nanoparticles, drug delivery, nanocapsules,
nanoprecipitation, desolvation.

Introduction

Nanoparticulate systems such as nanoparticles and nanocapsules based on biocompatible polymers are
becoming the subject of interest both for scientists and doctors. Such characteristics as small size, large sur-
face area and stability within the time, make these systems unique and promising, especially in the controlled
delivery of drugs. Nanocarriers were found to be accumulated in tumor tissues and in the inflamed tissues [1]
and the particles of certain size are able to find the infected cells or tissues and act selectively without dam-
aging healthy tissues. Also nano-size of such colloidal particles allows them to penetrate through narrow
blood capillaries [2].

Nanosomal forms are constructed on the basis of commonly used biocompatible and biodegradable pol-
ymers. Human serum albumin (HSA) and poly-D,L-lactic acid (PLA) (Fig. 1) are well-known polymers
which have found wide application in medicine as an auxiliary materials as well as polymeric carriers for
different drug preparations. In this regard, the aim of this study was to synthesize empty polymeric nanopar-
ticles of HSA and PLA with satisfactory physicochemical characteristics for loading them with drugs.

o H 0
R—CH—(—(UJ—TlI —CH~—)-—COOH C Hz—yf —0
N, R, 4
()

(1)
Figure 1. Structural formula of human serum albumin (/) and poly-D,L-lactic acid (2)

Method

Preparation of empty nanoparticles of poly(D,L-lactic acid)

Nanoparticles of PLA were obtained using the method of nanoprecipitation. Briefly, 0.2 ml of water
was added to 0.5 ml of acetone. Then PLA was dissolved in 1 ml of acetone and mixed with the solution
prepared before. The polymer solution was added with a syringe to 5 ml of the external phase (water) with
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slight stirring. The residual organic solvent was evaporated for 40 minutes under reduced pressure on a vac-
uum rotary evaporator «Vacuum controller V-855» (Buchi, Switzerland) and the dispersion of the nanoparti-
cles was diluted with water to 20 ml and filtered (paper filter) to remove any large formations.

Preparation of empty HSA nanoparticles

Empty HSA nanoparticles were prepared using a desolvation method [3]. The pH of HSA solution of
albumin (2 %) was adjusted to 8.3 with buffer solution. Then under constant stirring (600 rpm) at room tem-
perature 8 ml of ethanol (96 %) was added to the mixture (I ml/min) using a tubing pump. After the
desolvation process the particles were stabilized by the addition of an aqueous 8 % glutaraldehyde solution
(1.175 ul per ml HSA). After that the suspension was stirred for 24 h. The nanoparticles were separated from
low molecular components by repeated centrifugation with the Centrifuge MiniSpin Plus 14500 (Eppendorf,
Hamburg, Germany) at 14500 rpm and washing them with water.

Measurement of particle size, zeta potential ({) and particle size distribution

Average particle diameter and the particle size distribution of PLA and HSA nanoparticles were deter-
mined at 25 °C by dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS instrument at a scattering
angle of 173°. The zeta potential was also measured on this device. Nanoparticles were previously diluted
with a phosphate-buffer (pH 7.4) and the zeta potential was determined by Laser Doppler micro electropho-
resis.

Results and Discussion

There are a number of methods for synthesizing nanoparticles: emulsion polymerization, emulsifica-
tion-diffusion, interfacial deposition, desolvation, nanoprecipitation, solvent evaporation/extraction and sol-
vent displacement methods there [1, 2, 4-7]. The method of preparation of polymeric nanoparticles and
nanocapsules can be chosen depending on the goals, technological advantages, the properties of the sub-
stances entrapped and the polymeric materials to be used [1, 2, 4-7].

Nanoparticles of HSA can be synthesized by protein denaturation in an water-in-oil emulsion and ap-
plying desolvation (coacervation) methods as shown in [1, 3]. When obtaining albumin nanoparticles by
desolvation, HSA is dissolved in water and then desolvated with ethanol and stabilized by addition of a
cross-linker which is glutaraldehyde. Particle size of the synthesized nanoparticles usually varies between
80-300 nm. Therefore empty HSA nanoparticles have been obtained using desolvation method at a pH
meaning of 8.3. In this case the particles of optimal size and relatively big surface area are formed. It allows
high degree of adsorption of the drug on the surface of particles. In this method the addition of amphiphilic
solvent, i.e. ethanol drop-wise to the concentrated solution of albumin is relevant, as the volume of ethanol is
4-5 fold higher than water and addition of the whole amount of ethanol may lead to the formation of insolu-
ble aggregates of albumin or albumin nanoparticles of non-spherical structure. Slow addition of ethanol is
also necessary to stabilize the system and homogeneous formation of albumin nanoparticles, hence colloidal
particles of spherical shape with monomodal distribution can be obtained. Afterwards the HSA nanoparticles
are crosslinked with the help of small amount of glutaraldehyde. Hardened nanoparticles of albumin do not
change their shape and physical state even after multifold centrifugation and dissolving.

Physicochemical characteristics of synthesized empty HSA nanoparticles were determined using photon
correlation spectroscopy, of which the results are given in Figure 2.

From Figure 2 it is seen that obtained nanoparticles have very good characteristics: optimal size
(d=151.2 nm) and narrow particle size distribution (PDI = 0.094). The portion of particles of nanometer
size is 100 %, which meets the requirements of polymeric carriers.

Another interesting polymer from the point of view of carriers for different active agents is poly-D,L-
lacitc acid. Polymeric nanoparticles based on PLA are gaining interest among the scientists as this polymer
possesses such properties as biocompatibility and biodegradability.

One of the methods of synthesizing nanoparticles of PLA is nanoprecipitation. A number of experi-
ments on the selection of optimal conditions of synthesizing PLA nanoparticles have been carried using
THF, acetone and the mixture of acetone with ethanol as solvents. The choice of these solvents is due to the
solubility of PLA in these solvents and by their ability to mix with water. The study on selection of optimal
solvent has shown that acetone was the best one for the formation of nanoparticles. In this case the nanopar-
ticles with satisfactory characteristics were obtained (Fig. 3).
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Figure 2. Particle size distribution of empty HSA nanoparticles
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Figure 3. Particle size distribution of empty PLA nanoparticles

It is clear from Figure 3, that the system mainly consists of the particles with nanometer size and only
2 % of the system is microparticles.

Physicochemical characteristics of empty PLA and HSA nanoparticles are summarized in Table.

Table
Physicochemical characteristics of empty PLA and HSA nanoparticles
Parameter Empty PLA nanoparticles | Empty HSA nanoparticles

Average particle size, d, nm 290.1 151.2

PDI 0.316 0.094

Zetapotential, mV -35.0 -31.0

Molecular mass 1520.0 —

Yield of nanoparticles, % 76.6 98.2

Together with particle size and size distribution such parameter as the surface charge of the particles
needs to be evaluated. In addition, better targeting can be accomplished by obtaining monodisperse systems
and/or by attaching antibodies or ligands on the surface of nanoparticles [7, 8]. When synthesizing polymeric
nanoparticles one of the important parameters is the surface charge as together with the meaning of size and
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particle size distribution it defines the biodistribution of nanoparticles after administering them into the body.
Surface charge of the particles is characterized by zeta potential which is an indicator of the stability of the
colloidal system. In this case the absence of excess counter ions is important because it may lead to aggrega-
tion; the latter is not acceptable when using polymeric nanoparticles for the drug delivery purposes. Accord-
ing to the results of measuring zetapotential in both cases the systems are stable (Table) as the meanings of
surface charge were not close to 0.

Conclusions

So at this stage of the research empty nanoparticles of PLA and HSA with high yield have been suc-
cessfully synthesized. Physicochemical characteristics of obtained particles meet the requirements of the
polymeric carriers of drug preparations; therefore they are aimed to be used for loading with such antitumor
drugs as tamoxifen and cyclophosphamide.
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IMosm-D,L-cyT KbIIIKBLIBI MEH capbICy a1b0OYMUHHIH 00C HAaHOOO/IIIEKTepiH
CHHTe3/ley ’KIHe CHIATTay

Makamana capeicy anbOymMuH MeH 1OaH-D,L-CyT KBINIKBIIBIHEIH IOJIMMEPIi HaHOOONIIEKTepi MeH
HaHOKAICyJaJapblH ATy 9NiCTepi KOpCeTUIreH. AJJaMHBIH CaphIcy albOyMHUHI xoHe MoiH-D,L-cyT KBIIKBITBI
MeIUIUHANA OPTYPJIi MaKcaTTa, COHBIH IMIiHAe KeHOip ocepi KYIITI AOpLTIK 3aTTapisl HAHOOIIIEKTEep
TYpPIHZETi XKeTKi3yIli peTiHae KOJNaHbIIATHH Oenrii nonumepiep 6oibin Tadbutagsl. ATb0yMUH MEH ITOJIH-
D,L-cyT KbIIKBUIBIHBIH HAHOOGJIIEKTEPiH CHHTE3JCYNiH bIKIIAMIbl JKaraainapsl Tabbuiasl. Capeicy
aTbOyMUHHIH JoHe Moau-D,L-CyT KBIIKBUIBIHBIH 0OC HAHOOOIILIEKTEpi COWKECIHIIEe JeCONIbBATTAY JKOHE
HAHOTYH/BIPY SAICTepPIMEH CHUHTe3/eli. AJIBIHFAaH IOJMMEpi HAaHOOOJIIeKTep KaHaraTTaHApIbIK (Qu3uka-
XUMHSUIBIK cHIaTTamaiapra ue: oemmexrepain ommemi 100-300 HM apanbiFbiHAa, ajl OeJIIIeKTepAiH eIIeM
OoMbIHIIA Tapalxybl Tap OoOIIbl, Oy eimieMi »KarblHaH OIpTeKTi OeJIEeKTepHiH TY3UITeHIH KepceTeni.
Bemmexrepain OeTTik 3apsabl aHBIKTANABL, cebeOi Oy emeM >KYHEHIH TYpaKTBUIBIFBIHA >Kayar Oepeni.
JI3eranoreniman emmemaepi exi xkyie ymin ne mamameH —30MB-ka TeH Gomnppl, Oy GemeKTepaiH yaKbIT
OoMbIHIIA TYPAaKTBUIBIFBIH Ounmipeni. Ocwutaiimma, Oyin 3epTTeyNepIiH HOTHXKECI CHHTE3JENTCH Caphicy
aIb0yMUH JkoHE MOJH-D,L-CyT KBIIKBUIBIHEIH HAaHOOOJIIEKTePIiHiH >KaKChl CHIIAaTTaMalapra He eKEHJITiH
JKOHE OJIap.Ibl Spi Kapail apTypiii Jopisiik mpenapaTrapMeH HMMOOHIH3aHsIayFa O0IaThIH/IBIFBIH KOPCETTI.

Kinm ce3dep: momumMepriep, MOMKCYT KBIIKBUIBL, aJaMHBIH CapbiCy albOyMHHI, HaHOOOIILEKTEep, ASPLIiK
3aTTap/bl TaChIMalgay, HAHOTYHABIPY, JECOIBBALIMS.
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E.M. Taxo6aeB, M.XX. bypkees, JI.)K. )Kamaposa,
T.C. XKymaranuesa, K. T. Apsicranosa, J[.A. MyxaHoBa

HO.]'Iy‘IEHI/Ie N XapaKTEePUCTUKA MYCTHIX HAHOYACTHUIL
HOJIH-D,L-MOJIO‘IHOﬁ KUCJI0THI U CHIBOPOTOYHOI'0 a.]'lbﬁ)’Ml/IHa

B cratke nmoka3saHel ciocoObl CHHTE3a TOJMMEPHBIX HAHOYACTHI] U HAHOKAICYJ Ha OCHOBE CHIBOPOTOYHOIO
ans0yMuHa YesoBeka M 1moiu-D,L-monounolt kucnoTsl. CEIBOPOTOUHBIA anbOyMuH 4enoBeka u noiu-D,L-
MOJIOYHAsI KHCJIOTA SIBISIOTCS XOPOIIO H3BECTHBIMH MOJIMMEPAaMH, UCIIONB3YEMBIMA B MEAUIIMHE JJIS pas3iiid-
HBIX IIeJIed, B TOM YHCJIe [UIS JIOCTaBKH HEKOTOPHIX CHIIBHOJECHCTBYIOIINX JIEKAPCTB B (hopMe HAHOYACTHIL.
HaiineHs! onTuMaibHBIC YCIOBHS CHHTE3a MOJMMEPHBIX HAaHOYACTHI] CHIBOPOTOYHOTO ILOyMHHA ¥ IIOJIH-
D,L-monouHo#t kucnotel. [lycTele HAHOYACTHIBI YEIOBEYECKOTO CHIBOPOTOYHOTO ansOymuHa M moiu-D,L-
MOJIOYHOH KHCIIOTBI CHHTE3MPOBAHBI METOIAMM JECONbBAlMM M HAHOOCAXKAEHHS COOTBETCTBEHHO. Ilomy-
YEeHHbIE NOJIMMEPHbIE HAHOYACTHIBI MMENHU YJOBIETBOPHTENbHbBIE (U3HKO-XUMHUIECKHE XapaKTEPHCTHUKU:
pasMepsl yacTull BapbupoBany B uHTepsaie 100-300 HM ¢ y3KUM pacrnpeesieHHeM YacTHIl II0 pa3MepaM, YTo
yKa3bIBaeT Ha 00pa30BaHME YACTHI[ OAHOTO pa3Mepa. OnpesieneH MOBEPXHOCTHBIH 3aps ] YacTHII, TaK KakK 3Ta
BEJIMYMHA OTBEYAET 3a CTaOMJIBHOCTh CUCTEMBI. 3HAUCHUS J[3€TAIIOTEHINATIOB PAaBHINCH 0KoIo —30 MB st
00enx CHUCTeM, YTO CBHUJIETEILCTBYET O CTaOMIBHOCTH YacTHI[ BO BPEMEHH. TakuM o0pa3oM, pe3ysbTaThl
JTAHHOTO HCCIIEAOBAaHMS MOKa3alH, YTO CHHTE3MPOBAaHHBIC HAHOYACTHIHI CHIBOPOTOYHOTO aTbOyMHHA Yelo-
Beka ¥ nonu-D,L-MOI0YHOH KHCIIOTH MMEIOT XOPOIINE XapaKTePUCTUKH U, CIIEIOBATENIbHO, MOTYT OBITH B
JanbHEHIIeM UCIONb30BaHbI ISl UMMOOHMIM3AIMY UX Pa3IUYHBIMU JIEKAPCTBEHHBIMH MpenapaTaMH.

Kniouesvie cnosa: TIOJIMMEPHI, NOJIUMOJIOYHAS KUCIIOTA, CLIBOpOTO‘{HLIfI aﬂb6yMI/IH Y€JIOBCKA, HAHOYACTHUIIbI,
JOCTaBKa JIEKAPCTB, HAHOKAIICYJIbl, HAHOOCAXKAEHUE, NECOJIbBALIU.
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Optimization of the technology for obtaining ecdysterone from Serratula coronata L.
by varying the extraction methods and growth phases

A complex study of the aerial part of Serratula coronata L. cultivated in the collection area of medicinal
plants of the IRPH «Phytochemistry» (Karaganda) in different phases of growth and using the most optimal
extraction methods has been carried out. The content of the main active component of ecdysterone (20E)has
been studied. Investigation of the seasonal dynamics of ecdysterone distribution under conditions of varying
extraction methods shows that its maximum accumulation is observed during the vegetative phase, and the
optimal method in this phase is extraction with isobutyl alcohol, the extract of which contains 13.86 % of
ecdysterone and the maceration method with 96.2 % ethyl alcohol with a 20E content of 12.03 %, respective-
ly. It is shown that the maceration with 96.2 % ethyl alcohol is technologically optimal, which fully complies
with the international standards of good manufacturing practice (GMP) under pharmaceutical production
conditions and excludes the use of toxic and expensive isobutyl alcohol solvent. It has been found that the
content of ecdysterone from the beginning of vegetation to the final phase goes down, which is confirmed by
the data of high-performance liquid chromatography (HPLC). It is assumed that there is an outflow of
ecdysterone to the root system, and then its redistribution occurs as the plant develops further with a partial
discharge into the soil. Based on the data on the quantitative content of the target component by the HPLC
method, it is recommended that for the preparation of the ecdysterone substance of many actoprotective
phytopreparations and valuable WS, the preparation of the above-ground biomass of Serratula coronata L.
should be carried out during the vegetation phase of this taxon.

Keywords: Serratula coronata L., aerial part, 20-hydroxyecdysone, high-performance liquid chromatography,
extraction, ethyl alcohol, growth phase, vegetation.

Introduction

Serratula coronata L. of Asteraceaec Dumort family is known in folk medicine as a remedy for treat-
ment of inflammatory and infectious diseases (dyspepsia, pharyngitis, tonsillitis and others), as well as neu-
roses and mental illnesses [1, 2]. This plant attracted the attention of scientific medicine due the presence of
phytoecdysteroids that are vegetable hormones [3].

Figure 1. Structural formula of 20-hydroxyecdysone

The extensive chemical screening showed that Serratula coronata L. is worthy of special attention as a
pharmacologically promising and industrially significant plant raw material for the isolation of adaptogens
from the class of phytoecdysteroids. It was found that content of phytoecdysteroids, in particular,
ecdysterone-2p, 3B, 140, 20R, 22R, 25-hexahydroxy-5p (H) -cholest-7-en-6-one (20-hydroxyecdysone or
20E, Fig. 1) in the terrestrial organs of Serratula coronata L. is an order of magnitude higher than in the
known medicinal plant Rhaponticum carthamoides (Willd) 1ljin of Asteraceae Dumort family [4]. Leuzea (or
maral root) is traditionally considered to be one of the strongest natural adaptogens. A substance containing
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20E was isolated from the underground organs of the Leuzea at the end of the last century at the Institute of
Plant Compounds Chemistry of the Academy of Sciences of the Uzbek SSR, on the basis of which the prepa-
ration «Ekdisten» was developed, which possesses specific adaptogenic properties. This drug was registered
as a medicinal tonic [5].

At the present time, the composition of ecdysteroids of Serratula coronata L. is most thoroughly stud-
ied, which is used as the main pharmacological raw material for obtaining new adaptogenic, anabolic, and
tonic agents [6]. So, on the basis of the above taxon, the preparation «Ecdyphyt» was developed in JSC «In-
ternational Research and Production Holding» Phytochemistry» (IRPH «Phytochemistry»), which is the sum
of extractives with the main active component 20E and the sum of ecdysteroids and flavonoids [7, 8].

«Serpisten» created by Volodin et al. [9,10] at the Institute of Biology of the Komiin the Science Center
of the Ural Branch of the Russian Academy of Sciences is a mixture of ecdysteroids such as 20-E (80 %),
25S-inocosterone (11 %), a-ecdysone (5 %), and some other minor components isolated from the aerial part
of Serratula coronata L. Biologically active compound «Serpisten» shows a high ergotropic, CNS-tonic,
stress-protective, hematoprotective action as well as the action on the background of a slight anabolic effect.

It is known that the complex processing of wild and cultivated medicinal plant material as a renewable
material is one of the priority approaches in the chemical study of plants in terms of obtaining practically
valuable substances and new working standards (WS) for the fast-growing pharmaceutical industry in the
Republic of Kazakhstan. In the IRPH «Phytochemistry», there was recently carried out study of the
ecdysteroid and flavonoid composition of the extract of the aboveground part of the freshly harvested plants
of the plant Serratula coronata L. growing on the site of medicinal plants of IRPH «Phytochemistry» in or-
der to develop an effective method for the separation of ecdysterone, the main component of the composition
of ecdysteroids, and WS, as well as other minor phytoecdysteroids and flavonoids for their use as a new WS
[11]. Plants grown in culture surpass natural specimens on the accumulation of biomass [7].

In this regard, the purpose of this work was to determine the most productive phase of growth, and the
optimal method for extracting the aerial part of the Serratula coronata L., data that can be used in the future
to produce the above preparations with a high content of the active main component of ecdysterone.

Experimental

Plant raw material (the aerial part of the Serratula coronata L.) was harvested from the middle of May
to the end of September 2017 in the collection plot of medicinal plants of the IRPH «Phytochemistry» (Ka-
raganda) during the vegetation-withering phases.

The plant was dried to an air-dry state in a dry, cool place. The average sample of the raw material was
ground to a particle size of 2—3 mm for the chemical screening of the plant. Each sample for extraction was
5 g. Various methods were used to extract 20-hydroxyecdysone, such as extraction with a water bath, macer-
ation method, extraction using a Soxhlet apparatus using ethyl alcohol and its 70 % aqueous solution, isobu-
tyl alcohol. These methods were applied in accordance with the earlier used ones. Each extraction method
was carried out three times. The extracts were evaporated using a «BuchiRotavaporR-3» rotary evaporator.
The resulting thickened samples weighing an average of 0.2 g were placed in a glass container and investi-
gated using the HPLC method.

VWD1 A, Wavelength=243 nm (240717S3.D)

120+

1004

3544 Ekdisteron

%

Isobutyl alcohol, yield of 20E is 13.86 %
Figure 2. Chromatogram of the extract of Serratula coronata L.
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VWD1 A, Wavelength=243 nm (250717S5.D)
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Maceration method, 96.2 % ethyl alcohol, yield of 20E is 12.03 %

Figure 3. Chromatogram of the extract of Serratula coronata L.

The extracts were analyzed by reversed-phase HPLC (HPLC, HEWLETT PACKARD Agilent 1100 Se-
ries, analytical column 4.6x150 mm, Zorbax SB-C18, mobile phase (MP): 10 % isopropyl alcohol, UV de-
tection at wavelength 254 nm, column temperature 20 °C, flow rate of the eluent 0.75 ml/min, sample vol-

ume 20 pl). The content of 20E was studied (Figs. 2, 3).

Results and discussion

It is known that the content of ecdysterone in a number of species of the genus Serratula L. strongly
varies depending on the phenophase and their age status [7]. In this connection, a study was carried out to
determine the distribution of ecdysterone in the cultivated plant of Serratula coronata L. at various stages of
development such as vegetation, start of budding, budding, start of flowering, flowering, start of fruiting,

fruiting, start of withering away and dying out.

The results of a quantitative analysis of the ecdysterone content depending on the extraction methods
and on the species and concentration of the extractant in the studied taxon are presented in the Table below.

The content of ecdysterone in the aerial part of Serratula coronata L. depending on the method of extraction

Table

and the phase of plant development (in % of the weight of absolutely dry raw material) according to HPLC

Methods for extraction of 20E o .
and the phase of development of the Serratula coronata L. plant The quantitative content (20E) in %
1 2
Vegetation phase
Extraction with 96.2 % ethyl alcohol 8.88
Extraction with 70 % ethyl alcohol 4.51
Extraction with isobutyl alcohol 13.86
Extraction with 96.2 % ethanol on a Soxhlet apparatus 11.03
Maceration with 96.2 % ethyl alcohol 12.03
Maceration with 70 % ethyl alcohol 5.94
Start of buddingphase
Extraction with 96.2 % ethyl alcohol 5.51
Extraction with 70 % ethyl alcohol 3.51
Extraction with 96.2 % ethanol on a Soxhlet apparatus 4.11
Extraction with isobutyl alcohol 4.99
Maceration with 96.2 % ethyl alcohol 4.56
Maceration with 70 % ethyl alcohol 2.83
Budding phase
Extraction with 96.2 % ethyl alcohol 2.56
Extraction with 70 % ethyl alcohol 1.89
Extraction with isobutyl alcohol 5.04
Extraction with 96.2 % ethanol on a Soxhlet apparatus 2.38
Maceration with 96.2 % ethyl alcohol 3.27
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Continuation of Table

1 2
Maceration with 70 % ethyl alcohol 2.08
Start of flowering phase
Extraction with 96.2 % ethyl alcohol 3.19
Extraction with 70 % ethyl alcohol 1.19
Extraction with isobutyl alcohol 1.83
Extraction with 96.2 % ethanol on a Soxhlet apparatus 2.81
Maceration with 96.2 % ethyl alcohol 2.52
Maceration with 70 % ethyl alcohol 1.89
Flowering phase
Extraction with 96.2 % ethyl alcohol 2.35
Extraction with 70 % ethyl alcohol 1.91
Extraction with isobutyl alcohol 3.25
Extraction with 96.2 % ethanol on a Soxhlet apparatus 2.17
Maceration with 96.2 % ethyl alcohol 2.77
Maceration with 70 % ethyl alcohol 2.50
Start of fruiting phase
Extraction with 96.2 % ethyl alcohol 2.83
Extraction with 70 % ethyl alcohol 2.87
Extraction with isobutyl alcohol 4.00
Extraction with 96.2 % ethanol on a Soxhlet apparatus 2.44
Maceration with 96.2 % ethyl alcohol 2.80
Maceration with 70 % ethyl alcohol 3.01
Fruitingphase
Extraction with 96.2 % ethyl alcohol 1.77
Extraction with 70 % ethyl alcohol 2.01
Extraction with isobutyl alcohol 2.44
Extraction with 96.2 % ethanol on a Soxhlet apparatus 2.64
Maceration with 96.2 % ethyl alcohol 291
Maceration with 70 % ethyl alcohol 2.45
Start of withering away phase
Extraction with 96.2 % ethyl alcohol 2.48
Extraction with 70 % ethyl alcohol 2.79
Extraction with isobutyl alcohol 1.35
Extraction with 96.2 % ethanol on a Soxhlet apparatus 3.85
Maceration with 96.2 % ethyl alcohol 1.84
Maceration with 70 % ethyl alcohol 2.08
Dying out phase
Extraction with 96.2 % ethyl alcohol 2.09
Extraction with 70 % ethyl alcohol 1.12
Extraction with isobutyl alcohol 2.35
Extraction with 96.2 % ethanol on a Soxhlet apparatus 3.17
Maceration with 96.2 % ethyl alcohol 1.03
Maceration with 70 % ethyl alcohol 1.37

As can be seen from the table above, almost all 6 extracts of the vegetative phase found a high content
of ecdysterone, which proves the high efficiency of using Serratula coronata L. as the main industrially sig-
nificant source of the above-mentioned substance.

Thus, the study of seasonal dynamics of ecdysterone distribution under conditions of varying extraction
methods has showed that its maximum accumulation is observed during the vegetative phase, and the opti-
mal method in this phase is extraction with isobutyl alcohol, the extract of which contains 13.86 % of
ecdysterone and maceration method with 96.2 % ethyl alcohol with a content of 20E 12.03 %, respectively.
But, in our view, the maceration with 96.2 % ethanol is optimal, which fully complies with the international
standards of good manufacturing practice (GMP) under pharmaceutical production conditions and excludes
the use of toxic and expensive isobutyl alcohol solvent.
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The relatively low yield of ecdysterone at other stages of development of the taxon under investigation
suggests that there is an outflow of ecdysterone to the root system, and then its redistribution occurs as the
plant develops further with a partial discharge into the soil.

Thus, we recommend the preparation of the aboveground biomass of Serratula coronata L. at the col-
lection site of medicinal plants of the «IRPH «Phytochemistry» for obtaining the ecdysterone substance of
many actoprotective phytopreparations and valuable WS based on the data provided by HPLC analysis. In
general, a study of Serratula coronata L. in the conditions of culture, biological, phytochemical and techno-
logical features of plant material with the aim of creating an industrial base of the valuable taxon seems
promising.

References

1 Kpsutos I'.B. Pacrenust 3moposes / I'.B. Kpsumos, H.®. Kazakos, A.A. Jlarepp. — HoBocubupck: HoBocu6. xH. u3a-BO,
1989. —303 c.

2 3aspaxxnoB B.M. JlekapcTBeHHBIE pacTeHHs: JedeOHOe U mpoduimakTHieckoe wucnonb3oBanne / B.I. 3aBpaxHos,
P.U. Kuraea, K.®. Xmenes. — Boponex: 13a-Bo Boponex. yn-ta, 1993. — 479 c.

3 Aoy6axupoB H.K. Dxaucteponp! 1BeTKoBbIX pactenuii (Angiospermae) / H.K. AGydakupoB // XuMusi MPUPOIHBIX COSIH-
Henuit. — 1981. — Ne 6. — C. 685-702.

4 Bonomua B.B. Dkaucrepoupl B MHTaKTHBIX PAaCTEHHAX M KJIETOYHBIX KyJIbTypax: aBToped. IucC. ... I-pa. OHOJI. Hayk:
08.00.12 — «®Pwusnomnorus pacrenuii» / B.B. Bonogun. — M., 1999. — 49 c.

5 A.c. 1312774 CCCP. Tounusupytoree cpeacrso / H.K. Ady6akupos, M.b. Cynranos, B.H. Cripos, A.I'. Kypmykos u np. //
b.M. 1988. — Ne 17.

6 3ubapesa JI.LH. ®utoskaucTepouasl: pacnpocTpaHeHue B MUPOBOit ¢uiope, Ouosornueckas akrusHoctb / JI.H. 3ubapesa //
dapmaneBTuyeckuii Oromaerens. — 2015. — Ne 3—4. — C. 40-48.

7 Tyneyos B.J. CreponnHsle COeIMHEHUS PACTEHUI U JIEKapCTBEHHBIE MpenapaTsl Ha UX ocHoBe. [lonck, XuMuueckass MOau-
(buKays 1 IpaKTHUECKUE acreKThl npuMenenus: Monorpadwus / B.U. Tyneyos. — Kaparanzna: I'macup, 2009. — 208 c.

8 Tyneyos b.U. Texuonorus ¢urocrepouansix npemnaparos: MmoHorpadust / b.1. Tyneyos. — Kaparanga: I'macup, 2017. —
112 c.

9  Bomomua B.B. ®uroskmucreponns / B.B. Boinoann. — CII6.: Hayka, 2003. — 293 c.

10 Bomogun B.B. ®wuroskaucrepouasl u amantoreHsl. HoBas skaucrepoupacopepxkaruas cyoctanums CeprnucreH /
B.B. Bonoaun, C.O. Bononuna // ®apmaneBrrdeckuit Oromeredsb. — 2015, — Ne 3—4. — C. 69-82.

11 TemuprazueB B.C. KowmmnekcHas mnepepaboTka JieKapcTBEHHOTo cbipbs Serratula coronata L. / B.C. Temuprasues,
0.VY. Kyar6aes, I1.K. Kynabaesa, b.1. Tyneyos, C.M. AnekeHos // ®apmanieprudeckuii 6roiuierenb. — 2015. — Ne 3—4. — C. 119-
124.

b.C. Temiprasues, ¥.b. Teneyos, E.A. Baiixkirit, E.B. Munaesa,
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JKeTpaKkuu dicTepi MeH ocy (asajapbiH TYPJEHAIPY apKbLJIbI TIKII TyiiMedac
ociMIiriHeH IKAUCTEPOH ATy TeXHOJOTMACHIH OHTAHJIAHABIPY

«Duroxumusiy XFOX» (Kaparauasl K.) ASpiiiK 6CiMAIKTEp KOJUIEKIHUSUIIBIK YYaCKECIHAE AaKbUIFa SHri31IreH
TOKAI TylimMebac Serratula coronata L. ecimuiriHiH jxep ycTi OediriHe, Heri3ri acep eTyIli KOMIIOHEHT
akauctepoH (20E) memntuepin opTyp:i ecy (da3anapbl xKoHE OHTAMIIBI SAICTEP apKbUIbI OOJIII ajblll aHbIKTAY
YUIH KemIeHIi 3epTTey >KYPri3immi. OKIUCTepOoHIbl O6JiNm aly omiCTepiH TYpJIEHIIpY JKarAabIHaa
TapalyblHbIH ME3TULIIK JIWHAMHUKACBIH 3€pPTTEy OHBIH OapblHINA JKUHAKTANybl Bererauus QaszacblHIa
OaliKaaTHIHBIH, a OCHl (a3ajgarbl OHTAWIB oficiHe skcTpakTTa 13,86 % SKanMCTEpoH OGONATHIH H300YyTHII
crimpriMen skcrpaknus xoHe 20E memmepi 12,03 % Gonatei 96,2 % 3THI cMpTIMEH Malepanusiiay oici
JKATaTBIHBIH KOPCETTi. TeXHONOTHSUIBIK OHTAMIBI 9fic peTiHAe (apMaleBTHKAIBIK OHAIPIC KaFAaiblHaa
IypbIc eHaipicTik TaxipuoeHin (GMP) xanbikapasiblK cTaHAAPTTaPbIHA TOJBIK COWKEC KENETiH jKoHEe 3apapIibl
opi KbIMOAr epiTKiml M300yTHI CHMPTIH KOJIAHYZbl KaKeT eTHEeHTiH Toxai Tyimedactsl 96,2 % sTmn
CIUPTIMEH Malepalusay 9/ici KepceTiiai. DKIUCTEpOH MOJIIIePiHiH BereTalus OachblHaH COHFBI (a3achliHa
JIeHiH TeMeHIeHTIHI korapbr(GeKTimi CyHBIKTHIK XxpoMarorpadus (OKOCX) omici apKbUIBI JoJeIeH.
OKINCTEPOHHBIH TaMBIPJBIK JKyHere Kapail >KbUDKYBI, ajl OHBIH KEeiiH OCIMAIKTIH OJaH opi JaMy Ke3eHiHe
6ipa3 OeulriHIH TONBIpaKKa Tyl apKpUIbI Kaifra Tapamyel Oomkangpl. JKOCX omici apKbUIBI MaKCaTThI
KOMIIOHCHTTIH CaHIBIK KypaMbl OOWBIHIIA MONIMETTEp HEri3iHIe, SKIUCTCPOHIbI KOITEreH aKTONPOTEK-
TopJibl (UTONpEnapaTTap CyOCTaHIMACHIH JKoHEe Oaraibl CTAaHAAPTTHIK YITiHI aly YILIiH TOKAI TYHMeOacThIH
JKep ycTilik 6moMaccachlH JaliblHAAYAbl OChI TAKCOHHBIH BereTauus (a3achlHaa XKypri3iayi YChIHBUIIBL.
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Kinm ce30ep: Serratula coronata L., xep ycri Oemiri, 20-rHAPOKCHIKIN30H, JKOFAPBITHIMAI CYHBIKTBIK
xpomarorpadusi, IKCTpaKLusi, ITHI CIUPTI, ocy (azanapsl, BereTars.

b.C. Temuprasues, Y.b. Tyneyos, E.A. baiixurur, E.B. Munaesa,
JLK. Canbkeesa, b.1. Tyneyos, C.M. AnekeHoB

OnTumMmu3anus TeXHOJOTHH MOJIYYCHUS IKIUCTEPOHA U3 CEPIIYXH BEHIIEHOCHOM
BapbUPOBAHUEM METOA0B IKCTPAKIIUUA U (1)33 nmpouspacraHnus

[IpoBeneHO KOMIIJIEKCHOE HMCCIIECOBAaHWE HAJA3EMHOW YacTU CEpIlyXH BEHLEHOCHOH Serratula coromnata L.,
KyJIbTUBUDYEMOM Ha KOJUIEKLIMOHHOM Yy4acTKe JekapcTBeHHbIX pacteHudt MHIIX —«®utoxumus»
(r. Kaparanza), B pa3iuuHbIx (a3zax mpouspacTaHust U ¢ IPIMEHEHHEM HanboJiee ONTUMAaIbHBIX METOJIOB H3-
BJICUCHNUS HA COJepKaHUe OCHOBHOTO JAeiicTByromero koMnoneHra skaucrepona (20E). V3yuenne ce3oHHOM
JUHAMUKY paclpeeleHHs JKANCTEpOHAa B YCIOBHSAX BapbHPOBAHUS METOJOB M3BJICUCHUS ITOKA3aJI0, YTO
MaKCHMaJIbHOE €r0 HaKOIUICHHE HaOmomaeTcs B (pa3y BEreTaliy, a ONTHMAIBHEIM CIIOCOOOM B TaHHOH daze
SBJIAIOTCS 3KCTPAKLHUS U300YTUIIOBBIM CITHPTOM, B SKCTPaKTe KOTOPOro cojepxutcs 13,86 % sxauctepona, u
Meroa Marepanuu 96,2 % stunoBeiM cupToM ¢ cozxepxanueM 20E 12,03 % coorBerctBenHo. IlokazaHo,
YTO TEXHOJOTMYECKH ONTHMANbHBIM SBISETCS METOJ Mallepallii CepIyXH BEHLEHOCHON 96,2 % 3THUIOBBIM
CMHPTOM, KOTOPBIH TTOTHOCTBIO COOTBETCTBYET MEXIYHAPOAHBIM CTaHAAPTaM HaJUIeKaliel MpOU3BOCTBEH-
Hoit mpaktuku (GMP) B ycnoBusix apMareBTHIECKOTO MPOU3BOJCTBA M HCKIIIOYAET UCIIOIH30BAHUE TOK-
CHYHOTO ¥ JIOPOTOCTOSIIETO0 PACTBOPHUTEISI — HM300YTHIIOBOTO CIIUPTA. Y CTAaHOBIICHO, YTO COJEPIKaHUE K-
JHUCTEpPOHA OT HaJayia BereTallly O 3aBepluaronieil (pa3bl HAeT Ha CIaj, YTO MOATBEPIKIAeTCS JaHHBIMH BEI-
cokod(dexTrBHOH xunkocTHON xpomarorpadun (BOXKX). [Ipenmonaraercs, 4T0 HMEET MECTO OTTOK SKAH-
CTE€pPOHA B KOPHEBYIO CHCTEMY, a 3aT€M MPOUCXOAUT €T0 NepepacnpeereHne Mo Mepe AanbHEHIIEero pa3By-
THsI PaCTEHHs C YACTUYHBIM cOpocoM B Mo4By. Ha OCHOBE JaHHBIX MO KOJMYECTBEHHOMY COJIEPKAHHUIO Iele-
BOr0 KOMMOHeHTa MeTonoM BOXX pekomeHnmyercst [is MONTydeHHs SKAUCTEPOHA — CYOCTAHIIMU MHOTHX
aKTONPOTEKTOPHBIX (uronpenaparoB u neHHoro PCO 3aroToBKy HaJ3eMHOH GMOMACCHI CEpITyXH BEHLICHOC-
HOH BecTH B (ha3e BereTaluy yKa3aHHOTO TaKCOHA.

Kniouesvie cnosa: Serratula coronata L., Hag3emHas 4acth, 20-THIPOKCHIKIAM30H, BBICOKOd((EKTUBHAS
JKUJIKOCTHASE XpoMaTorpadusi, SKCTPaKIKs, STIIOBBINA CIIUPT, (a3bl MPOU3PACTAHNS, BETCTAIIHS.
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Evaluation of pressure and volumetric modules in melted systems

In the article there were estimated the pair potential and pressure of bulk modules in molten systems. There
are given appropriate formulas for calculating the compressibility of electron melts. The polytherms of com-
pressibility for selenium, tellurium, germanium and silicon are calculated. For the calculation of bulk mod-
ules, melts of metals and semiconductors are considered as a two-component liquid consisting of ions and
electrons. According to the virial theorem, a part of the pressure associated with the dynamics and interaction
of the ion subsystem is estimated. Since the isothermal bulk modulus is a static exponent, we determined it
under conditions where the pressure and volume in the system change slowly, and the temperature of the melt
changes very slowly or remains constant. The adiabatic bulk modulus, i.e. dynamic, was determined under
conditions of heating of the melt caused by compression. Under adiabatic compression a change in
temperature and pressure is allowed. This phenomenon occurs in fast processes, i.e. when there is no heat
exchange due to the inertia of the thermal properties of the melts. This behavior of adiabatic compressibility
is characteristic of metallic melts. We have found that the instantaneous dynamic modulus calculated in the
pair approximation model is identical to the dynamic modulus calculated in the full theory in the second or-
der, and also differs markedly from the statistical module. The explanation of this fact consists in neglecting
the members of the electron-ion interaction of a higher order than the second, and also the unsatisfactory
modification of the pseudopotential by means of an amendment to the Hartree energy. We obtained the rela-
tionships that make possible to calculate the compressibility of melts. Theoretical calculated polytherms of
compressibility for semiconductors are given in the article.

Keywords: cluster structure, polyterms of compressibility, semiconductor, function of radial distribution,
structural factor, adiabatic compressibility, paired potential, of the pressure of volumetric modules.

The molten metals and their alloys are widely used in the national economy. This interest is especially
great in heating engineering, nuclear energy technology, electronic engineering and in other industrial sec-
tors, as well as for meeting the needs of the metallurgical production and in the engineering design of new
technology in this field. The greatest attention devoted to the molten metals is in the metallurgy, which is
conditioned by the necessity of passing the liquid phase before crystallization. The practical significance of
the expected results of the work lies in the possibility of using new ideas about the structure of melts, based
on computer simulation, which allows modeling the properties of the melt at the atomic level. This is im-
portant for the development of optimal technological processes in non-ferrous and ferrous metallurgy, in
pyrometallurgy in general, occurring at the phase interface, as well as for similar processes in the technology
of inorganic materials (silicon, selenium, tellurium, germanium, etc.), including number for nanocoatings,
films and other special technologies.

It is necessary to consider some correlations for the calculation of the solid modules in the molted sys-
tems. Metal melts and melts of semiconductors can be considered as double-base liquid consisting of ions
and electrons, then according to the virial theorem, a part of pressure which is connected with dynamics and
interaction of ionic subsystem can be evaluated, i.e.
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where K — is kinetic energy.
For the calculation of the total pressure per size P,

> . 1t is necessary to add the pressure, which is created
by the fermi-gas that is equal to the sum of the derivative energy Ey(Q2) and Ep(€2) with the opposite sign
P, =—~(9E,/9Q) ~ (E, /3Q) .

One may rewrite the pressure P,

ion

in the integral form, containing explicitly dependence on the struc-
ture g(R). If we represent the kinetic energy through the temperature, then

P V. (R,R d,,(R,R
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The derivative —Z in the expression for pressure is specific for the melts so far as ¥’

.7 (R.Ry) is not
S

only the distance function but also the function Q = (R ). It points out that the result is an effect of dielec-

tric dependence of penetration function, which defines indirect interaction of ions from the compactness of

shielding electronic subsystem nz , at the same time #n = N = 3 . The calculation done for Na [1] shows

4TzR;

that thecomponents P,, and P which are parts of pressure P, , have the values close to zero.

If one neglects changes of the pair potential V,, (R) of solidity during the pressure estimation, the re-

sult turns out to be overstated. It follows that in the models with stiff fixed compactness which reproduce
complex N,Q,T one have to do with the great positive pressures. Such situation is observed while calculat-

ing the force coefficients in a crystal. The shown conclusion doesn’t indicate the inexactness of mentioned
models for a hot metal. The equilibrium should be considered simultaneously for its both subsystems — ion-
ic and electronic, as far as the positive pressure of ionic subsystem defines bulk effects in the electronic sub-
system.

As is known, in the theory of condensed systems there is «compressibility sums rule» which describes
how much up-build model of the system is self-consistent. The reciprocal value of the volumetric module is
equal to the mentioned compressibility. These sizes are important at the consideration of the property of con-
densed systems. In the crystal the quiescent volumetric module 3, equal to the second derivative energy by

volume, must be consistent with the dynamic bulkmodulus B, , which is a combination of the elastic con-

stants calculated from the phonon dispersion relation by the «long» wave method [2].

Indicated correlation is defined by the interatomic interaction with the constant volume and doesn’t de-
pend on the volume-dependent components of energy. In this self-consistent model correlation between the
form of the effective interaction if Q = const and derivatives of the energy in volume, contains mentioned
components and defines the «compressibility sums ruley.

As is shown in the work [3], the properties are examined well in case of crystalline Na. Subsequently it
turned out that the sum rule is not satisfied because of the non-self-consistency of the metal model construct-
ed on the basis of the assumption of perturbation theory in the second order in terms of the pseudopotential.

It gives the reason to assert that the components which emerge in the dynamic matrix in the third and
fourth orders in the long-waved limit give the contribution of the second order. This inconsistency results
from the inclusion of this contributions while calculating the statistic modules and neglecting them in dy-
namic modules. But the inclusion of these highest terms at the dynamic arraying, which correspond to the
triplet and quadrupole interaction, is possible in essence [2]. Conducted calculations with the crystalline Na
[3] have shown that it is necessary to vary Hartree energyfor bringing into concordance of evaluable static
module to the experimental (3. But in such variation the dynamic modulus f,,, which is well consistent

with the experiment, turns out to be too overstated.
The feasible explanation of this is in the fact that the components of the third and the fourth orders be-
come more important in the dynamic matrix, in the field with the little ¢ . In the present case to preserve the
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consent with the experiment there is necessary the modification of the pseudo-potential itself in this men-
tioned field. In such case the Hartree energy variation will correspond to this modified pseudo-potential.
The statistic isothermal modulus of flexibility of the liquid phase is the following pressure derivative by

volume:
oP

=-Q 3

B, = [ 5 Qj 3)
The dynamic isothermal modulus is identified by the long-wave by the structural factor range S(q):
kT

=—— 4

Bdm Q S ( 0) ( )

Both of these modules must match in the consistency theory. However, application of the perturbation
theory in the second order on the pseudo-potential and definition of the dynamic modulus through S(g) in

the model with the potential that is independent on the compactness will lead to the diversions like in the
case of the crystal. The exact formula for the static modulus is like this:

= = = = kT
Bst:Bian+Bftp+Be+E’ (5)
where
2
Bo =2 —L_[D(g(RYDW, (R)dR +— gDV ()R,
where D is a statement which is input to shorten the wrltlng.
por?ip 2
R dR;

The physical value of the derivatives remains the same like in the case of the equation (2). Summing up
all, one may write:

1 8
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One may write the analogous formula for the dynamic modulus B 4 » as long as it is also calculated in
the model with the potential independent on the compactness. Since the model is self-consistent, the dynamic
and static modules calculated in it coincide. The analogous conclusion may be done even in the case of cal-

culation of the crystal compressibility, which is realized in the reciprocal space. Thus, it is expected the fol-
lowing correlation to be accomplished:

B, =

Bdin = B:on + kT/Q > (8)
where
B, = Dg(R)—V,.dR+ R)—V_dR.
an 18Q'[ g( )aR eff 18Q'l.g( )aR eff
The equation (4) gives more simple formula for B 4in - The equivalence of the equations (4) and (6) is in

essence particular case of the matched condition between n and n+1 the partial distribution functions. The
equation (8) doesn’t contain the direction to the calculation of the statistic calculation (5). However, in the
calculations on the equation (5) one has to face the following problems: for the calculation such the function

of the radial distribution is required g(R) which would coincide with the complete theory, i.e. for that the
identity was realized:

$(0)=[{[g(R)-1]/Q}dR, ©9)

equal — . It requires the consideration of the components of the third and the fourth orders in the field of

st

the minor g—s. As these components coincide to the calculation of the effective interactions between the
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tree and four ions, it is an awkward task. It is therefore natural to make the assumption that the function g(R),
calculated in a computer experiment with a pair effective potential at Q = const, does not lead to large errors,
excluding the long-wave region.

Just this very function g(R) is put in the equation (5) and (8); the equations (5) and (8) require the val-
ues of the derivatives of functions ¢(R) in volume which can be taken by the repetition of the computer ex-

periment with different source compactness.

It is therefore natural to make the assumption that the function g(R), calculated in a computer experi-
ment with a pair effective potential at {2 = const, does not lead to large errors, excluding the long-wave re-
gion.

The present situation is the extreme laborious task. So it is more convenient to confine with the ap-
proach:

g(R.R,T) = éf(R/RS’T) : (10)

where f(R/Ry,T) is the function which provides similar change of the structure with the compactness in at

the constant temperature.
However, the assumption (10) is correct for the crystal structure, but is not obligatory for a liquid. That
is why this approach follows to:

Rog(R/Ry,) dg(R/R,)
Dg(R) = 52+ R $2=-3g(R). 11
g(R) R Ty g(R) (1)
Taking into account the derived result let’s rewrite the equation (4) as in this way:
_ 1 ,
. =—— | g(R)(D"-3D)V _(R)dR . 12
Bor =g ] (RN W R) (12)

The value for B, , = 0,097 which has been found without variation of Hartree energy conforms with ex-
perimental which is equal to 0.0973 as in case of the crystal. The value which is determined by the computer
experiment amounts 0.032+0,002 that leads to f8,.Q = 0.078+0.005 .

Equation (10) indicates that the modulus obtained by Eq. (12) is an «instantaneous» bulk modulus,
which, as shown in [4], is the upper limit of the adiabatic bulk modulus and is approximately 10 % larger
than the isothermal bulk modulus Na. The results which are given in the work coincide with above-
mentioned ones. Besides that, the low differences are indicative of that the approach (10) is acceptable for
such differences. Further one may calculate with the help of the equation (12) in the same approach. The var-
iation of Hartree energy gives a result of 0.105 and it also coincides with the experiment, if we take into ac-
count the upper limit of the real compressibility. In case of crystalline state the correction of Hartee energy
gives the considerable contribution that is necessary to achieve the concordance with the experiment.

The accuracy which is taken from the calculation as a whole is note worse than for the crystal [5] and
can be explained approximately in the same way like before. One of the possible explanations applies to the
substantial modification of the pseudo-potential at low g — s, what about it was told above. It is corroborated
by the calculation with the components of the third and fourth order, i.e. including the triplet and quadrupole
effective interactions. It is corroborated by the calculated polyterms of adiabatic compressibility for the lig-
uid lead (Fig. 1). Adiabatic compressibility in this process increases monotonously. Such the behavior of the
compressibility basically is typical for the metal melts. Thus, one may conclude that the instantaneous dy-
namic modulus, which is calculated in the modulus of pair approach, is identical with the dynamic modulus,
that is calculated in the complete theory on the second order, and also is distinctly differs from the static
modulus, on the one hand, and from that one which is calculated in the theory of the second order, on the
other hand. The first of them matches to the isometric experimental modulus, while the second one refers the
correction to the Hartree energy. Thereby, the situation doesn’t differ from that which was used at the ana-
logical calculations for the crystalline condition of a substance [6].

The possible explanation is in the neglect of the components of electron-ion interaction of the higher
order than the second one, also in the inadequacy of pseudo-potential modification by means of the correc-
tion to the Hartree energy that leads to the correct result only in the long-wave limit. The above relations en-
able us to calculate the compressibility of melts. The theoretical calculated polyterms of the compressibility
to selenium, tellurium, germanium and silicon are shown on the Figures 1-5.

54 BecTHuk KaparaHgmHckoro yHusepcurteTa



Evaluation of pressure and volumetric modules ...

3,9

37 1

31

35 1

33 1

3.1 1 5

2,9 1

27 1

25 : : , , , : 21 : - : : ; . .

670 770 870 970 TK 1070 1170 1270 480 800 550 BOO BSO 700 750 &00
T.K
Figure 1. The compressibility polyterms of the lead melt Figure 2. The compressibility polyterms
of the selenium melt
_— 25,95
19 259
16 25,85
17 258
16 2575
15 1 25,7
14 25,65
13 25,6
12 1 15,55
1 - - : ! ! . . . ] 255 : ; ; ; ; ; ;
B50 700 750 800 850 900 S50 1000 1050 1100 1700 1750 1800 1850 1900 1950 2000 2050
T.K
T.K
Figure 3. The compressibility polyterms Figure 4. The compressibility polyterms
of the tellurium melt of the silicon melt

2482 4
2481 A
243 A
2479
2478 A
2477
2476
2475
2474 4

2473 T T |
12480 1300 T.K 1340 1400

Figure 5. The compressibility polyterms of the germanium melt

The model of the micro-heterogeneous melt with the clusters of the similar size at fixed temperature is,
certainly, idealized. In fact, in the real melt there can be the clusters of various sizes. The existence of the
clusters not only close to the crystallization temperature, but also at the higher temperatures, in the melts of
semimetals and semiconductors is conditioned on the presence in them the two types of the chemical
bond — covalent and metallic [1].

The covalent bond type that is present and predominant in the crystal, while its passing to the liquid
condition can disappear neither just after melting, nor at the further heating. These bonds are laid on the
atomic nature itself, which constitute semimetals and semiconductors in the outer electron shell of the atoms
and cannot disappear completely at any aggregate substance condition. The question only is in their manifes-
tation degree. If these bonds exist together with the bounds that greatly differ in their energy, then they mani-
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fest essentially. The example is the molecular liquids. If these bonds are dipped into the matrix of the other
bond types, which is not much differ from them energetically, then their individuality levels on the equalized
background of those allied by their energy, but differ in the bond nature, for example, metallic.

Thus, the double-structured melt cluster model (the model of the mixture of cluster and atomic compo-
nent), reflecting the opportunity of equilibrium existence of the two types of chemical bound (covalent and
metallic bonds), different by their nature, but close by their solidity (thermodynamic aspect) and the two
mechanisms of the cluster decay (kinetic aspect) allow to explain quite right the main types of the experi-
mental and theoretical polyterm compressibility in the melts of the semimetals and semiconductors.

The Variety of the forms of polyterms compressibility in the electronic melts requires typification, or
their analysis allows clearing the mechanism of the aggregation processes and dissolution of extensive ob-
jects in the melts.

References

1 Perens A.P.Ilepuomuueckuii 3akoH M (H3UUECKHE CBOICTBAa JIICKTPOHHBIX paciiaBoB: MoHorpadus / A.P.Perems,
B.M. I'nazoB. — M.: Hayka, 1982. — 296 c.

2 Onuki A. Viscosity enhancement by domians in phase-separating fluids near the critical point. Proposal of critical rheology /
A. Onuki // Phys. Rev. A. Gen. Phys. — 1987. — Vol. 35, No. 12. — P. 5149-5155.

3 Torquato S. Computer simulation of nearest — neighbor distribution functions and related quantities for hard-sphere systems
/ S. Torquato, S.B. Lee // Physica A. — 1990. — Vol. 167, No. 2. — P. 361-383.

4 Medvedev N.N. Aggregation of tetrahedral and quartoctahedral Delaunay simplices in liquid and amorphous rubidium /
N.N. Medvedev // J. Phys: Condens. Matter. — 1990. — Vol. 2, No. 46. — P. 9145-9154.

5 Sun T.F. An efficient algorithm for the solution of the correlation function for soft spherical repulsions / T.F. Sun,
J.A. Schouten // Mol. Phys. — 1990. — Vol. 69, No. 4. — P. 604—614.

6 Takamiya M. Density functional approach to two-dimensional classical fluids / M. Takamiya, K. Nakanishi / Mol. Phys. —
1990. — Vol. 70, No. 5. — P. 767-781.

A.3. Ucarynos, C.111. Kaxxbikenosa, I'.C. llauxoga, I'.I11. Maxmerona, JI.JK. KacbiMmoBa

BaakpIThLIFaH KYiiejepaeri KbICHIM/IBI 3KIHe KoJIeMIiK MOIYJIbAapabl 6arajay

Makanaza GanKbITBUIFaH JKyHenepleri KeJaeMIiK MOIYNbJIep KbICHIMBI MEH JKYITBIK oJeyeTi OarajaHfraH.
DeKTpOHABIK OaNKbIMaIapIblH CHIFBUIFBIITHIFBIH €CeNTey YILIiH caiikec Gopmynanap kenripiaren. Cenew,
TEIUTyp, TepPMaHUM JKOHE KPEMHHH YIIIH CHIFBUIFBIIITHIK IOJUTEpMalapbl ecentesred. Kesemuik
MOIyNIBICpAIH ecedl YHIH MeTaxgap MeH SKapThUIadeTKisrimrep OajKbIMalapsl HMOHAAp MeH
JNIEKTPOHJAPAH TYPATHIH €Ki KOMIOHEHTTI CYHBIKTBIK peTiHJe KapacThIpbUIFaH. Bupman Teopemacs
OoMbIHIIA, HOHJIBIK KillipeK JKYHEeHIH JUHAMHKAachl MEH ©3apa opeKeTTecyiMeH OallIaHBICTHI KBICHIM OOliri
OarananraH. KexeMik cepmiMIUTIKTIH H30TEPMUSIIBIK MOIYJII CTATHKAIBIK MOIYJIb OOJIBIT TaObLIFaHIBIKTaH,
oHBI 013 JKyifezeri KbICBIM MEH KejieM Oasiy e3repreH jxarjaiia, an OajkbIMa TeMmIepaTrypacel ete Oasy
e3repreH/ie HeMece TYPAKThl OOJIBIT KaJFaH XKaraaiaa taybin anipik. Kememaik ceprmimMaimikTiH aanabaTThiK
MOZyJi, SFHM JWHAMHKAJIBIK, CHIFYMEH TYbIHIAFaH OalKbIMaHbl KbI3JAbIPY JKAF[aiblHAA aHbBIKTaJ/IbL.
AnnabatThIK ChIFY Ke3iHIe TeMIlepaTypa MEH KbICBIMHBIH ©3repici OpbIH anabl. by KyObUIbIC Te3 XKypeTiH
ypaicTep Ke3iHme, SFHHM OaJKbIMAJIapABbIH KBUIYJIBIK KACHETTEpiHIH HMHEPUHOHJBIFEl CalapblHAH IKBLLY
alrMacy OonMaraH Ke3[ie OpBIH amaabl. AQuabaTTHIK CHIFBUIFBINTHIKTBIH MYHAAll CHIIaTBl MeTail
OankpIMamapra TOH. ABTOpJIAp SKYNTHIK JKYBIKTay MOJETIHJE ECENTEeNTeH JIE3MiK ANHAMHUKAIBIK MOMYIb
eKIHII TOPTINIEH TOJBIK TEOpHUsa €CeNTeNreH NUHAMHUKAIBIK MONYIbMEH Oipmeil eKeHAIriH aHBIKTaJbl,
COHBIMEH Karap CTAaTHKAaJIbIK MOIYJIbICH eyieyli e3remeriri 6ap. by ¢akt HerypibIM JKOFapbl TOpTimTeri
UEKTPOH/IBIK-HOH/IBIK ©3apa dPEKeTTeCy MYIIENEpiH eleMey, COHbIMEH KaTtap XapTpu SHEPrusACchlHA TY3ETy
apKbUIbI TICEBIONOTEHINAT MOAUGUKALUACHIHBIH KaHaraTTaHOAaybIMEH TYCIHIipijeai. ABTopiap IIBIFaphbI
ajFaH KaTblHAC OaJKbIMaJapIblH CHIFBUIFBIITHIFBIH €CENTeN alyFa MyMKiHIik Oepeni. JKapreunaierkis-
rilTep YIIiH CHIFBUIFBIITHIKTHIH TCOPUSUIBIK €CENTENTeH MOINTepMallaphl JKYMBICTa KeJITIpUIreH.

Kinm ce30ep: kiacTepiik KYpBUIBIM, CBHIFBUIFBIITHIK ITOJUTEPMANAPhI, JKapThUIAHOTKI3TIIITED, PagHaiIbl
YJIECTipiM (YHKIHSACHI, KYPBUIBIMIBIK (aKkTop, aanadaTalblK ChIFBUFBIIITHIK, KYITHIK TOTCHIIUAI, KOJIEMIIK
MOy IbJIAPIBIH KBICHIMEL.

56 BecTHuk KaparaHguHckoro yHuBepcuteTa



Evaluation of pressure and volumetric modules ...

A.3. Ucarynos, C.II. Kaxxukenona, I'.C. [llanxosa, I'.ILI. MaxmetoBa, JI.)K. KackimoBa

Ouenka 1aBjeHUsi U 00beMHBIX MOy el B pacijaBJeHHbIX CHCTEMAX

B crarbe oLieHEeHBI MapHBIN MOTEHIMAT U AaBJICHUE 00BEMHBIX MOIYJICH B pacIUIaBICHHBIX cucTeMax. [Ipu-
BEJICHBI COOTBETCTBYIOIIUE (POPMYJIIBI JUIS pacueTa CKUMAaEeMOCTH AJICKTPOHHBIX PacIlIaBOB. BeI4mcIIeHbI 10~
JUTEPMBI CKHMACMOCTH IS CEJICHA, TEJUTypa, TepMaHus 1 kpeMHus. [ pacuéra 00bEMHBIX MOIyJIeH pac-
IJIaBbl METAJUIOB U IMOJIYIIPOBOJHUKOB PACCMOTPEHBI KaK JABYXKOMIIOHEHTHAsl JKHUJIKOCTb, COCTOSIILAsI U3 HO-
HOB U 3JeKTpoHOB. 1o Teopeme Bupuana oleHeHa YacTh AaBJICHU, CBA3aHHAs C TMHAMUKON U B3aMOeiicT-
BHEM HOHHOM NoJCHCTEMbl. Tak Kak U30TEPMUYCCKHI MOIYJIb OOBEMHOHN yIIPYrOCTH SBISETCS CTATUYCCKUM
MIOKa3aTeneM, OH ONpeesieH HAMHU B YCJIOBHAX, KOTJa aBJIeHHE U 00BbEM B CHCTEME N3MEHSIOTCS MEIUICHHO,
a TeMIeparypa paciuiaBa O4eHb MEUIEHHO U3MEHSETCS HIIM OCTAeTCs MOCTOSHHOM. AnadaTn4eckKuii MoLyib
00BEMHOHN YIIPYTOCTH, T.C. JHHAMHYECCKUHN, ONPE/ICICH HAMU B YCIIOBUSX HarpeBaHUs paciliaBa, BHI3BAHHOTO
cxkatreM. [Ipn agmabaTHYeCKOM CKATUH JIOITYCKAaeTCsl U3MEHEHNE TeMIepaTypsl U JAaBieHus. JJaHHOe sBIie-
HHUE MMEET MECTO MPHU OBICTPOIPOTEKAOIINX IPOIeccaX, T.€. KOTJa OTCYTCTBYET TEIUIOOOMEH H3-3a WHEPIIH-
OHHOCTH TEIIOBBIX CBOWCTB PacIUIaBOB. Takoe MOBEICHHE auadaTHIecKOl CKUMAEMOCTH XapaKTEpHO s
METAUTMYECKUX PACIIaBOB. ABTOPHI YCTAHOBUJIM, YTO MTHOBEHHBIN AUHAMUYECKUII MOAYJb, PACCUUTAHHBII
B MOJEIH HapHOTO NMPUOIMKEHNS, HICHTHYEH JUHAMHYECKOMY MOAYJIIO, BEIYMCICHHOMY B IIOJHOW TEOpUH
BO BTOPOM IOPSIIIKE, @ TAKXKE 3aMETHO OTJIMYACTCS OT CTATHCTHIECKOTo MoayJist. OObsiCHEHHE JaHHOTO (aKTa
COCTOUT B MPEHEOPEKEHUH YWICHAMH 3JICKTPOHHO-MOHHOTO B3aUMOAEHCTBUS 0oJiee BHICOKOTO MOPSAIKA, YeM
BTOPOI, a TaKXKE HEYJOBJICTBOPUTEILHOCTHIO MOAU(DUKAINY TICEBONOTEHIIANIA TIOCPEIICTBOM TOTIPABKU K
sHeprun Xaprtpu. [loiryuyeHHbIE aBTOpaMH COOTHOIIEHUS MO3BOJISIIOT BBIYMCIUTH CXKMMAaeMOCTb PacIlIaBOB.
TeopeTnyeckue BRIYUCICHHBIC TIOJUTEPMBI CKIMACMOCTH JUTS TIOJTYIPOBOJIHUKOB IIPUBEIICHEI B pPa0OTe.

Kniouesvie crosa: xactepHasi CTpyKTypa, HOIUTEPMBI CKIMaeMOCTH, TTOJIYIPOBOJHUKY, (DYHKIHS Paadallb-
HOTO paclpeeNeHus, CTPyKTYpHbIH (akTop, annadaTnueckas CKUMaeMOCTb, IIAPHbIA OTEHIMAI, JABICHUE
00BEMHBIX MOAYJICH.
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Nonempirical modeling of protolytic processes in dimeric molecules of amino acids

Quantum-chemical modeling of intermolecular proton exchange in dimers of aminoacetic acid was carried
out using an unempirical unrestricted Hartree-Fock method using the 3-21G basis set. Three main structural
isomers of dimeric molecules of aminoacetic acid have been quantum-chemically identified. For these iso-
mers, the search for the structure of the transition state of the proton exchange reaction was carried out using
the quadratic synchronous transit QST2 (Quadratic Synchronous Transit Approach) procedure. The symmet-
rical structure of the transition state for the dimer of aminoacetic acid is noted, in the formation of hydrogen
bonds of which two carboxyl functional groups are involved. The kinetics and mechanism of intermolecular
migration of a proton in the dimer of aminoacetic acid have been studied using the internal IRC (Intrinsic Re-
action Coordinate method) method. Curves are obtained for the dependence of the total energy of the reaction
system under consideration on the internal coordinate of the reaction. The activation energy of proton ex-
change in dimers of aminoacetic acid is estimated as the difference in the total energies of the transition and
initial states of the reaction system. The minimum value of the activation energy (26 kJ/mol in the forward di-
rection and 34 kJ/mol in the reverse direction) was obtained for the intermolecular proton exchange reaction
in the dimer of aminoacetic acid, in the formation of the hydrogen bonds of which two carboxyl functional
groups are involved. The maximum value of the activation energy (244 kJ/mol in the forward direction and
236 kJ/mol in the reverse direction) was obtained for the intermolecular proton exchange reaction in the di-
mer of aminoacetic acid, in the formation of hydrogen bonds of which two amino groups are involved.

Keywords: quantum chemical calculation, ab initio UHF 3-21G, hydrogen bond, aminoacetic acid, dimer,
cyclic complexes by hydrogen bonding, geometric and energy parameters, complexation energy, hydrogen
bond energy.

Most of the applied quantum chemical work is connected with the calculation of the geometry of organ-
ic compounds. Such researches are carried out for both stable molecules and short-lived intermediates and
transition states. Analysis of the calculated data allows to obtain reliable information on their structure and
therefore to be of independent interest from the point of view of organic chemists. In addition, knowledge of
geometry is necessary for calculating the thermal formation, thermal effects and activation energies of the
reactions [1].

In this paper, the process of proton exchange between molecules in dimers of aminoacetic acid by quan-
tum chemical methods was considered. If the studiedmolecules contain two reaction centers [2, 3], it is pos-
sible to consider three main possible complexes formed by the hydrogen bond:

0 H—OQ O--=-H---Q O—H O
QA/< >/-—Q — Q‘< >—Q = Q‘& »—Q (1)
o—H O 0----H---0 0 H—O
1A 1B 1C
H
H 7 H H
R——N \ /H - R_N// \I{I_R —_— H\ / N—_R
4 N R T~ \\ , ——~—— R___N / Ny
H | g - H )
H ~ 4 H
H
2A 2B 2C
N SN o
Q _ — Q N — Q N—R
RS N—R = “H 3)
O—H O----H~" 0] H
3A 3B 3C

where Q — is -CH,-NH,; R — is -CH,-COOH.
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(1) is a complex due to the hydrogen bond in which carboxyl functional groups of an amino acid are in-
volved in the formation of hydrogen bonds;

(2) is the complex due to the hydrogen bond, in which the amino groups of the amino acid are involved
in the formation of hydrogen bonds;

(3) is a complex due to the hydrogen bond in which the carboxyl functional group of one molecule and
the amino group of another amino acid molecule are involved in the formation of hydrogen bonds;

On the proposed scheme of intramolecular hydrogen transition inside the cyclic dimer of aminoacetic
acid: A) the initial geometry of dimer 1; B) transition state; C) finite dimer geometry.

Simulation of the process of intermolecular proton exchange was carried out by an ab initio method in
the 3-21G basis in the unrestricted Hartree-Fock approximation of the Gaussian09 Revision-B.01-SMP
software package [4].

When creating the dimer molecule, the GaussView program was used — a visualizer program designed
to create input files, as well as visualization of the output files generated during the Gaussian calculation.

To study the kinetics and mechanism of intermolecular migration of a proton in the dimer of
aminoacetic acid, the quantum chemical procedure IRC was used [5].

The initial (A) and final (C) structures of the dimer of aminoacetic acid with full optimization of all ge-
ometric parameters are shown in Figure 1. It should be noted that the numbering of atoms in the molecules of
the intended reagents and reaction products must be strictly preserved.

1™
2]

Hﬂ

3A 3C

A — the structure of the reagents; C — product structures

Figure 1. Structures of intermolecular complexes due to the hydrogen bond of the dimer of aminoacetic acid

Next, a transition state was calculated using the keywords Opt (QST2) UHF 3-21G. The search for a
transition state of intramoleculartautomerism was carried out by the quadratic synchronous linear transit
method.
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Figure 2 shows the transitional structures in a complex due to hydrogen bondingof various types for
dimers of aminoacetic acid.

1B

2B

W
“Pe,
W 9

Figure 2. The transition state of the proton transfer process in dimericaminoacetic acid complexes

Figures 3—5 depict the dependence of the total energy of the dimer systems and the RMS normal gradi-
ent on the internal coordinate of the RMS (root-mean-square) reaction.
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Figure 3. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (1) of aminoacetic acid
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Figure 4. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (2) of aminoacetic acid

Plots Flats
Total Energy along IRC RMS Gradient Norm along IRC
BE7 50Z — Ot —
5525‘}4: _:_um}i_ ﬁ
- =
?5&25%' é 0,000 | ?l 11;
o 55?5'3@: = +
E-sszs:n: :rEEnu-:-:L?s,— “;
= 552512 = 1
= - € 00020 F
S 562514 2
I 1 E
W -552 516 = 00015
2 ] B
IE e @ oot 1 !{
-5525213: 2
55252 - & oo - J!JI-
.5,.15.:,15?-1':“-',,:;,.,....2.-r.r---.z-.....é um_.-.-.-.-.-.-...qkt‘g..........
E L e 4 -8 & 4 Z Q 2 4 &
Intrinsic Reaction Coordinate Intrinsic Reaction Coordinale
Etotal RMS

Figure 5. Kinetic curves as a function of the reaction coordinate in the complex
due to the hydrogen bond (3) of aminoacetic acid

As can be seen from Figures 3—5, the extreme points of the curves of kinetic dependencies are identical
to the points on the graphical dependence of the root-mean-square deviation standard along the coordinates
of the reaction path.

The program GaussianView allows you to determine the structure of each studied point of the curves
examined, optimizing all the geometric parameters of the molecules. It should be noted that the calculation
procedure for internal coordinates is carried out automatically, which significantly reduces the time required
for calculation. So in the calculation of the complex due to the hydrogen bond (1), in the automatic mode 134
optimized structures are investigated, the complex due to the hydrogen bond (2) — 563 and the complex due
to the hydrogen bond (3) — 168.

Table shows the energy values for all types of particles: A, B, and C for all the complexes under study
due to the hydrogen bond.
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Table
Kinetic characteristics of different types of complex due to the hydrogen bond
of aminoacetic acid according to 3-21G UHF calculations
Complex due to the hydrogen bond Ey\, au. Eg, a.u. Ec, a.u. AE 5, a.u. AEgc, a.u.
1) —562.535 —562.525 —562.538 0.01 0.013
2) -562.505 —562.412 -562.502 0.093 0.09
3) —562.522 —562.504 -562.518 0.018 0.014

Note. E, — is the total energy of the process reagent; Eyz — is the total energy of the transition structures of the process; Ec —
total energy of process products.

As shown by the analysis of the energy parameters presented in Table, the minimal activation energy
accompanies the process of proton transfer in the complex due to the hydrogen bond (1) in the forward and
reverse directions, respectively, 26 and 34 kJ/mol, the maximum activation energy for the process in the
complex due to the hydrogen (2), where the parameter corresponds to 244 and 236 kJ/mol, the intermediate
position is occupied by the activation energy in the complex due to hydrogen bonds (3): 47 and 36 kJ/mol,
respectively. It should be remembered that in reactions where the activation energy is greater than 150 kJ the
rate is very small or practically these reactions do not flow. In reactions where the activation energy is less
than 60 kJ, the rate is very high.

Thus, by using non-empirical quantum chemical methods, kinetic curves and characteristics were ob-
tained depending on the coordinate of the reaction of the complex due to the hydrogen bond of aminoacetic
acid, their kinetic stability is shown, and the characteristic of the hydrogen bond is estimated.
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K.K. Kyrxkanosa, A.®. Kypmanosa, 1.A. Ilycronaiikuna, .M. Mcmaryinos

AMMHKBIIKBLIIAPHI JUMeEPJIi MOJIEKYJIATAPBIHBIH POTOHAAHY NMPOLECTEPIH
IMIMPHUKAJIBIK eMeC MOAeJIbey

AMUHCIpKE KBIIIKBUIBIHBIH ANMEpJIEPIHAETi MOJEKy/NaapalblK IPOTOH AJIMACYbIHbIH KBaHTTBI-XUMHUSIIBIK
Mozenbaeyi 3—21G Heri3ri )KUBIHTBIFBIH NaiiiajaHa OThIPBII, MeKTeyci3 XapTpu-Dok oici apKbLIbl Ky3ere
achIpbULABI. AMHHCIPKE KBIIIKBUIBI AUMEPIHIH YII HEri3ri KypbUIbIMABIK H30Mepi KBAHTThI-XUMHSIIBIK TYPAE
aHbIKTJIFaH. by1 M3oMmepiep yuIiH NPOTOH aMacy PEeakUMsACBHIHBIH ayblcHaibl KyHiHiH KypbuibiMbl QST2
(Quadratic Synchronous Transit Approach) KBagpaTTBIK CHHXPOHABI TPaH3HUT IPOLEXYPAChl APKBUIEI
i3eminAi. AMHUHCIpKE KBIIIKBUIBIHBIH JUMEpi YINIH OHBIH KypaMbIHIA €Ki KapOOKCHIbIl (pyHKIMOHAIIBI
TONTHIH CYTEKTiK OalyIaHBICTaphl KaJBIITACATHIH OTIEN KYHIIH CHMMETPUSIIBIK KYPBUIBIMBEI OaifKaaisl.
AMUHCIpKE KBIIKBUIBIHBIH JUMEPIHJAET] MPOTOHABI MOJICKYJIAIBl TaChIMAINAHYBIHBIH KHHETHKACHl MEH
mexanm3mi IRC (Intrinsic Reaction Coordinate method) imiki KoopauHaT omiciMeH 3epTTeiHal. PeakuusIHbIH
IIIKi KOOpAMHATACBIMEH KapacThIPbUIBII OTHIPFAH PEaKLUs KYHECIHIH TOJBIK SHEPrHsUIAPbIHBIH TYEJIIIIK
KHUCBIKTaphl albIHIBI. Peakuus KyHeciHiH aybICmanbl jKoHEe OacTamKbl KyiaepiHmeri albIpbIMBI PETiHIC
AMHUHCIPKE KBIIIKBUIBIHBIH AMMEpJIEpiHAeri IIPOTOH alIMacy/blH aKTHUBTUIIK SHEPrusichl OaraiaHIpl.
MorekynaapaibslK IPOTOH ajIMacy PEeaKIHUsCH! YIIiH aKTHBTUIK SHEPrHACHIHBIH MUHHMAIIBI MoHI (Typa 26
kx/DKx/Monmb xoHe Kkepi OarbiTta 34 K/DK/MONIB), aMHHCIpKe KBINIKBUIBIHBIH CYTEKTIK OaiiaHbICTapAbIH
TY3UIyiHE eKi KapOOKCHIbAI (YHKIMOHANIB! KATHICATHIH JUMEpiHAE aibHABL MoleKkyraapaiblK MIPOTOH
IMacy peakUUsICHl YINiH aKTHUBTLIIK SHEPTUACHIHBIH MakcHMaiasl MoHi (Typa 244 xJ[k/Monb xoHE Kepi
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6arpiTTa 236 KJDK/MOJIB) aMHUHCIPKE KBIIIKBUIBIHBIH CYTEKTiK OailaHbICTapABIH TY3iMyiHE €Ki aMHH TOOBI
KaThICATHIH IUMEPIH/IE albIHIBI.

Kinm ce30ep: KBaHTTBHI-XUMUSUIBIK ecenteyinep, ab initio UHF 3-21G, cyrektik OaitnaHbic, aMHHCIpKe
KBIIIKBUIBI, JUMEp, CYTEKTIK OalilaHBIC apKbUIBI TY3UIETIH LUKIAIK KeHIeHJep, TCOMETPHSUIBIK JKOHE
SHEPTHSUIBIK OJIIIeM/Iep, KEIIeH T3y SHEPrHACH, CYyTeKTIK OalIaHbIC SHEPTUSCHL

K.K. Kyrxanosa, A.®. Kypmanosa, 1. A. Ilycronaiikuna, .M. Mcmaryinos

HesMmnupuyeckoe MoaeTHpPOBaHNe MPOTOJTUTHYECKHX MPOLECCOB
B TUMEPHBIX MOJIEKYJIAX AMHHOKHCJIOT

BeInmosaHEeHO KBaHTOBO-XUMUYECKOE MOJIETMPOBAHME MEXMOJIEKYIIPHOTO NPOTOHHOTO OOMEHa B JUMepax
aMUHOYKCYCHOM KHCJIOTBI C TOMOILBIO HEIMITMPHUYECKOTO HEOrpaHHMYeHHOro merona Xaptpu—Poka ¢ uc-
nons3oBaHveM OasucHoro Habopa 3-21G. KBaHTOBO-XMMHYECKH HICHTH()UIMPOBAHBI TPH OCHOBHBIX
CTPYKTYPHBIX H30Mepa JUMepa aMHHOYKCYCHOH KHCIOTHL JIJIsi TaHHBIX M30MEPOB C MOMOIIBIO ITPOLELYPHI
KBaJpaTHYHOTO CHHXpOoHHOTO Tpau3uta QST2 (Quadratic Synchronous Transit Approach) ocymiecTBieH mo-
HCK CTPYKTYPHI IEPEXOAHOTO COCTOSHHS PEaKIMH IPOTOHHOro 00MeHa. OTMEUEHO CHMMETPUYIHOE CTPOCHHE
TIEPEXOAHOTO COCTOSIHUS ISl AUMEpa aMHHOYKCYCHOM KHCITIOTHI, B 00pa30BaHUH BOJOPOJHBIX CBS3€H KOTO-
poro 3aneicTBOBaHbI ABe KapOOKCHIbHbBIE (YHKLHOHANbHBIE IPYNNbl. KHHETHKA N MEXaHH3M MEXMOJEKY-
JSIPHOM MUTpPAIMU MPOTOHA B AUMEPE aMHHOYKCYCHOM KHCIOTBI M3y4YEHBI C MCIIOIB30BAHUEM METO/Aa BHYT-
penneit koopaunats! peakuun IRC (Intrinsic Reaction Coordinate method). ITosy4eHsr KpuBbIe 3aBUCUMOCTH
MIOJTHOM 3HEPIUU pacCMaTPUBAEMOI PEaKIMOHHON CHCTEMBI OT BHYTPEHHEH KOOpIUHATHI peakiuu. OneHeHa
SHEprus aKTUBALK MPOTOHHOTO 0OOMEHa B ANMEpax aMUHOYKCYCHOM KHCIIOTHI KaK pa3HHIA B ITOJIHEIX SHEp-
THAX MEPEXOJHOTO U MCXOIHOTO COCTOSHMII PeakIMOHHOHM cHCTeMbl. MUHMMaNbHOE 3HAaYE€HHE SHEPTHH aK-
tuBayy (26 xJx/Momnb B mpssmMoM # 34 k/[/Mob B 00paTHOM HalpaBJIeHHH) ITOIYIEHO JUTS PEAKIMU MEX-
MOJIEKYJISIPHOTO IIPOTOHHOTO 0OMEHa B AMMEpe aMUHOYKCYCHOM KHCIIOTHI, B 00pa30BaHUH BOJOPOAHBIX CBSI-
3eil KoToporo 3aJelCTBOBaHbI [BE KapOOKCHIbHBIE (DYHKIMOHANIBHBIE TPyNIbl. MakcHManbHOE 3HAUEHHE
sHeprun aktuBaiuu (244 xJx/moinp B npsimoM u 236 k/Dx/Moiab B 00paTHOM HaNpaBJiICHHUH) IOJIYYEHO UL
PEaKIMU MEXMOJIEKYJISIPHOTO IPOTOHHOTO 0OMEHa B AUMEPE aMHHOYKCYCHOM KHCIOTHI, B 00pa30BaHUU BO-
JOPOJHBIX CBSI3€H KOTOPOTO 3aeHCTBOBAHBI IB€ AMHHOTPYTIIIBL

Kniouesvie cnosa: kBanToBO-xuMuueckue pacuetsl, ab initio UHF 3-21G, BomopoHas cBs3b, aMHUHOYKCYC-
Hasl KUCJIOTa, AUMEP, [IMKINYECKHE KOMILIEKCHI 3a CYET BOJOPOAHOM CBS3H, F€OMETPUUECKUE U DHEpreTHYe-
CKHE MTapaMETPbI, JHEPTHsI KOMILICKCOOOpa30BaHsl, JHEPTHSI BOJOPOIHON CBSI3U.
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Proton exchange in ammonia, water and formic acid dimers:
quantum-chemical calculation

Proton exchange in hydrogen-bounded complexes occupies an important place among dynamic processes tak-
ing place in molecular systems with hydrogen bond. However, despite numerous experimental and theoretical
studies in this field, a single point of view on the mechanism of proton exchange has not yet been accepted by
scientists. Ammonia, water and formic acid are small in size protolytes with widely differing acid-base prop-
erties. This makes them suitable and comfortable for theoretical modeling of proton exchange reaction. Quan-
tum-chemical simulation of the proton exchange reaction in model dimers of ammonia, water and formic acid
was carried out by AM1 and ab initio 6-31G, 6-31G++ methods of Gaussian-2009 program. The search of
transition state structure was performed by using of QST2 procedure, the descent along the reaction coordi-
nate was held by using of IRC procedure. The symmetrical structure of transition state in the case of formic
acid dimer and the asymmetric structure of transition complex in the case of ammonia dimer were obtained
for studied proton exchange reaction. A synchronous mechanism of proton exchange reaction is shown in the
case of the formic acid dimer and a sequential mechanism is shown in the case of ammonia dimer. The dy-
namic shortening of the hydrogen bridge length was noted during proton exchange reaction in all model sys-
tems. It was suggested that the mechanism of proton exchange reaction is determined by the nature of the re-
sulting transition state (symmetrical or asymmetrical). At the same time, the transition state structure is de-
termined by the acid-base properties of reaction partners.

Keywords: proton exchange, dimer, sequential and synchronous reaction mechanism, hydrogen-bounded
complex, AM1, ab initio, 6-31G, QST2, IRC.

Introduction

Proton exchange in hydrogen-bounded complexes occupies an important place among dynamic pro-
cesses taking place in molecular systems with hydrogen bond [1]. Formation of the hydrogen bond can be
considered as an intermediate stage of the proton exchange protolytic reaction in this case [2]. However, de-
spite numerous experimental and theoretical studies in this field, a single point of view on the mechanism of
proton exchange has notyetbeen accepted by scientists today [3]. Study of the proton exchange reaction
mechanism by modern quantum chemistry methods can help us to clarify important aspects of the hydrogen
bonding phenomenon, as well as specific features of a number of physical, chemical and biological phenom-
ena.

It is assumed that the proton exchange reaction proceeds through the formation of intermediate cyclic
complexes with H-bonds [4]. As we know, many nitrogen- and oxygen-containing organic compounds tend
to form cyclic dimers both in solutions and in the gas phase. Geometry of dimers is favorable for the proton
exchange reaction [5]. For example, formic acid exists in dimer form both in liquid and gaseous state. Strong
H-bonds between molecules can be found in water and liquid ammonia. At the same timeammonia, water
and formic acid molecules have small size and very different acid-base properties. This makes them suitable
and comfortable for theoretical modeling of proton exchange reaction.

Methods

The purpose of the investigation was to study the proton exchange reaction mechanism in water, am-
monia and formic acid cyclic dimmers by quantum-chemical methods.Cyclic complexes of objects have
been treated ab initio using the 631G and 6-31G++ basis sets as well as by the semiempirical AM1 method.
The choice of methods was determined by the desire to compare the results of semiempirical and non-
empirical modeling with each other, as well as the specification of methods.Thus, the semiempirical method
AM1 is applicable for organic molecules calculation, especially those containing nitrogen and oxygen, as
well as for hydrogen bonded systems. Simultaneously high-level ab initio methods can be used as a standard
for interatomic interaction accurate description at the quantum-chemical level. The search of transition state
structure was performed by using of QST2 procedure, the descent along the reaction coordinate was held by
using of IRC procedure. Calculations were made using the Gaussian 2009 package [6, 7].
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Results

Proton exchange in dimers of protoliths is an energy-degenerate process. New products are not formed
as a result of this exchange reaction:

C
H.
RX X—R H
RXI—{kXR RXHXR/ H \RX*XR‘*—RX+XR(1)
- o
i \RX \)+(—R i H
A B bl B, Ay
Ci

Scheme 1 shows that the initial A and final A, states are geometrically and energetically identical and
correspond to two independent molecules of the protolith with intermolecular interaction. Hydrogen bonded
cyclic complexes (dimers) B and B; were formed as a result of this type interaction. Synchronous double
proton transfer can occur in the case of intermediate C formation -symmetric hydrogen bonded molecular
complex (HBMC) and sequential proton transfer can occur in the case of intermediate C; formation —
asymmetric hydrogen bonded ionic complex (HBIC). It was interesting to determine the proton exchange
mechanism in ammonia, water and formic acid dimers by quantum chemical AM1 and ab initio methods and
to perform their comparative analysis.

The calculation of ammonia, water and formic acidcyclic dimer structures was originally carried out
(structures B and B; on Scheme 1). Regardless of the calculation method identical structure of the NH;—NHj,
H,0-H,0, HCOOH-HCOOH cyclic complexes was obtained as a result of geometry optimization proce-
dure. However, different length of hydrogen bridge in the same dimers were noted as a result of
semiempirical or ab initio calculation method. Table 1 shows the structure and hydrogen bridge length
R(X-X), A, obtained as a result of quantum-chemical calculations for model associates. Table 1 also presents
the literature experimental data of hydrogen bond lengths in studied cyclic associates. It can be seen from the
experimental data that the hydrogen bridge length is maximal for ammonia dimer and minimal for formic
acid dimer. The same relationship between the hydrogen bridge lengths was also obtained on the basis of
quantum-chemical calculations.

Table 1

Structure and length of the hydrogen bridge for model dimers of ammonia, water and formic acid

Dimer Structure of dimer R(X-X),A | AM1 | 631G | 6-31G++ |Exp./gas.p.

NH;-NH; ‘) }) R(NI-N5) | 348 | 327 3.32 3.27[8]
r ’J R(O1-04) | 2.68 | 2.67 2.68 2.76 [9]

9 R(09-03) | 3.06 | 2.72 274 | 2.73[10]
HCOOH- \k
HCOOH ’_f.) R(02-05) | 3.06 | 2.72 274 | 2.72110]
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It can be seen from the data presented in Table 1 that the best agreement with the experimental data on
the hydrogen bridge length was obtained by ab initio Hartree-Fock method for ammonia and formic acid di-
mers. The semiempirical AM1 method gives highly overestimated distances between heteroatoms in model
dimers in the same time. There is however, a large difference in the calculated and experimental data of hy-
drogen bridge length for water dimer. This may be a consequence of the discrepancy between the theoretical
model of the dimer and the practical one. This can be cause by difference between theoretical and practical
model of water dimer. Data for linear structure water associates are given in literature generally. We did not
succeed in obtaining accurate experimental data about water cyclic dimer structure.

Obtained structures of dimers have been used to simulate the proton exchange reaction. It was taken
that initial and final states of the reaction system (scheme 1) are geometrically and energetically identical.
The search of transition state structure was carried out by using of QST2 procedure (Quadratic Synchronous
Transit Approach) [11]. Table 2 shows obtained geometric structures of the proton exchange reaction transi-
tion states. It is interesting to note that the hydrogen bridge length in transition state is smaller than in origi-
nal dimer in all cases.

Table 2
Geometric structures of transition states for proton exchange reaction in model dimers

Dimer Structure of the transition state according to the method
¢ AMI 631G
9 :
. 7 9
NH;-NH; 4 g ;
e 9
R(NI-NS5) =234 A R(NI-NS) =236 A RN =244 2
9 2 ¥
219 @9 5
H,0-H,0 “ ‘J ‘9—' ‘3
: 9 9
R(01-04)=2.08 A R(O1-04) = 2.05 A symmetrical R(O1-04)=2.12 A
° Q@ ° 9 ° 9
8l y 8l y 8l 3
HCOOH-
HCOOH 9 9 )
R(02-05)=2.40 A R(02-05)=2.39 A R(02-05)=2.39 A
R(03-09) ='2.40 A R(03-09)=2.39 A R(03-09)=2.39 A
symmetrical symmetrical symmetrical

It can be seen from the data presented in Table 2, that there are two types of transition state: 1) symmet-
rical structure (structure C on scheme 1); 2) asymmetric structure (structure C; on scheme 1). Formation of
an asymmetric structure of ion-type transition complex is observed for ammonia and water dimers (excepted
for H,O-H,O complex calculated by 6-31G method). Formation of a symmetrical structure of molecular type
transition complex is observed for dimers of formic acid. It can be assumed that symmetrical structure of
transition state for proton exchange reaction is typical for dimers of acid type particles, and asymmetric
structure of transition state is typical for basic type particles. Since water is ampholyte, it can form both types
of transition state.

In the same time the mechanism of the proton exchange reaction will be determined by the molecular or
ionic type of transition state. Synchronous double proton transfer should be expected in the case of symmet-
ric type of transition state structure; sequential proton transfer should be expected in the case of asymmetric
type of transition state structure.

66 BecTHuk KaparaHguHckoro yHuBepcuteTa



Proton exchange in ammonia, water and formic acid dimers ...

The descent along the reaction coordinate was carried out by using of IRC procedure (Intrinsic Reaction
Coordinate method) [11]. Figure 1 shows the reaction path diagram for proton exchange in model dimers,
obtained by using of AM1 semiempirical calculation method.

""""""""""""""""" O L,

/ \ a) NH; — NH;;
E,..=342.57 kJ/mol’ o o . .
- Intr1n51c reaction Coordlnate

Fua=419.66 kl/mol’ / | \ b) H.0 — H,0;

15 \

’F E,..=154.28 kJ/mol’ ¢) HCOOH - HCOOH
G 03
" Eea AU

Calculation method: AM1 ("1 A.U.=2625.5 kJ/mol)
Figure 1. Reaction path diagram for proton exchange in model dimers

From graphs in Figure 1 we can see that the potential barrier height for proton exchange in water dimer
is maximal, and in formic acid dimer is minimal. Activationenergyoftheproton exchange reaction was esti-
mated as the difference in the total energies of the transition and initial states of the system. By AMI
activation energy calculations it was found 342.57 kJ/mol for ammonia dimer, 419.66 kJ/mol for water dimer
and 154.28 kJ/mol for formic acid dimer. Calculated activation energy values are close to the covalent bond
energy that indicates about overestimation of the hydrogen bond energy by the semiempirical AM1 method.

Reaction path diagrams for proton exchange in model dimers were obtained analogically by ab initio
6-31G, 6-31G++ calculations with the help of IRCprocedure. The results of calculations are shown in Fig-
ure 2.

Figure 2 shows that ab initio calculated curves have more acute energy peak in comparison with graphs
obtained as a result of semiempirical AM1 calculation. The lower values of total energy were obtained as a
result of 6-31G++ ab initio calculations. In the6-31G/ 6-31G++ basis set the barrier height of
282.84/272.20 kJ/mol for double proton transfer in ammonia dimer and 253.89/ 249.05 kJ/mol in water
dimer and 65.40/68.18 kJ/mol in formic acid dimer was found. It should be noted that the barrier for the pro-
ton exchange in formic acid dimer obtained in the present investigation agree with the experimental results
for the double proton transfer in DCOOH dimer (50.66 kJ/mol [12]). The difference in the values may be due
to the difference in the phases: calculations were made for the gas phase, and the experiment was carried out
for the liquid.

Thus, quantum-chemical simulation of the proton exchange reaction in model dimers of ammonia, wa-
ter and formic acid was carried out by the AM1 and ab initio 631G, 6-31G++ methods. Activation energy,
change of the reaction system geometry and of the hydrogen bridge length AR(X-X), A were monitored dur-
ing the calculations. Obtained characteristics are presented in Table 3.
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Figure 2. Reaction path diagram for proton exchange in model dimers

Table 3

Calculated characteristics of proton exchange in model dimers of water, ammonia and formic acid

Method
Dimer AM1 6-31G 6-31G++
Enr, kKJ/mol | ARX-X), A | Euq, kl/mol | ARX-X), A | Eu, ki/mol | ARX-X), A
Ammonia 342.57 1.14 282.84 0.91 272.20 0.88
Water 419.66 0.6 253.89 0.62 249.05 0.56
Formic acid 154.28 0.66 65.40 0.33 68.18 0.35

It can be seen from the data presented in Table 3, that the shortening of the hydrogen bridge length dur-
ing the proton exchange reaction was fixed both by the semiempirical AM1 method and ab initio calcula-
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tions. The maximum shortening of the hydrogen bridge length was observed for proton exchange in ammo-
nia dimer (AR(N-N) = 0.88-1.14 A). There are asymmetric types of transition state structure and sequential
proton exchange mechanism was fixed. The minimum shortening of the hydrogen bridge length was ob-
served for proton exchange in formic acid dimer (AR(O-0)=0.33-0.65 A). There are symmetrical types of
transition state structure and synchronous proton exchange mechanism was fixed.

It should be noted that the barrier height for the proton exchange in formic acid dimer is minimal. In the
case of water, which is the ampholyte, a synchronous mechanism of proton exchange was recorded by 6-31G
ab initio calculations and a sequential mechanism was showed by AM1 and 6-31G++ calculations. It was
suggested that the mechanism of proton exchange reaction is determined by the nature of the resulting transi-
tion state (symmetrical or asymmetrical). At the same time, the transition state structure is determined by the
acid-base properties of reaction partners.
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N.A. Ilycronaiikuna, KOK. Kyrxanosa, A.B. ITymuna, A.®. Kypmanosa

AMMI/IaK, CY /K9HE€ KYMBIPCKA KbIIKbIJbI zmMep.ﬂepinleri IMPOTOH ajIMacy:
KBaAHTTBI-XUMHSJIBIK €CENITCYJICD

Cyreri apKpUIbl TY3UIT€H KOMIUIGKCTEpJEri NPOTOH aiaMacy CyTeri OaiiiaHbichl 0ap MOJEKYJIajbIK
KyHenepaeri IUMHAMMKAIBIK HPOLECTEpPJE MAaHBI3ABI OpPBIH anaabl. bipak OCbl OOJBICTaFbl KONTEreH
TOKIpUOETIK JKOHE TEOPHSIBIK OepiireHnepre KapaMmacTaH, HPOTOH ajMacyIblH MeXaHH3Mi Typasibl
FajgpIMaapaa Oipael Ke3kapac KaublITaclaraH. AMMHAK, Cy XOHE KYMBIPCKAa KBIIIKBUIBI KYIITi KBIIKBII-
HETI3MIK KAacHeTTEepIMEH epeKIIEeNICHETiH, OJIIeMi JKaFblHaH KillkeHe, MPOTOH anMacy peakIHsIapblH
TEOPUSUIBIK MOJISIIBICYTe BIHFAMIIBI IPOTONUTTEP OOJIBIN TaObUIa bl AMMHAK, CY JKOHE KYMBIPCKA KBIITKBLIBI
MOJIETBl AUMEpIIepiHe MPOTOH alIMacy peaKIsIapbIHBIH KBAaHTTH XUMUSUIBIK MoJenbaeyi Gaussian-2009
6argapnamacelnbly ab initio 6-31G, 6-31G++ Oasucrepinge xone AMI1 omicTepi apKbUIbl OPBIHIAIIBL.
Aysbicniansl Ky#iH Kypsuibicbl QST2 mporeaypachlHbIH KOMETiMEH aHBIKTAIIbI, PEeaKIus KOOPAUHATACHI
6oitpinma tycy IRC mpouenypachiHBIH KOMETiMeH IKYpri3iimi. 3epTTeiilm OTBIpFaH MPOTOH aiMacy
peaKkuMsIapbIHAa KYMBIPCKA KbILIKBUIBI AUMEPIiHIH aybICHalibl KYHiHIH CHMMETPHSIBI KYPBUIBICHI KOHE
aMMHAaK JUMEpIHIH aybICTIANbl KYHIHIH acCHMMETPUSUIBI KYPBUIBICHI anbHABL. [IpoTOoH anmacy MexaHU3Mi
KYMBIPCKA KBIIIKBUIBI JUMeEpiHfe Oip yakbITTa, ajl aMMHAKTa caTbUIall XXYPETiHAIri kepceTinmi. bapibik
MOJIETBl JKyiienepae MPOTOH alMacy pPeakmusChl Ke3iHAe CYTEKTiK OaifJIaHbIC Y3BIHABIFEI KBICKApasbl.
IIporon ammacy MexaHM3Mi TY3UIeTiH ayblcmaibl KyWHAiH TaOWraThlHa (CHMMETpHSUIBI  HeMece
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ACHMMETPHSLIbI) HETI3AENIeH, ajl OHBIH KYPBUIBICHI PEaKLHsAFa TYCETiH 3aTTapAblH KBIILIKbUI-HET13diK
KacHeTTepiMeH aHBIKTaJIa/bl IETeH 00JDKaM JKacalbIH/IbI.

Kinm ce30ep: mpoTOH anmacy, JUMep, PEaKUMsSHBIH CaThulall XoHE Oip yaKbITTarbl MEXaHW3Mi, CyTeri
OaliTaHBICHI ApKBLIBI TY3UICTIH KoMIuteke, AM1, ab initio, 6-31G, QST2, IRC.

N.A. Ilycronaiikuna, K.OK. Kyrkanosa, A.B. Ilymuna, A.®. KypmanoBa

OO0MeH NpOTOHAMH B JUMepPaX AMMHAKAa, BOJAbl U MYPABbUHOI KHCJIOThI:
KBAHTOBO-XMMHUYECKHUH pacyet

ITpoToHHEIT 0OMEH B BOAOPOAHOCBS3aHHBIX KOMIUIEKCAX 3aHMMAeT BaXKHOE MECTO CPeAU IHHAMHYECKHX
MPOLECCOB, UMEIOINX MECTO B MOJIEKYJISIPHBIX CUCTEMAaX C BOJOPOAHOI CBs3bt0. OJJHAKO, HECMOTPST HA MHO-
TOYHCIIEHHbIE 3KCIIEPUMEHTANbHBIE 1 TEOPETHUECKUE M3bICKAaHHS B JaHHOW 007acTH, €IMHON TOUYKH 3PEHUS
Ha MEXaHH3M IPOTOHHOTO 0OMEHa y4eHBIMU HE BBIpaOOTaHO. AMMHAK, BOJa U MypaBbHHAs KHCIIOTA SIBJIS-
I0TCS HEOONBIINMHU IO pa3Mepy NPOTOJUTAMHU C CHIIBHO Pa3iMYalOIINMHUCS KHCIOTHO-OCHOBHBIMH CBOWCT-
BaMH, YIOOHBIMH JJISl TEOPETUYECKOTO MOJCIIMPOBAHMS peakny ooMeHa nporoHa. Meronamu AM1 u ab ini-
tio B Oasucax 6-31G, 6-31G++nporpammel Gaussian-2009 BBITOJHEHO KBAaHTOBO-XUMHYECKOE
MOJICTIMPOBAaHUE PEAKIUH IPOTOHHOTO OOMEHAa B MOJEIBHBIX AMMEpax aMMHaKa, BOABI M MYpPaBBHHON
KUCTOTHL. IToHCK CTPYKTYphI MEPEXOAHOTO COCTOSIHUSI OCYLIECTBIEH C MOMOLIbI0 mpoueaypsl QST2, cmyck
[0 KOOpJIMHATE peakuun — ¢ nomouipio npouenaypsl IRC. [lnsg ucecnenyemoil peakuun oOMeHa IpOTOHAMHU
MOJTy4eHO CHMMETPUYHOE CTPOEHHE TEePEXOJHOTO COCTOSIHUS B Cllydae AUMEPa MypaBbUHOI KHCIOTBI U
aCUMMETPHYHOE CTPOEHHE MEPEXOAHOTO KOMIUIEKca B cayuae AuMepa ammuaka. [lokazaH CHHXPOHHBIH Me-
XaHM3M OOMEHa NPOTOHAMH B JIMIMEpPEe MYPaBBHHON KHCIIOTHI, ITOCJIEIOBATEIbHBIM MEXaHU3M B JIHMEpE aM-
Muaka. Bo Bcex MOJEIBbHBIX CHCTEMaX OTMEUYEHO IUHAMHUYECKOE COKPALCHUE JIMHBI BOJLOPOJHOIO MOCTHKA
B XOJ/I¢ PeaKkIuH MPOTOHHOTO oOMeHa. ClenaHo HpeIIoNoKeHne, YTO MeXaHU3M OOMeHa IMpOTOHAMH 00y-
CJIOBJINBAETCS XapaKTepoM 00pa3yIoIIerocs: IepexoJHOTO COCTOSIHHS (CHMMETPHYIHOE WM aCHMMETPUYHOE),
CTPYKTypa KOTOPOTO, B CBOIO Ouepellb, ONPENEIsIeTCs KHUCIOTHO-OCHOBHBIMH CBOMCTBAMH pPEaKLHOHHBIX
MapTHEPOB.

Kniouesvie cnosa: npOTOHHBIH OOMEH, AWMEp, MOCIENOBATENbHBI M CHHXPOHHBIH MEXaHM3MBl PEaKIUH,
KOMIUIEKC 3a cYeT BOJOPOAHOM cBsi3u, AM1, ab initio, 6-31G, QST2, IRC.
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Experimental study of the electrical conductivity of water,
dilute aqueous solutions of alkali metal chlorides and alcohols
under the electromagnetic field influence

The article is devoted to the study of the influence of a high-frequency electromagnetic field on the electrical
conductivity of water, aqueous solutions of alkali metal chlorides and dilute aqueous solutions of normal al-
cohols. A significant increase in the electrical conductivity of water and aqueous solutions under the influ-
ence of the electromagnetic field with a frequency varying in the range of 100-200 MHz is found. The effec-
tiveness of the electromagnetic field impact depends on the frequency of the field and the time of its action.
The electrical conductivity of water and aqueous solutions of alcohols increases to the greatest extent, more
than twice. The effect of field influence on the electrolytes solutions is sufficiently lower and appears only for
the solutions with concentrations of less than 0.01 mol/L. The maximum increase in electrical conductivity of
is observed in 1010 M sodium chloride solutions and is 27-33 %. After the termination of the field ac-
tion, the electrical conductivity of the electrolytes solutions slowly relaxes to the initial values, and the elec-
trical conductivity of water and aqueous solutions of alcohols continues to increase for 7-10 days until a sta-
tionary value is established. The observed phenomena can be caused by a change in the structural organiza-
tion of water as a result of electromagnetic interference.

Keywords: water, aqueous solutions, alkali metal chlorides, aqueous solutions of alcohols, specific conductiv-
ity, electromagnetic field, frequency, irradiation time.

Introduction

Water has a number of properties that sharply distinguish it from other liquids, and it is not yet deci-
phered, extremely flexible and variable structure, depending on the slightest changes in pressure, tempera-
ture, presence of impurities and various energy fields. The presence of low-energy hydrogen bonds between
water molecules determines its sensitivity to external influences. However, so far, there are no theoretical
and experimentally justified models and mechanisms that explain the short-term and long-term effects of
energy and information impacts on water. In this connection, the actual task, in our opinion, is the identifica-
tion of the mechanism of such phenomena, their relation to the structure and properties of water, and elec-
tromagnetic field influence on the water and water systems that is not directly related to changes in the
chemical composition of water and aqueous solutions.

The repeatedly verified facts show that even small energy impacts and additives of various substances
in a very small concentration lead to a significant change in the physicochemical properties of the systems
and cause the shifts in the energy parameters of subsequent physicochemical processes tens of times higher
than the energy of the activating action passed to the substance [1-4]. Changes in the structural, optical, ki-
netic, magnetic, and other physicochemical properties of the water systems studied have been recorded
[5-11].

The purpose of this work is to study the effect of a high-frequency electromagnetic field with a frequen-
cy varying in the range of 100200 MHz on the electrical conductivity of dilute aqueous solutions of electro-
lytes (alkali metal halides) and alcohols.

As the objects of investigation, solutions of lithium, sodium, potassium and cesium chlorides were cho-
sen. According to O.Ya. Samoylov [12], the first two ions have positive hydration, and the last two ions have
a negative hydration. According to the same theory, chlorine ions are negatively hydrated. Thus, it is possi-
ble to estimate the effectiveness of irradiation of solutions with different types of hydration. Solutions with a
concentration of 0.001-0.0001 mol/L were studied in the work, so that the ion-ion interaction could be ne-
glected.

Also, the solutions of propyl, butyl, and hexyl alcohols of normal structure, distinguished by the length
of the hydrocarbon radical representing the hydrophobic part of the alcoholic diphilic molecule, were chosen
as the objects of investigation. The structure of water-alcoholic solutions is largely determined by the struc-
ture of water and alcohols, as well as by the features of the interaction between the components in the solu-
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tion. It is known that aliphatic alcohols dissolve in water in significant amounts, due to the formation of
strong hydrogen bonds with water molecules. Studies show that when certain amounts of alcohol are added
to water, the solution stabilization, which is mainly due to the association of particles, as well as the transi-
tion of less ordered structures to more ordered ones, is observed. Liquid water consists of areas of a certain
structure, called clusters. When adding alcohol, first the voids between the clusters are filled, that leads to
their stabilization, and then the molecules of alcohol begin to compete for hydrogen bonds within the clus-
ters. Particularly easily in the structure of water small molecules of alcohol are introduced, which, falling
into local molecular formations, retain the spatial arrangement of water molecules [13]. This confirms the
fact that when adding alcohol to water, a decrease in the interlayer distances, compared to the same values
for water, is observed. With the increasing alkyl radical, a gradual increase in the interlayer distances occurs,
which proves the destructive effect of the more voluminous alcohol molecules, which is accompanied by
more significant rearrangements of the molecules spatial arrangement in local water formations [14].

Electromagnetic conductivity was chosen as a response to electromagnetic interference. Previous stud-
ies have shown a significant increase of electromagnetic conductivity of water exposed to radiation [15]. In
addition, previous studies indicate a change in the surface properties of normal structure aliphatic alcohols
solutions [16]. The observed changes in the surface tension of these solutions may be a consequence of
changes in intermolecular interactions in the volume of the solution. Alcohols are not electrolytes, therefore
the electrical conductivity of water in their presence should not change. However, alcohol molecules change
the supramolecular organization of water due to the so-called hydrophobic hydration that is an ordering of
water structure near the hydrocarbon radical of the alcohol molecule [14]. Since a significant contribution to
the electrical conductivity of water is due to the relay mechanism, which depending on a spatial orientation
of water molecules, any reorientation of the solvent molecules both due to the addition of molecules of the
dissolved substance (alcohol) and due to the external physical action should lead to a decrease in the activa-
tion energy of the proton hopping from this place to the next. Therefore, the study of the electrical conductiv-
ity of alcohols solutions and its changes as a result of physical effects seems to us a very promising task that
allows us to expand our understanding of the physical picture of processes caused by intermolecular interac-
tion.

Method

Deionized water purified with the deionizer of water WD-301, with an initial specific electric conduc-
tivity of 1.4-1.8-10"* S/m was used in this study. LiCl, NaCl, KCl, CsCl of the grade «chemically pure,
propanol-1 (GOST 6006-78), butanol-1 (TU 6-09-3467) and hexanol-1 (TU 6-09-3499-87) were used. The
purity of the alcohols was checked according to the values of the refractive index and surface tension, so the
discrepancies between the found and tabulated values did not exceed 0.5-1.0 %.

The source of the electromagnetic field was a high-frequency generator G4—119A, which output power
was 1 W and its frequency range was 30-200 MHz. The voltage at the high-frequency electrodes was 20-22
V. A cell of capacitive type was used to irradiation of water, aqueous solutions of electrolytes and alcohols.
The cell consisted of a 20 ml teflon beaker, in the center of which an internal high-frequency electrode was
located. The high-frequency electrode was a brass rod, isolated with teflon. The outer high-frequency elec-
trode was an aluminum cup, closely fitting to the teflon surface. The electrodes through the bottom of the
cup were connected to the generator by means of an high-frequency cable.

The conductometer CC-102/1 with platinum electrodes was used for measuring the electrical conductiv-
ity. The electrodes were stored in deionized water and periodically cleaned the surface by washing with di-
lute HNO;. The cell constant, determined with use of a 0.01 M KCl solution, was equal to 51 m™. Before the
experiments, the purity of the dishes (a cell, a cup) was checked according to the electrical conductivity of
the deionized water.

Aqueous solutions of salts and alcohols were exposed to EMF with a variable frequency in the range of
100200 MHz with step of 5-10 MHz. Each portion of the solution was irradiated with a field of only one
predetermined frequency. The electrical conductivity values were measured every 10-30 minutes, pouring
the solution into a conductometric cell.

Results and Discussion

Earlier, an increase in the specific electric conductivity (=) of water as a result of the ultra-high-
frequency electromagnetic waves influence was determined (the frequency range of 30—200 MHz was stud-
ied). The selectivity of the field action is shown. The maximum increase in @ is observed only at certain field
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frequencies equal to 110, 150 and 170 MHz. The change in frequency by + 1 MHz relative to the indicated
values led to a sharp decrease in the effect.

In this paper, kinetic regularities of the field influence on water are investigated. It is established that
changes in the electrical conductivity increase gradually to a certain limit, and it is the effect of «saturation».
The rate of increase of the effect and the limiting values of @ depend on the frequency of the EMF. The max-
imum rate of increase in electrical conductivity corresponds to a frequency of 150 MHz, and its maximum
value is 170 MHz. The settling time of @, also varies depending on the frequency, so that is from
60 minutes for the frequency of 150 MHz, to 240 minutes for the frequency of 170 MHz (Fig. 1).
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Figure 1. Kinetic curves of the change in the electrical conductivity of water
under the influence of the fixed frequency electromagnetic field

The values of the electrical conductivity of 10*-10*M solutions of LiCl, NaCl, KCl and CsCl are de-
termined. Figures 2 and 3 shows the experimental values of the conductivity of solutions of these salts. Salts
containing positively hydrated ions have a significantly lower electrical conductivity. At the transition from
LiCl and NaCl to KCl and CsCl, the conductivity appreciably increases. The lower mobility of Li" and Na"
ions is due to their high degree of hydration and, as a consequence, the large size of the hydrated ions. When
the solutions are diluted 10 times, the electrical conductivity of solutions of LiCl and NaCl also decreases by
approximately 10 times, and for solutions of KCl and CsCl conductivity decreases to a lesser degree.

An increase in the electrical conductivity of solutions as a result of EM impact is established. The de-
gree of its increase depends on the nature of the electrolyte and its concentration, field frequency and dura-
tion of exposure. Proceeding from the assumption that as a result of the electromagnetic influence, the ion-
dipole interaction can be weakened, which should affect the mobility of the ions, we should expect the great-
est influence of the field on solutions of lithium and sodium salts. Indeed, as shown in Figure 2, the maxi-
mum increase in the electrical conductivity of millimolar solutions is observed in the case of lithium and so-
dium chlorides (11 and 27 %, respectively). For salts of K and Cs, the change in conductivity is negligible.
The field has the least effect on the properties of KCl solutions.
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Figure 2. The maximum increase in electrical conductivity of 0.001M salt solutions
as a result of electromagnetic influence (7 = 295 K)
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With a decrease in concentration by an order of magnitude, the effectiveness of the electromagnetic ac-
tion significantly increases (Fig. 3). The effect is most noticed for NaCl.
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Figure 3. The maximum increase in electrical conductivity of 0.0001M salt solutions
as a result of electromagnetic influence (7= 295 K)

As to the nature of the dependence of the electrical conductivity on the frequency of EMF, then clearly
expressed maxima are observed for lithium and sodium salts at certain frequencies, while for potassium and
cesium salts only small variations of the measured quantity are observed. At C = 10~ mol/L for CsCl, a per-
ceptible maximum of electrical conductivity for a frequency of 170 MHz is observed on this curve. Table 1
lists the frequencies of the electromagnetic field corresponding to the maximum increase in «. They are indi-
vidual for each electrolyte.

Table 1

Electromagnetic field frequencies corresponding to the maximum increase
in electrical conductivity of alkali metal chlorides solutions

Electrolyte f, MHz
LiCl 110 160
NaCl - 200
KCl 100 190
CsCl 90 170

Figures 4a and 4b show the concentration dependences of the effectiveness of the electromagnetic im-
pact in the studied solutions. For the convenience of the graphical representation of the data, the molar con-
ductivity values are given. The electrical conductivity of deci- and centimolar solutions as a result of the
field action nearly does not change, and its maximum increase is observed at a concentration of 10~ mol/L.
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Figure 4. The dependence of the molar conductivity on the concentration
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It is established that, as in the case of water, the electrical conductivity of the solutions increases gradu-
ally over 100-110 minutes of EMF impact. Further irradiation does not affect its magnitude (Fig. 5a). After
the termination of the action, relaxation of the conductivity to the initial value is observed (Fig. 5b), howev-
er, the relaxation time is a little longer than the time of the electrical conductivity increasing. It is 120—
130 minutes. It should be noted that the electrical conductivity of irradiated water does not return to the ini-
tial value after the irradiation stops, but continues to increase for a week or more [7].
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Figure 5. The change in the electrical conductivity of 0.001M electrolyte solutions (<))
as a function of the irradiation time (a) and the time after irradiation (b)

Studies have shown that adding alcohols to water leads to an increase in its electrical conductivity. Ta-
ble 2 gives data on the electrical conductivity of propanol-1 and butanol-1 solutions of various concentra-
tions. It follows from the presented data that with the elongation of the hydrocarbon radical, there is slower
increasing of the electrical conductivity.

Table 2
Electrical conductivity of aqueous solutions of propanol-1 and butanol-1
as a function of concentration at 7=296 K
C, mol/L 0 0.025 0.05 0.10 0.15 0.20
@10%, S/m, propanol-1 1.25 1.73 2.09 2.29 2.61 3.21
@-10", S/m, butanol-1 1.25 1.48 1.79 2.14 2.75 2.81

The influence of EMF leads to an increase in the conductivity of alcohols aqueous solutions. The effect
is noticed only for certain field frequencies. Thus, the maximum increase in the electrical conductivity of the
solution of butanol-1 is observed under the influence of EMF at a frequency of 130 and 170 MHz and is
54 % (170 MHz) at an irradiation time of 60 min (Fig. 6).

Increase in electrical conductivity during EMF influence occurs gradually. Its significant growth is ob-
served in the first 30 minutes of EM impact. With further irradiation, a less noticed increase is observed.
However, in 2 hours of irradiation, the value of the specific electrical conductivity became twice as high as
its original value (Fig. 7a). After the field effect was stopped, the electrical conductivity of the solution was
measured every day for 10 days. The electrical conductivity continued to increase and reached
11.6:10* S/m (Fig. 7b). In the further time there were no changes. The relaxation effect was absent for 6
months. A similar picture is observed for propanol-1.

Hexanol is slightly soluble in water. Its saturated solution corresponds to a concentration of 0.03 mol/L.
Studies were carried out with solutions of precisely this concentration. Tables 3 and 4 show the electrical
conductivity of the hexanol solution and its variation as a function of the frequency and time of EMF influ-
ence.
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Figure 6. The change in the specific electric conductivity of a 0.2 M butanol-1 solution
as a result of the influence of different frequencies EMF

Table 5 presents the values of the relative electrical conductivity of water and alcohols solutions
@, = ®f® (@ is the specific electrical conductivity of the irradiated solution, ey — specific electrical con-
ductivity of the non-irradiated solution), showing the effectiveness of the electromagnetic influence, depend-
ing on its frequency. For water and butanol, the maximum increase in electrical conductivity for a 30-minute
impact time corresponds to a frequency of 170 MHz, and for propanol and hexanol it is 150 MHz. In the
presence of alcohol, the degree of increase in @ of water is lower.
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Figure 7. The dependence of the specific electrical conductivity of a 0.2 M butanol solution

Table 3

The changes in the electrical conductivity of a 0.03 M hexanol aqueous solution
as a result of the influence of different frequencies EMF (t;,, =30 min, T =296 K)

f, MHz 0 130 150 155 170
@'10%, S/m 1.7 24 3.1 5.6 3.2
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Table 4
The changes in the electrical conductivity of hexanol solutions
as a function of the irradiation time (f=170 MHz, C =0.03 M, T =296 K)
t, min 0 30 60 90 120
@10, S/m 1.7 3.2 3.8 4.1 4.3
Table 5

The changes in the electrical conductivity of water and alcohols aqueous solutions
as a result of the influence of different frequencies EMF (t;,, = 30 min, t =298 K)

f, MHz 130 150 155 170
@, water 1.13 1.22 2.65 2.74
@, propanol-1(0,2M) 1.66 2.54 1.74 1.55
@ butanol-1 (0,2M) 1.29 1.18 1.28 1.54
2, hexanol-1 (0,03M) 1.39 2.06 1.46 1.88

The increase in the conductivity of halides of salts solutions can be explained from the viewpoint of
strengthening the structure of water as a result of electromagnetic influence. When the interaction energy of
the water molecules increases, the interaction between them and the ions of the dissolved substance is weak-
ened, so the degree of hydration of ions decreases. Since the mobility of the ions depends on their size, the
ion, partially devoid of the hydrated shell, moves faster in the aqueous medium. This fact was confirmed in
[17], where an increase in the diffusion coefficients of heavy metal ions as a result of the field action is
shown. It is obvious that for the K" and Cs" ions with negative hydration the effect should appear to the min-
imum degree, which was experimentally detected (Fig. 2). This assumption seems to be contradicted by the
data presented in Figure 3, where the maximum increase in electrical conductivity is observed in the pres-
ence of Cs™ ions. However, at an electrolyte concentration of 10 mol/L, the electrical conductivity of its
solution is comparable to the conductivity of water, and the experimentally recorded increase in it can be the
consequence of the increase in the electrical conductivity of water, rather than the mobility of cesium ions.
An increase in the electrical conductivity of water can be the result of a change in its structural organization,
which changes the activation energy of the proton hopping from one position to another during the relay
mechanism of water conductivity.

Since the acid properties of alcohols are less than in water, the observed increase in the electrical con-
ductivity of their aqueous solutions can be due only to an increase in the mobility of hydrogen and hydroxyl
ions formed as a result of partial dissociation of water molecules. As follows from the literature data [14],
alcohols regulate the water structure as a result of hydrophobic hydration, which facilitates the movement of
protons and hydroxyl ions along the hydrogen bond network. Hydrophobic hydration is the effect of interac-
tion of nonpolar molecules or groups with the initial or transformed aqueous tetrahedral network. The most
common case of hydrophobic hydration is solutions of substances, such as alcohols, whose molecules are
heterofunctional. As follows from [2, 3], the hydrocarbon groups of alcohol molecules are located in the
voids of the water structure, while the hydroxyl groups are integrated in the network of its hydrogen bonds.
Stabilization of the water structure is primarily determined by the strengthening of hydrogen bonds near
nonpolar groups, which is equivalent to lowering the water temperature. According to Anderson and Si-
mons[18], the presence of tertiary butanol in water at a concentration of 0.06 mole fraction exerts the same
effect on its lattice as a decrease in temperature by 15 °C. In the opinion of the authors of [5, 6], the introduc-
tion of dissolved non-electrolyte molecules into the water lattice leads to its complete restructuring and hard-
ening of the water structure. Glew et al. [19] concluded that dilute aqueous solutions at low temperatures
consist of molecules of a solute stabilizing the attached water and ordered hydrogen-bonded cells. This struc-
turing of the solution, in the opinion of these authors, is the fundamental reason for the anomalous concentra-
tion dependence of enthalpy, heat capacity, sound absorption rate, solubility of inert gases, etc.

It can be assumed that the energy of the electromagnetic field absorbed by the solution is expended on
strengthening the hydrogen bonds between water molecules. In the presence of alcohol, due to hydrophobic
interactions, water is already partially structured, so the effectiveness of the field effect is lower. The ion-
dipole interaction in electrolyte solutions is even stronger, so the energy of the electromagnetic field is suffi-
cient to overcome it, only in extremely dilute solutions.
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A distinctive feature of the field influence on water, aqueous solutions of alkali metal salts and alcohols
is also the fact that after termination of field influence the electrical conductivity of saline solutions slowly
relaxes to the initial values, and the electrical conductivity of water and alcohol solutions continues to in-
crease throughout the week, maintaining its increased value over the 6 months and more. If the first effect
can be explained by the thermal motion impact, which destroys the structure of the electrolyte solution
changed as a result of the EMF influence, then the «aftereffect» is much more difficult to explain. Since wa-
ter is not an absolutely pure liquid, it always contains a certain amount of dissolved gases, it can be assumed
that as a result of EMF influence, not only changes in the structural organization of water occur, but also its
degassing. The theory of degassing of water under the EMF influence was developed by Shatalov [20]. From
the viewpoint of this theory, some experimental facts can be explained. The process of formation of gas bub-
bles and their reverse sedimentation proceed slowly enough. Gas bubbles adsorb on their surface ions, pre-
sent in small amounts in water. When these bubbles are removed from the volume of the aqueous medium,
desorption of the ions occurs, which increases the electrical conductivity of the water. In salt solutions, the
solubility of gases decreases, and the effect of the field influence is much lower. However, this theory does
not explain why in the presence of dissolved substances the maximum change in the electrical conductivity
of water depends on the nature of the dissolved substance. Therefore, the «after effect» needs further careful
study to identify its nature.

Conclusions

Thus, the research has shown that at the influence of an electromagnetic field the electrical conductivity
of water changes to the greatest degree. Additions of electrolytes or non-electrolytes reduce the effectiveness
of electromagnetic interference. The influence of EMF on the electrical conductivity of electrolytes solutions
is to a much lesser degree as compared with alcohols solutions and increases with dilution of solutions. The
effect of increasing the electrical conductivity disappears even at an electrolyte concentration
C >0.01 mole/L, while for non-electrolytes solutions it is significant at a concentration of 0.2 mol/L and is
close in magnitude to the effect of the field influence on pure water.
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1

N.E. Cracsk, B.IO. Uupkosa, U.A. l1ITo60e

CinTijii MeTa/1 XJIOPUAIHIH €y, CYMEH apaJIaCThIPFAH ’KIHEe CIUPTTIH

3JIEKTPOTKI3TIIITIrI KOHE OHBIH JIEKTPMATHUTTIK OpicTepi dcepiHeH o3repyi

Makana »KOFapbl XHMITIK SJEKTPMAarHUTTI OPICTIH Cy, CIATLNI MeTaml XJIOPHATIH CYJNbl epiTiHALIepHiH
KYPBUIBIMIBI CIHPTTIK 3JIEKTPOTKI3rilTirine ocepin 3eprreyre apuamran. Cy epiTiHainepi MeH cy
anexkrpeTkizrimTiri 100-200 MI' apanarbiHga 3JIEKTPOMATHUTTI OPICIICH acep eTKEHAE Cy JKOHE CYJIbI
epITIHAUIePAIH AMEKTPOTKI3TIIUTIr enayip eceTiHi Oaiikanaabl. DIEKTPMArHUTTIK BIKIAJIBIH THIMIUIIT opic
JKHIJTIrT MEH OFaH 9cep €Ty yaKbIThIHAH Toyesai. SIFHU, Cy jKOHE Cy epiTiHIiIepi dMeKTPOTKI3riITIri eki ecere
apragel. 0,01 Momb/m a3 Memmepzeri epiTiHAine epic THIMIUIIN KepiHic Tabambl >KOHE XJIOPHZA HATpHi
epitinmicinne 10™-107 M snexrperTkisrimtik endyip xorapsuian, 27-33 % Kypaiiasl. Ocepii TOKTaTKaH
JKaFalia MIeKTPONIUT epiTiH/Iep] AIeKTPOTKI3TIIITITI 03 OacTanKel MoHIEpiHE 00JaIbl, al ¢y MEH CIUPTTI
epITIHAINepiHIH JMeKTpeTKi3rimTiri 7-10 KyH apanerbiHAa aprangsl. baiikaaraH —KyOBUIBICTApHBI
CYKYPBUIBIMBIHBIH ©3TepiCiMeH TyciHaipyre OoapL.

Kinm ce30ep: cy, cy epitinainepi, CUITLII MeTaJUl XJIOPUATEPl, COUPTTEPAIH Cy epiTiHaiIepi, IMeKTPOTKI3-
TILITIK, 2TEKTPMarHUTTIK OpicC, KUK, COYIICICHY YaKbIThI.

N.E. Cracs, B.IO. Uupkosa, 1. A. I1ITo60e

DJIEeKTPONPOBOAHOCTH BO/Ibl, pa30aBJIeHHBIX BOJHBIX PACTBOPOB
XJIOPUAOB IEJI0YHBIX METAJIOB M CHUPTOB U ee H3MeHeHHe
B pe3yJibTaTe BO3/1eiCTBUS JJIEKTPOMATHUTHOIO MOJIA

CTaTbsl NOCBSILEHA W3YYCHHUIO BIMSHHS BBICOKOYACTOTHOTO 3JIEKTPOMATHUTHOIO IMOJIS HA 3JIEKTPOIPOBOJI-
HOCTb BOJIbl, BOJHBIX PACTBOPOB XJIOPHUIOB IIEIOYHBIX METAIOB U Pa30aBICHHBIX BOJHBIX PACTBOPOB CIIUP-
TOB HOPMAJILHOTO CTPOEHHUS. Y CTaHOBJICHO, YTO P BO3JEHCTBUM 3JIEKTPOMArHUTHOTO MOJIS C BAPbUPYEMOii
B nuanazone 100-200 MI'n yacroroil HaOmOmaeTCs 3HAYMMOE YBEIWYEHHUE BJIEKTPOIPOBOJHOCTU BOJBI U
BOJHBIX PacTBOPOB. DY (HEKTUBHOCTH IEKTPOMATHUTHOTO BO3JCHCTBYS 3aBUCHUT OT YaCTOTHI IIOJIST X BDEMEHHU
ero Bo3JelcTBus. B Hanbonboiell cTemeHM BO3pacTaeT 3JIEKTPONPOBOAHOCTH BOABI M BOAHBIX PAacTBOPOB
criipToB — OoJtee, 4eM B /iBa pa3a. D((PEeKT MOoIeBOro BO3AEHCTBHS Ha PACTBOPHI AJIEKTPOIUTOB IPOSBIISLET-
Csl JIMIIb NPY KOHIEHTPAIUH pacTBopa, MeHbei 0,01 Mob/iI, 1 BEIpakeH B MEHbBIIEH CTENEHH — MaKCH-
MaJIbHO® YBETHUYCHHE 3IIEKTPONPOBOIHOCTH Habmogaercs B 10°~10~ M pacTBopax XJIOpuaa HATPHS H CO-
craBisieT 27-33 %. [locne npekpaieHns: BO3AEHCTBHUS 3JIEKTPOIPOBOIHOCTh PACTBOPOB SIEKTPOIUTOB MEJI-
JICHHO PENAKCHPYeT K MCXOAHBIM 3HAYCHHUSIM, & JICKTPOIPOBOAHOCTh BOIBI ¥ BOIHBIX PacTBOPOB CIIUPTOB
HPOIOJDKAET BO3PACTaTh HA MPOTSHKEHUM 7—10 IHEH 10 yCTaHOBJICHHUS CTAallMOHApHOro 3HauyeHus. HaOumro-
JaeMble SIBICHUS MOTYT OBITH OOYCIOBIICHBI M3MEHEHHEM CTPYKTYPHOH OpraHH3allid BOJABI B PE3yJbTare
9JIEKTPOMArHUTHOTO BO3JICHCTBUSL.

Knioueswvie cnosa: BOJIA, BOJAHBIC PACTBOPHI, XJIOPUJbI IICJIOYHBIX METAJUIOB, BOJAHBIC PACTBOPLI CIIMPTOB,
yaeiabHas 3JIEKTPOIIPOBOJAHOCTD, SJICKTPOMAruuTHOC I10JI€, 4aCTOTa, BPEMS 06J'Iy‘{eHI/I$[.
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Modeling of acute aqueous toxicity of organic compounds for Daphnia magna

Methods for the assessment of the environmental hazard of chemicals include the detection of acute aquatic
toxicity of compounds for various small organisms, these are test objects. Experimental determination of tox-
icity presents significant difficulties; therefore, computational methods are developed. The article is devoted
to predicting the toxicity parameter of organic substances of different classes in relation to the test organism
from the class of crustaceans Daphnia magna. The possibility of using QSAR / QSTR (Quantitative Structure
Activity Relationships / Quantitative Structure Toxicity Relationships) method for estimating the toxicity in-
dex of pLCs, using a large set of descriptors was investigated. To describe the structure of molecules, a set of
2644 descriptors generated by the Dragon 7 program was used. The calculations were carried out using the
computer program Program Robustness Calculation (PROGROC). This program allows the number of de-
scriptors to be used without preliminary selection exceeding the number of substances in the set. 546 Sub-
stances were used to construct the models, 170 compounds of which made up a control set, and 376 entered
the training set. The obtained models are characterized by a high correlation between calculation and experi-
ment. For a control sample of 170 compounds, the correlation coefficient is R = 0.952 and the standard devia-
tion is s = 0.45, for a training sample of 376 compounds, R = 0.971 and s = 0.41. The model for all samples is
characterized by the following statistical parameters: correlation coefficient is R = 0.966 and standard devia-
tion is s = 0.42.

Keywords: organic compounds, toxicity, modeling, QSAR/ QSTR, predicting, pLCso, Daphnia magna,
PROGROC.

Introduction

Determination of acute toxicity of chemical compounds in relation to test objects is one of the methods
for assessing the environmental hazard of substances. Daphnia magna daphnoids are often used as the ob-
jects of investigation. They are small organisms of the crustacean class.

Toxicity is usually assessed by the quantitative parameter LCsy, a semilethal concentration (mol/L),
which causes half of the population to die within 24 (or 48) hours of exposure. The attractiveness of Daphnia
magna as a test object is mainly due to the fact that it is grown without any special difficulties in the labora-
tory and is fairly stable in them, it gives a whole complex of test reactions and has a short life cycle that al-
lows tracing the effects of toxic effects over a number of generations. Biotests on Daphnia magna are stand-
ardized in a number of countries. Nevertheless, like any experimental study, the definition of LCs, is a costly
procedure. Therefore, alternative methods based on quantitative structure-activity relationships, such as
QSAR-methods (Quantitative Structure Activity Relationships), are developed. In such studies, the measure
of toxicity is pLCs, = —lg (LCsy) — the toxicity parameter. The quality of calculations (modeling, prediction,
estimation) is characterized by the correlation coefficient between the predicted and experimental values of
the toxicity parameter R (or R*) and the standard deviation s.

Vighi and Calamari [1] carried out one of the first studies on several organotin compounds using physi-
cal and topological parameters. Equations with a significant correlation R* = 0.26-0.99 and high prognostic
ability were found. In [2] on the quantum-mechanical molecular descriptors, the toxicity models were con-
structed for 15 organophosphorus compounds with a correlation index of 0.80 < R* <0.82. In addition, the
potential toxicity of 83 unstudied compounds was detected.

Cassani and Kovarich [3] simulated the toxicity of 97 triazoles and benzotriazoles using the multiple
linear regression method with a maximum R” = 0.83. Moosus and Maran [4] in the study of 253 compounds
of different classes reached the maximum value R* = 0.74 of all the models obtained. Toropov and Benfenati
[5] have used topological indices as descriptors for predicting the toxicity of 262 pesticides. The best model
had R? = 0.7822 and s = 0.849 for a training set of 220 substances and R* = 0.7388, s = 0.941 for a control
set of 42 substances. Toropova et al. [6] used descriptors as functions of representing the structure of com-
pounds in simplified molecular input line entry system (SMILES) and obtaining models with the highest val-
ue R? = 0.7322. Another article by Toropova et al. [7] used a hybrid representation of the structure of mole-
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cules through SMILES and hydrogen-suppressed graph. The results for the obtained models are comparable
with those of [6], while it was noted that hybrid descriptors are the best predictors.

Katritzky et al. [8] modeled the toxicity of ECs, against Daphnia magna for a series of 130 benzoic ac-
ids, benzaldehydes, phenylsulfonyl acetates, cycloalkane-carboxylates, benzanilides, and other esters. A gen-
eral model with five descriptors, including all 130 compounds, was characterized by the following statistical
parameters such as R = 0.712, s = 0.6. Kar, Roy [9] investigated a large group of 297 chemical compounds,
predictors were three-dimensional (electronic and spatial) and two-dimensional topological and information
content indices, as well as n-octanol/water partition coefficient. When dividing the set into a training set of
222 substances and a control set of 75, the maximum value R* = 0.75 is reached. Kiihne et al. [10] investi-
gated a large collection of 1365 organic compounds with experimental data of toxicity and noted contradic-
tions in the part of data obtained from various sources. They obtained local models for subsets of the entire
set, with the maximum values R* = 0.85 and s = 0.66.

Cassotti et al. [11] subjected the existing toxicity data sets to examination and formed a MICHEM set
of 546 substances that were most spared from discrepancies in the experimental data from various sources.
When this set was divided into a training set of 436 substances and a control set of 110, they obtained a
model with R* = 0.78.

Commenting the current state of the prediction of acute toxicity of chemical compounds for Daphnia
magna, it can be noted that for heterogeneous and large sets of substances, the quality of forecasting cannot
be considered sufficiently successful.

Assuming that the quality of predicting can be improved by increasing the number of descriptors and
improving the computational technology, in this work we used a large set of 2644 descriptors generated by
the Dragon 7 program to predict the pLCsy for Daphnia magna. The pLCs, toxicity values for Daphnia
magna are derived from the appendix to the article [11].

Calculations were performed using the PROGROC (PROGgram RObustness Calculation) computer
program developed by us [12], which was successfully applied to predict some parameters of biological ac-
tivity, in particular, toxicity of organic compounds for Tetrahimena pyriformis [13]. An important and
unique feature of this program is the possibility of using without a preliminary selection the number of de-
scriptors exceeding the number of substances.

A number of models were built, for one of them the results of pLCs, prediction are shown in Figures 1
and 2. The training set included 376 compounds, the control set — 170. The statistical parameters of the
model are given in Table 1.

Table 1

Correlation between the experimental and calculated pLCs, values

Correlation Full set | Training set | Control set
R 0.966 0.971 0.952
s 0.42 0.41 0.45
Amount of substances 546 376 170
11
X

pLCy, calculation

pLCy;. experiment

e — training set; X — control set

Figure 1. Correlation between the experimental values of pLCsy and calculated by molecular descriptors
for the training and control sets
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The frequency distribution of pLCs, prediction errors using molecular descriptors is shown in a histo-
gram (Fig. 2).

180

Frequency

-6 -12 -09 -06 -02 01 04 08 11 14 18 21

Prediction errors pLCs,

Figure 2. Histogram of frequency distribution of pLCs, prediction errors

The histogram of prediction error frequency distribution has edge emissions; the Table 2 shows the
characteristics of the connections corresponding to these emissions.

Table 2
Compounds with significant discrepancies between experimental [11] and calculated values of pLCs,
Compound CAS* Experiment | Calc. | Residual Set

Acrylic aldehyde 107-02-8 5.99 3.74 2.25 Training
N-methylaniline 100-61-8 5.79 4.08 1.71 Training
Pyraclostrobin 175013-18-0 6.76 5.07 1.69 Control
Pendimethalin 40487-42-1 3.72 530 | -1.57 | Training
Bis(2-ethylhexyl)phthalate 117-81-7 4.55 592 | -1.37 | Training
9H-xanthene 92-83-1 3.95 522 | -1.27 | Training
Pyrethrin 2 121-29-9 7.37 8.59 | -1.22 | Training
1,2,4,5-Tetramethylbenzene 95-93-2 545 4.27 1.18 Training
Benzo[b]naphtho[ 1,2-d]furan 205-39-0 4.74 5.88 | -1.15 Training
2-(6-Methoxy-2-naphthyl)propanoic acid 22204-53-1 3.79 493 | -1.14 Control
Anthracene 120-12-7 6.70 5.63 1.07 Training
Methylcyclohexane 108—-87-2 4.82 3.77 1.05 Control
1-Methyl-2-pyrrolidinone 872-50-4 4.91 3.93 0.98 Training
1-Propanol 71-23-8 0.94 1.95| -1.02 | Training
1-Phenoxy-2-propanol 770-35-4 2.61 3.62 | -1.01 Training

Note: CAS — registration number for Chemical Abstracts.
It is very likely that the listed in the table, or influencing them through links in the compound model,
have errors in the experimental determination of the toxicity parameter.
Conclusion

In conclusion, we can note that the results obtained by us are superior to the literature data on the quali-
ty of predicting the toxicity parameter towards Daphnia magna. So, for example, in the most successful
model [11], obtained on the same set of substances, but with a smaller sample size, the correlation coefficient
is 0.88 (R*=10.78).
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Daphnia magna yimiH OpraHuKaJbIK KOChUIBICTAPIbIH
OTKIp CYJIbI YJIBLIBIFbIH MOJEJIb/CY

XUMISUTBIK 3aTTapAbIH SKOJIOTHSIIBIK, KayilCi3mirin Oaranay onicTepiHiH OipiHe opTypii ycak ar3ajiap —
TECT-00BEKTIIEp YLIIH KOCBUIBICTApABIH ©OTKIp CYyJbl YIBUIBIFBIH aHBIKTAy JKaTajgbl. YIIBUIBIKTBI
9KCHEPUMEHTTIK aHBIKTAy €oyip KHBIHIBIKTAp TYIbIPAJbl, COHIBIKTAH €CEeNTey OMicTepi JaMbIThLIyIA.
Makana opTypii KJIacC OpraHHKaNbIK 3aTTApbIHBIH YIIBUIBIK [TApaMETPiH IIasH TOPIi3Aijep KIACBIHBIH OKii
6onbin TabbuTaThIH Daphnia magna TecTinik OpraHu3MiHEe KaTbICTbl Ooipkayra apHanrad. Jleckpumrop-
JapIblH YJIKeH JKUbIHTHIFBIH maimananeim, QSAR/QSTR (Quantitative Structure Activity Relationships/
Quantitative Structure Toxicity Relationships) amicin pLCsy yIbUIBIK KOpCETKilIiH OaFanay YUIH KOJIAAHY
MYMKIHZIr 3epTTenred. MoekynanapipiH KYpbUIBICHIH cHNaTTay yiuin Dragon 7 GaraapriaMacsl reHeparus-
JMaUTBIH 2644 neckpunTOpiap SKUBIHTBHIFEI KonmaHsulnbl. Ecenteynep Program Robustness Calculation
(PROGROC) xommsloTepiik OargapiaMackl KeMeriMeH >Kypri3inai. byn Oarmapiaama caHbl KUBIHTBIKTarbl
3aTTap CaHBIHAH apTHIK OONATHIH JECKPHIITOPIApIbl AJABIH aja ipikTeMed maiiananyra MyMKIiHAIK Oepeni.
Mopenbaepai Kypy yuiin 546 3ar KonmaHeUIgbl, onapbiH imiHeH 170 Kockuibic Gakpuiay ipikTeMeciH, aj
376-p1 KATTHIFY IpIKTEMECIH KypZAbl. AJIBIHFAaH MOJENBACP €CENTeY MEH OKCIEPUMEHT apachIHIarbl
KOpPEJLILUSHBIH JKOFapbl 0OJTybIMeH cumarTanaabl. bakpuiay ipikTemeci yuriH xoppessius kodduuuenTi
R = 0,952 sxoHe cranmapTTsl aybITKy S = 0,45, xatTeiry ipikremeci yuria R = 0.971 xone s = 0,41. Tosbik
ipikTeMe YIIiH JKacanfaH MOJENb KeJeci CTaTHCTHKAJbIK IapaMeTplIepMEH CHIIATTalbl: KOPPEISLHs
ko3¢ ¢unuenti R = 0,966 xoHe craHIapTTH aybITKY s = 0,42.

Kinm ce30ep: opraHUKaNbIK KOCBUIBICTap, YNBUIBIK, Ooikay, QSAR/ QSTR, monensney, pLCsy, Daphnia
magna, PROGROC.
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MopeaupoBaHue OCTPOM BOJHON TOKCHYHOCTH
OpPraHuYeCcKHUX coeMHeHuii 1 Daphnia magna

K uncimy MeTooB OIEHKH PKOJIOTHYECKON ONACHOCTH XMMHUYECKUX BEIIECTB OTHOCHTCS BEISIBICHHE OCTPOH
BOJHOW TOKCHYHOCTH COEIWHEHHH JUI Pa3IMYHBIX MEJIKHX OPraHu3MOB — TECT-00BEKTOB. ODKCIEpH-
MEHTAIbHOE OMNpeeNeHHe TOKCHYHOCTH MPEACTABISAET 3HAYMTENbHBIE TPYAHOCTH, MO3TOMY Pa3BHBAIOTCS
BBIYMCIHTENbHBIE MeTObl. CTaThsl MOCBAIIEHA MPOTHO3UPOBAHHMIO MApaMeTpa TOKCHYHOCTH OPraHMYEeCKHX
BEIIECTB Pa3HBIX KIACCOB MO OTHOMIEHMIO K TECTOBOMY OpraHU3My U3 Kiacca pakooOpasHeix Daphnia
magna. ViccnemoBana Bo3MokHOCTH mpumeHeHuss merona QSAR/QSTR (Quantitative Structure Activity
Relationships/ Quantitative Structure Toxicity Relationships) mst onenkn nokasarenst TokcumaHoctH pLCsg
C UCTIONB30BaHUEM OoubIoro Habopa JeckpunTopoB. s onmucaHus CTPYKTYPhI MOJICKYJN HCIOJIB30BaH Ha-
60p u3 2644 neckpunTOpoB, reHEPUPYeMBIX IporpaMmoii Dragon 7. PacdeTs! BBITOIHEHBI C IIOMOIIBIO KOM-
neIoTepHOIT mporpaMmel Program Robustness Calculation (PROGROC). [lannast mporpaMMa MO3BOJISIET HC-
M0NIB30BaTh 0€3 MPeABapUTENHLHOTO0 0TOOPa YHCIIO AECKPHUIITOPOB, MPEBHILIAIOIIEE YHCIIO BEIIECTB B HabOpe.
[ mocTpoeHus MoJenel UCHoNb30BaHo 546 BelecTB, U3 KOTOPBIX 170 coeanHEeHui COCTaBUIN KOHTPOJIb-
HYIO BBIOOPKY, a 376 — BOLIUIM B TPEHUPOBOYHYIO BEIOOPKY. [losrydeHHbIe MOJEIHN XapaKTepU3yIOTCs BBICO-
KOM KOppemnsiueil Mexay pacueToM U SKCIepUMeHTOM. JIJisi KOHTPOJIbHOH BBIOOPKU K03 (PUITHEHT Koppens-
i R =0,952 u crangaprrHoe otkionenue s = 0,45, mius TperupoBouyHoi BeIOOpKHM R =0,971 u s=0,41.
Mopnens I HONHOHM BEIOOPKH XapaKTEpU3YeTCsl CIEAYIOMNMH CTATHCTHIECKUMU ITapaMeTpaMu: Ko3hhumu-
ent koppemsauuu R =0, 966 u crannaprHoe oTkinoHeHue s = 0,42.

Kniouesvie criosa: opraHudecKie COeIUHEHNs, TOKCHIHOCTh, Mojennposanue, QSAR/QSTR, nporunosuposa-
uue, pLCsy, Daphnia magna, PROGROC.
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Synthesis and electrophysical study of cobaltites
of composition LnM"Co00; 5 (MII — Mg, Ca, Sr, Ba)

This work is devoted to study of electrical properties, phases of LnM""CoO5 s (M" — Mg, Ca, Sr, Ba) which
structure resembles to the structure of perovskite. The phases were obtained by solid-phase synthesis in ac-
cordance with the ceramic technology. The phase composition was determined by X-ray phase analysis. The
diffractograms of the powders were indexed, the lattice parameters and its symmetry class were determined.
It was found that the new compounds had a tetragonal symmetry, in the unit cell of which 16 structural units
were located. Since complex oxides have high melting temperatures of about 1500-2000 °C, it is impossible
to obtain good quality single crystals suitable for measurements. For this reason, the study of their thermody-
namic and electrophysical properties was carried out on samples in the form of sintered powders. In this
study, the conductivity isotherms were measured by impedance spectroscopy at different temperatures. Re-
sistance hodographs on the complex plane were constructed. Using the method of equivalent circuits, the
grain boundaries and the bulk resistances of the sample grains were determined. The results showed that the
new compounds had a small grain-boundary resistance. Using the temperature dependences, the activation
energies of the conductivity of new cobaltites were calculated. The activation energy of conductivity for these
compounds was 0.113-0.184 eV. The character of the dependence of the conductivity at moderate tempera-
tures showed their thermal activation. In the Arrhenius coordinates, these sections of the graph were de-
scribed by a straight line. An increase in the activation energy of the conductivity in the series of Mg®'—Ca*—
Sr**—Ba? cations was observed. The introduction of an alkaline earth ion with a large ionic radius led to a lo-
cal distortion of the crystal lattice. This changed the value of the splitting of the d-levels of the transition met-
al-cobalt. This change in the activation energy as the alkaline earth metal cation changes can be explained by
the change in the width of the forbidden band. Also, the replacement of rare-earth elements ions with alka-
line-earth metal ions led to a structural disorder, to an increase in the formation of equilibrium charged point
defects in the crystal structure, in which the strength of the bond with trapped charge carriers by electrons or
holes in point defects in the crystal lattice with different alkaline-earth ions was different.

Keywords: solid-phase synthesis, rare-earth and alkali metals cobaltites, thermal dependence of electrical
conductivity, complex oxides, impedance spectroscopy, Bode plots, conduction activation energy, conductivi-
ty isotherms.

Introduction

At present, electrochemical devices operating at elevated (> 30 °C) and high (> 100 °C) temperatures
are beginning to be used in industry: solid electrolyte fuel cells, oxygen sensors, electrolyzers for oxygen
production, oxygen pumps, etc. However, good materials for oxygen electrodes and switching elements ca-
pable of replacing metals, which are now used in these devices. These materials must be stable in highly oxi-
dative and in some cases reducing media should have sufficient electrical conductivity. The latter should
provide small ohmic losses at the electrodes and electrode-solid electrolyte contact, which should not change
during long time operation. One of the promising materials for electrochemical elements operating at high
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temperatures is complex oxides of transition and rare-earth elements of the type ABO; with a perovskite
structure or close to it [1-3].

The purpose of this work is the synthesis, radiographic and electrophysical study of complex cobaltites
of alkaline earth and rare earth metals of composition LnM"Co00; 5, where M" are alkaline earth metals
(M" — Mg, Ca, Sr, Ba), which have promising electrophysical properties (semiconductor, ferroelectric,
magnetic, superconducting, etc.).

Synthesis of compounds was carried out by solid-phase annealing in three stages at different tempera-
tures. The initial components for the synthesis were lanthanum oxide of«puriss. spec.» grade, cobalt ox-
ide (II) of «puriss.» grade and carbonates of alkaline earth metals of «puriss.» grade. The weights of the ini-
tial substances were weighed to the fourth decimal place. Their calculation was carried out in terms of spe-
cific final compositions of complex cobaltites. The mixtures of reagents were thoroughly rubbed in an agate
mortar, and then they were quantitated into alundum crucibles for annealing in a selitic furnace. The synthe-
sis was carried out as follows: the 1% stage — 10 hours, at 800 °C, the 2™ stage at 1300 °C — 10 hours with
periodic grinding in a mortar; An annealing was carried out at 400 °C for 20 hours in order to obtain stable
compounds under normal conditions.

In order to control the phase composition of the synthesis products, X-ray studies were carried out on a
MiniFlex-400 diffractometer in Cu K,; radiation at a voltage of 40 kV and a current of 40 mA. The survey
was conducted in the interval 20 = 20°-80° in steps of 0.05° and exposure of 1 sec. to the point. To determine
the phase composition at the synthesis stage, a set of specialized programs applied to the instrument for pre-
liminary processing of experimental data was used. Performed phase analysis reveals the absence of initial
reagents in the sample and the crystallinity of the reaction product. The diffraction patterns were detected
and the unit cell parameters were determined by means of programs and checked by good agreement be-
tween the experimental and calculated values of 10%d’. Further, according to XRF data, types of syngony
were determined, and parameters of the elementary cells of the cobaltites were studied. Their values are giv-
en in Table 1 below.

Table 1
Crystallochemical characteristics of synthesized compounds
Lattice parameters, A o R3 o 3
Compound Type of the system A . Vo, A Vit celts A V4
LaMgCoO; 5 Tetragon. 10.77 16.25 1884.88 117.80 16
LaCaCoOs; s Tetragon. 10.86 16.75 1975.49 123.47 16
LaBaCoO; 5 Tetragon. 10.89 17.10 2027.93 126.75 16
LaSrCoO; 5 Tetragon. 10.81 16.92 1977.21 123.58 16
Experimental part

Tablets were obtained from the previously obtained solid-phase synthesis of powders on a hand press at
a pressure of 20 kg/cm’. As a plasticizer, a solution of natural rubber in toluene was used. The resulting disks
were annealed in a muffle furnace at 1100 °C for 6 hours. In order to make it sufficient for the experiment,
the samples were held for 8 hours at a temperature of 600 °C. Further, a thorough two-sided grinding was
carried out. Platinum electrodes were applied to the ground surface of the sintered samples. For the prepara-
tion of platinum electrodes, finely dispersed platinum paste was used, mixed with an alcohol solution of ros-
in. The roasting of the electrodes was carried out in air at a temperature of 1100 for 1-1.5 hours.

Using the method of electrochemical impedance in the frequency range from 10 Hz to 1 MHz in a
2-contact cell, the temperature dependence of the electrical conductivity of the samples was investigated.
The relative error in measuring the components of the impedance is in the range 0.3—-0.5 %. Conductivity
measurements were carried out in the temperature range 40—800 °C. The shooting was carried out in the
cooling mode. To measure the polytherm of the total conductivity, a dynamic mode with a cooling rate of
1.5 °C/min was used. The study of the isotherms was carried out in a static mode with a step of 10-20 °C and
shutter speeds at each point before the onset of equilibrium. In the course of the experiment, the furnace
temperature was set by the Varta TP403 temperature regulator. The temperature control near the sample was
carried out using a platinum-rhodium-platinum thermocouple TPP-10. Figure 1 shows the hodographs of
LaMgCoO; 5 samples taken at different temperatures.
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Figure 1. Hodographs sample LaMgCoO; 5 obtained at different temperatures 40—750 °C in different scales

The processing of data obtained in alternating current experiments is performed by representing them in
the complex plane (the hodograph method) in coordinates. The imaginary part (for example, Im Z) is the real
part (ReZ). The dotted line connects the points that correspond to measurements at a frequency of 1 kHz,
2.4 kHz.

To refine the study of the electrical characteristics of the samples, another installation has been assem-
bled to study the temperature dependence of the electrical complex conductivity in a two-electrode method.

The furnace consists of a working chamber formed by a lining of a layer of refractory bricks, heaters
and a thermal insulation layer insulated from the metal casing. The parts operating in the furnace chamber
were made of heat-resistant materials. To measure the temperature, a chromel-alumel thermocouple was used
with a TPM202 measuring regulator, which was connected to the computer by dint of interface converter
(RS485 — RS232) of the AC-3-M24. To exchange data and control signals between the regulator and the
computer was carried out according to the protocol of the firm «Oweny». The limit of the basic permissible
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reduced error of TPM202 during the temperature measurement by the chromel-alumel thermocouple accord-
ing to the converter meter documentation was 0.5 %.

The complex resistance was measured with the help of the RLC meter E7-21 by the voltmeter-ammeter
method with an alternating current at a frequency of 1 kHz, in which the operating frequency voltage from
the generator is applied to the measured object connected to the converter Y (conductivity) — UT, UH. The
converter generates two voltages, one of which (UT) is proportional to the current flowing through the meas-
ured object, the other (UH) is the voltage on it. The ratio of these voltages is equal to the complex conductiv-
ity (Y) or complex resistance (Z) of the object. The measurements were averaged over 10 measuring cycles.
The heating rate of the sample is 5°/min.

Figure 2 shows the temperature dependence of the conductivity of cobaltite samples.
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Figure 2. The dependence of the electrical resistance of LaM"CoOs 5 samples,
where (M" — Mg, Ca, Sr, Ba) on the temperature

Specific resistance of the sample was determined by the formula (1):
R-S
pP=—""> (1
where R — is the resistance of the sample; S — is the cross-sectional area of the sample; / — is the length of
the sample.

The specific conductivity of the sample dwas determined from formula:

5= @)
p

Results and Discussion

It can be seen from the graphs that at low frequencies at room temperatures the travel time curves repre-
sent inclined straight lines or arcs of circles of large radius, at high frequencies at high temperatures of the
semicircle. The curves of the resistance versus temperature at 1 kHz show a sharp decrease in resistance. In
the experiments we used electrochemical cells with blocking platinum electrodes. The equivalent circuitry of
the cell corresponding to high temperatures can be represented by a series connection of resistances and the
presence of a capacitance. Also the kind of impedance shows a significant contribution of electronic conduc-
tivity at high temperatures. At low temperatures, the effect of the capacitance of the double electrode/sample
layer and the weak electronic conductivity is manifested. The activation energy of electrical conductivity was
calculated from the slope of the dependence of Inc on the reciprocal temperature. The activation energies of
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conductivity for new compounds are determined using the obtained data and the values of activation energies
are given in Table 2.

Table 2
Energy of activation of high-temperature electrical conductivity of cobaltites

The activation ener
Compound of conductivity, e\%y
LaMgCoO; 5 0.113
LaCaCoOs 5 0.147
LaSrCoOs; 5 0.169
LaBaCoOs 5 0.184

The character of the dependence of the conductivity at moderate temperatures shows their thermal acti-
vation, in the Arrhenius coordinates these sections of the graph are described by a straight line. An increase
in the activation energy of the conductivity in the series of Mg*—~Ca*—Sr*~Ba”" cations was observed. The
introduction of an alkaline earth ion with a large ionic radius led to a local distortion of the crystal lattice.
This changed the value of the splitting of the d-levels of the transition metal-cobalt. This change in the acti-
vation energy as the alkaline earth metal cation changes can be explained by the change in the width of the
forbidden band. Also, the replacement of rare-earth elements ions with alkaline-earth metal ions led to a
structural disorder, to an increase in the formation of equilibrium charged point defects in the crystal struc-
ture, in which the strength of the bond with trapped charge carriers by electrons or holes in point defects in
the crystal lattice with different alkaline-earth ions was different.
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LnMHC003,5 (MII — Mg, Ca, Sr, Ba) kypamabl K00aIbTUTTEPIH
CHHTE3/1eY KJHe YIeKTPPU3NKAJBIK 3epTTey

Makana KypbUIbIChI IIEPOBCKHTTIH KypblIbichiHa ykcac LnM"CoO; s (M" — Mg, Ca, Sr, Ba) KoChLIbICTapbI
(a3anmapbIHBIH OJICKTPIIK KacHeTTepiH 3eprreyre apHamraH. azajap KepaMHKaNBIK TEXHOJOTHUsUIAp
OoMbIHIIA KaTTHI (ha3aiblK CHHTE3CY dAiciMeH anbHbl. Pa3aiblK KypaM peHTreH(ha3albK Taujay oliCiMeH
QHBIKTAJIABI, YHTAaKTapAblH IU(PAKTOrpaMMalapblH  MHIWIMPIEY OKYPTi3iifi, KPUCTAIABIK TOPHBIH
HapameTpiepi jKoHe CMMMETPHUs KiIachl aHbIKTanabl. JKaHa KOCBUIBICTAp TETParoHAJIbI CUMMETpHSAFa He,
3JIEMEHTAPIIBI YABIKTapbIHAA 16 KyphUIBIMABIK OipilikTep OpHAIACKaHBIFBI aHbIKTa bl Kypaeni okcuarep
mamamer 1500-2000 °C xorapsl 6anKy TemreparypacbiHa e 00JFaH/bIKTaH, eIIeyep )Kyprizyre 00aaThiH
camachl JKaKChl MOHOKpUCTanzap aly MyMKiH eMec. COHIBIKTaH OJIap/bIH TEPMOAMHAMHKAIBIK JKOHE
EKTPPUNKATIBIK KaCHETTEPIiH 3epTTey KYHIIpUIreH YHTaKTap TYpiHAeTi yaruiepMmeH xyprisineni. bepiaren
JKYMBICTa OTKI3TIMITIKTIH H30TepMaapsl apTYpJli TeMIepaTrypajlapaa UMIIEAAHCTHI CIIEKTPOCKOIHS dJliciMEeH
onmmenai. KemeHni ka3pIKTBIKTa KeAEPTiHIH TroforpadTapbl CalblHABL OKBHUBAJICHTTI HYCKAIAp oficiH
TaiilaNnaHeII, YIIri JOHICPIHIH TOHIINICKapabIK XKoHE KOJIEMJIIK Keaepriiepi anbKTanasl. HoTmkenep xaHa
KOCBUIBICTAD TOMEH MASHIIIIEKApalblK KeAeprire ue eKeHIIriH kepcerTi. TemmepaTypaiblK TOYEIAiTiK
HOTIDKEJICPIH MaiijanaHa OTBHIPBIN, jKaHa KOOAIBTUTTEPAIiH OTKI3TIIUTIKTePiHIH aKTUBTEHY JHEpPTUsLIapbl
ecenreninai. bepinren KocbuibICTap YIIIH OTKI3TIIUTIKTIH akTuBTeHy 3Heprusuiapbl 0,113-0,184 eV ten.
OpTa TeMmmepaTypajiap/a OTKI3TIIUTIKTIH TOYeIAUTK CHIATTaManapbl OJapIblH TEPMHUSUIBIK AKTHBTCHYIH
KOpCeTTi, AppeHnyc KOOpIHHATTAPbIHAA FPadUKTIH Oy1 aliMAKTaphl TiK CHI3BIKIEH cumaTTanisL. Mg> —~Ca®'—
Sr**—Ba®" kaTHOHZAphl KATApBIHIA OTKI3TIIITIKTiH AKTMBTEHY SHEPIHUACHIHBIH JKOFAphUIAYbl OaiiKamabl.
Wonpplk pamuychl YIKEH CLITUIIOKEp HMOHBIH €HTi3y KPHCTANIBIK TOPIBIH JKEPriliKTi KHUCaloblHa cebern
Gonel. By aysicmianel MeTamt — KOOANBTTIH d-AeHTeHiHIH bIIbIpay MoHIH e3repTexi. CIuTimikkep MeTamt
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KaTHOHBI ©3TCPreH CaliblH aKTHBTCHY SHEPTUACHIHBIH OaliKalFaH e3repicTepiH ThIHBIM CaJIbIHFAH aiMaKThIH
JKaJMaKThIFbIMEH TyciHaipyre Oomamel. CXKD HOHIApBIH CINTUTIKOKEp MeTaqJapblHBIH HOHIAphIMEH
aybICTBIPY KYPBUIBIMIBIK DETCI3/lIKKEe OKeleli, KPUCTaIJbIK KYpbUIBICTA TEIEe-TEHIIKTEri HYKTEINiK
OY3BUIBIMHBEIH Ialifa OOJIYBIHBIH apTyblHa ceOen Ooiambl, ojapiarbl KPUCTAIABIK TOPAAFBl HYKTEIIK
Oy3BUTBIMZIAp/A MISKTPOHIAP MEH TECIKTepAiH 3apsATH TachIMaIayIIbUIApAbl YCTal aly OainaHbICTapAbIH
OepiKTIri opTYpJIi CLITUIIKOKEP HOHAAPHI YIIIH SPTYPIIL.

Kinm co30ep: KaTThl (azaiblK CHHTE3, CHPEKXKEp JKOHE CUITUIIK MeTalngapablH KOOATBTUTTEP], SIEKTPOTKI3-
FIITIKTIH TEPMUSUIBIK TOYEJIUIIr, KypAeli OKCUATep, MMIEIaHCThI ClIeKTpocKonus, boae nuarpaMmarapsl,
OTKI3TLITIKTIH aKTUBTEHY YHEPTUACHI, OTKI3TIIITIK H30TepMaapsl.

E.C. Mycradun, /I.A. Kaiikenos, X.b. Omapos, P.3. Kacenos,
A.T. lrocexeeBa, C.b. AGeyoBa, A.C. bopceinOacB

CuHTe3 U 3J1eKTpoU3NYecKre UCCIe0BAHNS KOOAJIbTUTOB
1 il
coctaa LnM Co0O;5 (M~ — Mg, Ca, Sr, Ba)

CTaThst OCBSIIEHA H3YUEHHUIO SIEKTPHIECKHX cBOHcTB a3 LnM"CoO; s (M" — Mg, Ca, Sr, Ba), nmerommux
CTPYKTYpPY, OJIH3KYIO K CTPYyKType TmepoBckuTa. Da3pl OblIM MOTy4eHbI METOJOM TBEPAO(A3HOTO CHHTE3A B
COOTBETCTBUH C KepaMHuyeckoil TexHosorueil. ®a3oBblii cocTaB ObLT OMpPECNICH METOIOM PEHTTeHO(a30BOro
aHanM3a, MPOBEICHO MHINIUPOBAHNE AU(PPAKTOrPaMMBI MOPOIIKOB, ONPEENCHBI TapaMeTPhl PEIIETKH U ee
knacc cuMMmerpun. OGHapyXeHO, YTO HOBBIC COSAMHEHHs] MMEIOT TeTparoHaJbHYI0 CHMMETPHIO, B JJIEMEH-
TapHOH sruelike KOTOPOH PactoyIoxkKeHbI 16 CTPYKTYpHBIX eMHHI. Tak KaK CJIOXKHBIE OKCHJIBI 00JIaafoT BEI-
COKHMMHU TemIepaTypamu masieHus nopsaka 1500-2000 °C, MOHOKpHCTALIBI XOPOLIEro KayecTBa, IPUro-
HBIE JUIS MPOBEACHUS] U3MEPEHUH, MOIYUYUTh HEBO3MOXKHO. [103TOMy M3ydeHHe MX TEpMOAMHAMUYECKHX H
3NEKTPOPHU3UIECKUX CBOWCTB NMPOBOAAT Ha 00paslax B BUJE CIIEUEHHBIX MOPOIIKOB. B manHoi paboTe mpo-
BEJICHbl U3MEPEHUS U30TEPM NTPOBOJAUMOCTH METOJIOM UMIIEAaHCHOH CIIEKTPOCKONUH TPH Pa3HbIX TeMIepa-
typax. IloctpoeHsl rogorpadsl COMPOTHUBICHUH Ha KOMIUIGKCHOW IIOCKOCTH. Mcmonb3ys MeToj JKBUBa-
JICHTHBIX CXE€M, OIIPE/IeJICHBI 3epHOTPAaHUYHbIE U 00BEMHBIE CONPOTHBIEHHS 3epeH oOpasma. Pe3ymbpraTs! mo-
Ka3aJy, 4TO HOBbIE COCIUHEHU UMEIOT MAJIOE 3€pHOIPaHUYHOE cOoNpoTUBIeHUE. Mcnonb3ys TeMnepaTypHbie
3aBUCHMOCTH, BBIYUCIICHBI SHEPTrUHM aKTUBALUH IPOBOJMMOCTU HOBHIX KOOAJIBTUTOB. DHEPrHsl aKTUBALUU
MPOBOAUMOCTH JUIsl JaHHBIX coeanHeHuil cocrasuser 0,113-0,184 eV. Xapakrep 3aBUCUMOCTH NPOBOAUMO-
CTH IPU CPETHUX TeMIIEpaTypax MOKa3bIBaeT UX TEPMHUUECKYIO aKTHBAIMIO, B KOOPAMHATaX AppeHHyca 3TH
y4JacTKH rpadyka ONUCHIBAIOTCSA MpsiMoil nHuel. HabmoqaeTcs yBennueHne SHEPTUH aKTUBALMU ITPOBOIH-
MOCTH B psny KatnoHoB Mg®'—Ca®'—Sr**—Ba’". BeefieHue 1eM049HO3EMENTbHOr0 HOHA C GOIBIIHM HOHHBIM
paauycoM IMPHBOIUT K JOKATbHOMY MCKaXEHHIO KPUCTAIINYECKOH peleTki. To MEHsET BEIMIMHY paciie-
TUIEHUSI d-ypoBHEH NepexoaHoro MeTamia — kobaneTa. Habmiogaemoe n3MeHEHHE SHEPTHH aKTHBAIMU 110
Mepe M3MCHEHMs] KaTHOHA IEJIOYHO3EMENBFHOTO MEeTaIa MOXHO OOBSICHHTh H3MEHEHHEM IIHPHHBI
3anpenieHHOM 30HbL Taxxke 3aMelieHre MOHOB P30 HOHaMU LIETOYHO3EMEIBHBIX METAJUIOB NPUBOAUT K
CTPYKTYPHOH HEYNOpPSIIOYEHHOCTH, K YBEIMYEHHIO 00pa30BaHUS B KPUCTAUIMIECKOH CTPYKType paBHOBEC-
HBIX 3apSDKCHHBIX TOYEUYHBIX Ae(EKTOB, B KOTOPBIX MMPOYHOCTH CBSI3U C 3aXBAaUCHHBIMHM HOCHUTEISIMH 3apsiia
3NIEKTPOHAMH MM ABIPKAMH Y TOYEYHBIX NE()EKTOB B KPUCTALIMUECKOHW pEHIETKE C Pa3sHBIMH IIEIOYHO3E-
MEJbHBIMHA HOHAMHU Pa3JInyHA.

Kniouesvie cnosa: TBCp,Z[OCba?»HI:Iﬁ CHUHTE3, KOOaJIbTUTBI PEAKO3EMENIBHBIX W IIEJIOYHBIX METAJIOB, TEPMHU-
4eCKasa 3aBUCUMOCTb 3neKTpnqec1<0171 IIPOBOAUMOCTH, CJIOKHBIE OKCHUJIbI, UMIIEAAHCHAsA CIICKTPOCKOIUA, ArUa-
T'paMMBbL BOZ[C, OHCEPTUA aKTUBAIIUU IPOBOAUMOCTH, U30TCPMbI ITPOBOAUMOCTH.
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Study of the thermal properties of clays from the Krasnoyarsk
and Sukpak deposits of Tuva

The most important factor in the development of industry and the construction industry of individual and
hard-to-reach regions is the availability of their respective raw materials and energy base. Their possible ef-
fective use can often be difficult due to difficult geological conditions, lack of required transport connections
and removal from industrial centers. So, in particular, more than a dozen industrial deposits of fossil raw ma-
terials and clay rocks located in hard-to-reach areas are known on the territory of the Republic of Tuva and
their extraction is currently not cost-effective. Therefore, available low-grade raw materials with the introduc-
tion of various additional components can be used as the main raw material. The latter requires a certain
amount of complex research, namely, the study of the dynamics of the behavior of the initial components,
their mixtures, the batching compositions during roasting, the development of technology parameters using
new raw materials, etc. In this connection, in the first stage of the research in this paper using a number of
methods of physicochemical analysis the dynamics of the phase transformations occurring in the material of
the rare-earth clays of the Sukpak and Krasnoyarsk deposits of Tuva is studied, with their heating in the tem-
perature range up to ~ 1020-1025 °C. As a result, the stages of successive thermal decomposition of the ma-
terial were determined, namely, the removal of sorption and hydrated moisture, the destruction of
hydroaluminosilicates, the decomposition of magnesian calcite, and the initial formation of high-temperature
aluminosilicate structures.

Keywords: thermal, X-ray phase analysis, X-ray fluorescent analysis, clays, oxides, carbonates, silicates,
aluminosilicates.

Introduction

One of the most important factors for the development of the construction industry of remote and hard-
to-reach regions is the availability of an appropriate raw materials base and its efficient use. However, often
existing internal sources of raw materials are not used enough in regions. So, in particular, more than a dozen
industrial deposits of clay rocks are known on the territory of Tuva [1-4]. The presence of 45-62 % of SiO,
and 13-18 % of Al,O; in them allows them to be attributed to semi-acid clays (herein and after, % wt.). They
contain significant concentrations of alkaline earth metal compounds (5-10 %), iron oxides (69 %). Similar
clay rocks are divided into two groups:

— smectite, with predominance of the mineral nontronite (Fe, Al),[Si4O0](OH),'nH,O in the clays of

this group;

—micaceous, rock-forming mineral in which is illite (a kind of hydromuscovite) — K< AL[(Si,

Al)4010]'OH2'nH20.

The latter in terms of plasticity refer to a moderately and slightly plastic group. They are also light-
binder material. Their refractory temperatures are in the range of 11801250 °C and have a small sintering
interval (~ 30-50 °C).

At a firing temperature of smectite clay up to 1100 °C, the crock of the cake has water absorption (B)
equal to 8—10 %, which indicates its porous structure. Therefore, in order to obtain a dense crock (B <5 %),
as a rule, clays of the hydromica group are used.

An analysis of the geography of occurrence of clay rocks of Tuva showed that the existing clays of the
micaceous group on the territory of the Republic were in hard-to-reach areas of the region and their extrac-
tion was currently not possible. Therefore, mainly montmorillonite clays of the Krasnoyarsk and Sukpak de-
posits are used as the main plastic raw material in practice. These clays are low-dispersed, moderately and
low-plastic, with high and medium sensitivity to drying, characterized by a small interval of sintering.

For effective work of production on this raw material it is necessary to work out for it the required tech-
nological mode of roasting. And to obtain the specified technological properties of the material of these

92 BecTHuk KaparaHguHckoro yHusepcureTa



Study of the thermal properties of clays ...

clays, it is necessary to additionally produce specially selected effective additives for them. Natural
fluxescan be these additives. Deposits of qualitative natural fluxes — pegmatites (a mixture of quartz and
feldspars) are found in the Republic, but are in inaccessible mountainous terrain and are not yet developed
due to the difficulty of their development. Therefore, low-quality raw materials with the addition of various
man-made materials such as quarry wastes, asbestos and other technological products are used as additives in
practice.

By the time, only solid brick of M75 grade is produced from ceramic materials in the amount of
~2-3 thousand pieces per year by the construction industry of Tuva, with the annual requirement of about
20-22 thousand pieces of conditional brick. Missing requirements are covered by income from other regions.
At the same time the cost of material increases by 1.5—1.7 times due to transportation costs [2].

With the purpose of more efficient use of raw materials for the construction industry, a number of
works on improving the production of ceramic materials have been carried out recently [2, 3, 5]. Also, at-
tempts were made to use the Khovu-Aksy dump slurry (plant «Tuvakobalty» wastes) in the production pro-
cess of ceramic materials instead of natural fluxes [6, 7].

These preliminary experiments have shown the possibility of obtaining a ceramic material of a dense
crock based on local clays and dump sludge of Khovu-Aksy. However, these experiments were of a trial na-
ture. At the same time, the ecological factor was not taken into account, although the sludge of the Khovu-
Aksy dumps contains 3.0 to 6.3 % of arsenic [8]. How will the arsenic compounds present in the sludge be-
have in the process of production and further exploitation of ceramic products? This question remains open.
Therefore, at the subsequent stage of research on the use of Khovu-Aksy dump wastes in the production of
ceramic building materials, the environmental factor should be decisive, along with the study of the physical
and technological properties of the materials of the initial charge and the products obtained.

In order to study the possibility of using the wastes of the Khovu-Aksy dump for the production of ce-
ramic products and building materials as a flux at the initial stage of the research program, there was made a
study of the phase transformations occurring during roasting, the initial components of the production of ce-
ramic materials (clays of Sukpak and Krasnoyarsk deposits of Tuva, dump products of Khovu-Aksy), as well
as their mixtures.

This report presents the results of studying the phase transformations occurring in the material of the
clays under investigation during their calcination.

Experimental

Initial samples of clays were subjected to quantitative analysis for oxides by X-ray fluorescent method
and X-ray phase analysis (XRD) to determine their mineral composition. The obtained results on the content
of oxides in the samples of the investigated clays are presented in the Table.

Table
X-ray fluorescence analysis of starting materials
Analysis data, % mass
No Starting ma- Amor-
terial SIOZ A1203 F6203 MgO CaO T102 NazO Kzo SO3 NiO | CuO C0304 P205 MnO phOUS
phase
I Krasnoyarsk | 55 73 | 1426 | 6.20 | 2.48 | 636 | 0.75 | 2.17 | 224 | 051 |0.006 | VP (Unde-) 525 10,10 | 8.22
C]ay fined | fined
2 |Sukpak 4976 | 14.83 | 7.26 | 3.22 | 824 | 0.83 | 1.15 | 2.17 | 026 | 0.008 | Ynde{Unde-| 635 | g.16 | 11.05
C]ay fined | fined

X-ray fluorescence silicate analysis of the samples was performed on an ARL-9900-XP ARL (Applied
Research Laboratories) X-ray spectrometer. The sample was dried at 105 °C for 1.5 hours, then it was
calcined at 960 °C for 2.5 hours and mixed with a flux (66.67 % of lithium tetraborate, 32.83 % of lithium
metaborate, and 0.5 of lithium bromide) in a ratio of 1:9 (the total weight of the mixture is 5 g). The mixture
was melted in platinum crucibles in an induction furnace (Lifumat-2,0-Ox, Germany). State standard sam-
ples of the rock composition were used to verify the correctness of the analysis.

X-ray phase analysis was performed on an ARLXTRA powder diffractometer of Thermo Scientific
ARL Products (Switzerland). The samples were ground in alcohol in an agate mortar and applied to a glass
substrate of 2x2 c¢m in size. The thickness of the preparation was ~20 mg/cm”. The samples were scanned
(CuK, radiation) in the range from 2° to 65° (20) in steps of 0.05°, the scanning time at the point was 3 sec.
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The interpretation of X-ray diffraction patterns of minerals was compared with the reference cards of the In-
ternational powder database «Power diffraction files» (PDF).

Thermal studies (DTA) were carried out using the Pauliick model derivatograph, Pauliick Erdei (Hun-
gary), MOM-1000 type. The conditions are standard: the heating rate is ~10 deg/min, the air environment;
the temperature limit is 900—1025 °C. The samples of the cinders of the investigated clays after thermal anal-
ysis were also studied for the phase composition by X-ray diffraction analysis. The data on the chemical,
physical, chemical and thermochemical properties of individual natural compounds, minerals and clays
available in the reference and scientific literature were used to process the results of the thermal analysis of
the products under study [9-15].

Thermal analysis of the Sukpak clay

According to X-ray fluorescence analysis:

— The basis of the average sample of the Sukpak clay is quartz (a-Si0O,) and magnesium containing cal-

cite — (Mg, Ca)COs;;
—1it contains a considerable amount of plagioclase, the sum of albite (NaAlSi;Og) and anorthite
(CaAl,Si,04) = (100 — n) NaAlSi;Og + nCaAl,Si,0g, where «n» can vary from 0 to 100;

— kaolinite — Al4[Si40;0](OH); is also present; potassium feldspar, which represents aluminosilicates
mainly of potassium (orthoclase, microcline — K[AISi;Oy0], etc.); mica (aluminosilicates
AB, 3[T400](OH, F), where A — K, Na, Ca and others, B — Al, Mg, Fe; T — Si, Al); smectite,
illite-smectite (solid solution of mica-like minerals, the compositions of which, according to the bibli-
ography, belong to the high-silica mica: montmorillonites and saponites);

— the presence of hematite a-Fe,Os is noted.

According to the data of X-ray fluorescence analysis (see Table), the sample with relatively equal
content of alumina (14.83 %) with Krasnoyarsk clay has lower contents of silicon oxide (49.76 %), sodium
(1.15 %), but in somewhat larger amounts oxides of a number of other metals (iron, magnesium, calcium,
potassium).

After carrying out the thermal analysis within the temperature up to 900 °C, the mineral composition of
the resulting cinder according to the X-ray phase analysis has undergone the following changes. There is a
complete absence of magnesian calcite and kaolinitein the sample with the dominance of the quartz phase.
Along with quartz, the dominant mineral is plagioclase. The product of thermolysis shows the presence of
potassium feldspar, hematite, traces of mica, illite-smectite, and also the possible presence of karosite-
KFe;[SO4]2(OH)g.

The DTA curve of the thermogram (Fig. 1) shows a number of endothermic effects with temperature
peaks at 100, 540, 680, and ~795 °C. The stages of mass loss (see curves of TG and DTQG) are fixed by the
final temperatures of 250, 540, 750 and 800 °C. Sorbed and crystallization moisture is removed from the clay
materialin the interval up to ~ 250 °C. In the temperature range ~ 435—620 °C, decomposition of kaolinite
takes place: decomposition of weakly formed structures occursup to ~ 500 °C, and further (at ~500-600 °C),
the ordered forms are destroyed with removal of structural (molecular) water and the release of amorphous
phases of Al,O; and SiO,.

Apparently, the process of decomposition of magnesian calcite beginsalready at temperatures of ~ 620—
650 °C. Initially, the decomposition process occurs with the release of MgO as an amorphous phase. Further,
the decomposition of magnesian calcite is completed by the release of CaO and complete distillation of CO,
within the limits of temperatures ~ 750795 °C.

The DTGA of a sample of Sukpak clay subjected to additional abrasion in a mortar and heated in the
temperature range up to 1025 °C (see Fig. 2), practically confirmed the course of the thermal decomposition
described by the curves of the thermogram curves of the first experiment (Fig. 1). However, there is an
increase in mass loss in the temperature range of 80-250 °C and a decrease in mass loss in the high-
temperature stages of heating. As a result, the total mass loss was also significantly reduced. This is due to
the fact that with additional processing (abrasion), there was a partial destruction of hydrated hydrosilicate
structures and at the same time an increase in the sorption capacity of the material [15]. Analysis of the TG
curve shows that the decomposition process of magnesian calcite is more clearly divided into two stages. At
the temperature stage from temperatures of ~ 580—600 °C the effect of decomposition of magnesian calcite
with the release of the amorphous phase of MgO is manifested. A fairly clear endoeffect at 740-770-820 °C
is due to further decomposition of calcite with the formation of an amorphous phase of CaO and CO,
distilling off. And further, at ~ 900 °C the decomposition of the residual calcite is completed. Subsequent
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small effects at 900, 930 °C, apparently, can be attributed to the residual decomposition of the most stable
aluminosilicate phases and the formation of structures such as spinel or mullite based on amorphous active
oxides formed during the decomposition of aluminosilicates and carbonates.
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Figure 1. The thermogram of the Sukpak clay sample Figure 2. The thermogram of the Sukpak clay sample
without additional treatment subjected to additional abrasion

The drop in the mass of the material when heated according to the TG curve is in accordance with the
dynamics of the thermal decomposition of the sample presented above. It is carried out sequentially in
several stages in the temperature intervals: ~ 80-250 °C, ~ 440-600 °C, ~ 650-750 °C, ~ 770-900 °C with a
loss of mass, respectively: 0.8—1.7 %; 2.2 %; 2.8-6.7 %; 4.9-5.6 %. The main weight loss (~ 80 %) occurs at
the last stage. The total mass loss is in the range of ~ 11.7-15.2 %, depending on the conditions for the
preliminary preparation of the sample and the temperature limit of heating at DTGA.

Thermal analysis of the Krasnoyarsk clay

According to the X-ray fluorescence analysis in the original sample of the Krasnoyarsk clay:

— quartz (0-SiO,); potassium feldspar (in particular, microcline and orthoclase-K [AlSi;0]), plagio-
clase (albite — Na[AlSi3Og] and anorthite — Ca[Al,Si,0Og]), magnesian calcite — (Mg, Ca)CO; dom-
1nate;

—there are such minerals as chlorite — (Mg, Fe™, Fe’")s[AlSi;0,0](OH)s; kaolinite —
Aly[Si4O019](OH)g; dioctahedral mica (muscovite type — KAL[(Si, Al)4O0](OH, F)); smectite and
traces of illite-smectite;

— traces of hematite — Fe,0;, siderite — FeCO; and goethite — FeO(OH) are noted.

In contrast to the Sukpak clay, potassium feldspar and plagioclase dominate in the composition of the
Krasnoyarsk clay along with quartz and calcite. These minerals in the Sukpak clay are contained in a small
amount. In addition, there are still chlorite and goethite, as well as sideritein the Krasnoyarsk clay. They
were not found in the Sukpak clay.

Comparing the content of element oxides in the Krasnoyarsk and Sukpak clays (see Table), it should be
noted that there is a greater content of quartz, sodium oxides and a fewer oxides of iron, magnesium and
calciumin the Krasnoyarsk clay.

The character of the DTGA curve of the sample of the Krasnoyarsk clay subjected to preliminary abra-
sion (Fig. 3) is rather close to the character of the DTGA curves of the Sukpak clay, although it has some
differences. Thus, with similar low-temperature endoeffects with temperature peaks at 160 and 540°, the sub-
sequent course of the DTA and TG curves changes somewhat. High-temperature endoeffects of DTA (in the
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temperature range of 600-850 °C) are insignificant and weakly manifested. Only endoeffect with a peak at
750 °C is relatively clearly manifested. The TG curve smoothly extends from 440 to 600 °C and further from
700 to 800 °C with the continuation of some decrease in mass up to 900 °C, in contrast to the TG curves of
the sample of the Sukpak clay.
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Figure 3. Thermocouple sample of the Krasnoyarsk clay subjected to additional abrasion

After the thermal analysis of the sample of the Krasnoyarsk clay, carried out in the temperature range
up to 900 °C, the phases of quartz, plagioclase dominate in the cinder material, the content of potassium feld-
spar is somewhat lowered, calcite, kaolinite, siderite, hematite, goethite, illite-smectiteare completely absent.
The material retains traces of mica and a magnetite phase appears.

Based on the data obtained from the thermal analysis of the samples of the Krasnoyarsk clay (Fig. 3)
and X-ray phase analysis data, the following sequence of thermal transformations occurring when the mate-
rial of the Krasnoyarsk clay is heated can be represented.

Adsorbed water is removed in the temperature range of ~ 80—160 °C. Subsequently, within a range of
up to 300 °C, a partial removal of the crystallization water takes place. In the temperature range of ~ 400—
600 °C, the destruction of mineral phases such as kaolinite occurs with the removal of structural (molecular)
water and the formation of amorphous Al,O; and SiO,. The decomposition of chlorite and magnesian calcite
takes place with a further rise in temperature within 600—-850°C. The degradation products (Al,Os, SiO,,
MgO, CaO) formed in these temperature ranges are likely to acquire a plagioclase structure after subsequent
heating (> 900 °C), which explains the increase in its content in the material as a result of thermal exposure
to the product under study.

The weight loss of the material occurs in the following sequence: within the limits of temperatures up to
280 °C — 3,3 %, to 600 °C — 6,7 %, to 700 °C — 4,4 %, to 850 °C — 3,3 % and to ~ 920 °C — 2,2 %. The
total mass loss is 19.9 %, which significantly exceeds (within ~ 5-6 %) the decrease in the mass of the
Sukpak clay.

Subsequent heating, exceeding 900 °C, leads to complete decomposition of carbonate and hydrosilicate
phases and promotes the process of transformation of amorphous phases formed as a result of the destruction
of a wide range of aluminosilicates into plagioclase, spinel or mullite structures.

The stage-by-stage loss of mass that occurs during heating is due to the following factors, namely, re-
moval of adsorption and crystallization water (endoeffects at ~ 80—400 °C) and decomposition of structures
of aluminosilicates with removal of structural (molecular) moisture (endoeffects at ~ 440—600 °C); decompo-
sition of magnesium calcite and siderite with the removal of CO, (endoeffects at ~ 600—850 °C).
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Conclusion

The dynamics of the phase transformations in the clay samples of the clays of the Sukpak and Krasno-
yarsk deposits that occur when they are heated in the temperature range up to ~ 1020-1025 °C is generally
carried out according to the general scheme. Sorption and crystalline hydrate moisture is mainly removed in
the region of low temperatures up to ~ 400-450 °C. At temperatures in the region of ~500—-600 °C and with
subsequent heating, the destruction of hydroaluminosilicate structures with the removal of crystallization
(molecular) water, the release of amorphous oxide phases of silicon, aluminum and other metals included in
these aluminosilicates occur. At subsequent heating in the temperature range of ~ 600 °C and higher, the de-
composition of magnesian calcite with the removal of CO, into the gas phase and the formation of succes-
sively amorphous magnesium oxide structures (up to ~ 700-800 °C) and, further, calcium oxide (in the range
above 800-850 °C) take place. At temperatures above 900 °C in the material of the samples, new high-
temperature aluminosilicate structures such as spinel, mullite, and plagioclase begin to form amorphous ox-
ides. However, this does not lead to a volumetric and aggregate change. The material, as a rule, slightly
hardened, but there was no appearance of liquid phases and even minimal sintering («grasping»). The prod-
ucts formed after the experiment with a little effort are scattered.

Some differences in the dynamics of phase transformations and in the composition of firing products of
the Sukpak and Krasnoyarsk clays are determined by the difference in the phase composition of these clays.
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TyBanbiH Cyknak :xoHe KpacHosipck KeH OpbIHAAPHI TONBIPAKTAPBIHBIH
TEePMUSJIBIK KaCHETTEPiH 3epTTey

JKexke koHe anbiC allMaKTapAbIH OHEPKACiOi MEH KYPBUIBIC HHYCTPHSCHI AaMYBbI YILIiH MaHbI3bI haKkTOpIIapsl
GOJTBII IIMKI3aTTHIK JKOHE YHEPIUSUIBIK Oa3anapbIHbIH 00JTybl TaObUIAAbI. OJETTe, OJap/bl THIMII Halifanany
MYMKIHZIr KypZeni reoJoTHsUIbIK JKaFaailiapMeH, KaKeTTi TPaHCIIOPTTHIK KaThIHACY/IBIH KHE OHEPKICIITIK
OpTalbIKTapJaH ajbic OpHalacybIMEH KHbIHAAThUIaAbl. Mblcaiibl, HaKThUIaN aiiTkanna, TyBa PecnyOnukack
OHIpIH/IE, aNbIC OHIpIIEpP/Ie OPHAIACKAH )KOHE COHBIKTAH OJIapIblH OHICTYI Ka3ipri Ke3/ie THiIMAI 00JIMalThIH,
IIMKI3aT KEHJAEpIHIH >XoHE TONBIpaK INBIFApBIHAAIAPBIH OHJAFaH OHEPKACINTIK Kazbamap KeHi Oap.
CoHABIKTaH HETi3Ti MUKi3aT Ke3i peTiHAe KODKETIMII TOMEH CYpPBINTAFrbl MIMKI3aTBIH OPTYPJi KOCHIMIIA
KOMITOHEHTTEp CHT13y aKbUIbI KOJIAHBUTYEl MYMKiH. OchlFaH OalaHBICTHI KeIISHAI 3epTTeyIepain Oenrimi
KelneMi KaxeT: Oacranmkpl KOMIIOHEHTTEPIiH CHNATTaly JAWHAMHKACHIH, OJapAblH  KOCIAJIapbIH,
KBI3JIbIPFaH/aFbl IIMXTAMANTBIH KYpaMIapblH 3epTTey, jKaHa IIHKI3aTThIH KOJIAHYBIMEH TEXHOJIOTHUsIAp
napamerpiepin enzey T.0. OcbFaH OaiaHBICTBI OCHI JKYMBICTBIH OacTamnkbl caTbuiapbiHaa (U3HKa-
XUMHSUTBIK TangayiaapibiH OipkaTap oamictepin Koinmauein, TyBamarel Cykmak jkoHe KpacHospck KeH
OpBIHIAPHI TOIBIPAKTAPbIHBIH TOMEH CYpBINTHI MaTepHangapbiHaa, onapasl ~1020-1025°C  neiiin
KbI3JbIpFaHaarsl (as3aiblK e3repicTepAiH AMHAMHKACH 3epTTeireH. Hartmkecinae maTepuanably OipTiHaen
TEPMUSJIBIK  BIIBIPAYBIHIAFbl CATBUIAPbl AHBIKTAJIbL: COPOLMSIIBIK JKOHE T'HMAPATTHl BUFAIIBl JKOIO,
THAPOATIOMOCHINKATTApABl  JACKYPBUIBIMAAY, MAarHe3Walibl  KajJbLWTTI  BIIBIPATY JKOHE  IKOFApBI
TeMIIEpaTypalIbIK AIFOMOCHINKATTBI KYPBUIBIMAAP/IBI XKaHAIaH KaJbIITaCThIPY.

Kinm co30ep: peHTreH(IyOpecueHTTi, peHTreH(}a3adblK >KOHE TEPMUSUIBIK Taliayiap, TOIBIPAKTap,
OKCHJTEp, CUIMKATTAp, ATFOMOCHIIMKATTap.

H.N. Konrsrnos, 3.I1. ConoTunna

H3yuyenne TepMu4YecKMX CBOWCTB IIHH
Cyxknakckoro u Kpacnosipckoro mecropo:xaenuiit TyBbl

BaxxneimiM (akTopoM pa3BUTHUs MPOMBIIIIEHHOCTH M CTPOWHHAYCTPHM OTAENBHBIX U TPYAHOAOCTYIHBIX
PETHOHOB SBJISIETCSI HAIMYKE Y HUX COOTBETCTBYIOIIEH CHIPhEBON M dHepreTHyeckoil 0a3el. X BO3MOXKHOE
3¢ peKTHBHOE HCIOJIF30BaHNE 3a4acTyI0 MOXKET OBITH 3aTPYAHCHO BCIIEACTBHE CIOXKHBIX T'€0JIOTUUECKUX yC-
JIOBHH, OTCYTCTBUS TPEOYEMOTr0 TPAaHCIOPTHOTO COOOMICHNS M YIAJICHUS OT IPOMBIIIICHHBIX [IEHTPOB. Tak,
B 4aCTHOCTH, Ha Teppurtopun Pecryomuku TyBa m3BecTHO Goiee necsTKa MPOMBIIIICHHBIX 3aJeXel HCKo-
TIaEMOT0 CHIPbsSI U TTIOPOJ TJIMH, HAXOAAIINXCS B TPYJHOJOCTYIHBIX paifoHax, 1 nX Ko0blda B HACTOAIIEE Bpe-
Msl HepeHTabenbHa. [103ToMy B KauecTBE OCHOBHOT'O CBIPbSI MOKET OBITH HCIONB30BAHO JOCTYITHOE HU3KO-
COPTHOE CBIPhE C BBEIECHUEM PA3NUYHBIX JOMOIHUTEIbHBIX KOMIOHEHTOB. Ilocnennee Tpebyer onpenenéH-
HOT0o 00BbEMa KOMIUIEKCHBIX HCCIIEOBAHUH, TAKUX KaK M3yYeHHE NUHAMHUKH MOBEJICHUSI HCXOIHBIX KOMIIO-
HEHTOB, UX CMecel, IMUXTYIOIUX COCTaBOB MPH 00XKUre, 0TPabOTKa MapaMeTPOB TEXHOJIOTUH C HCIOIb30Ba-
HHUEM HOBOTO CBHIPbS U T.JI. B CBSI3M ¢ 9TMM Ha IepBOM 3TaIe UCCIENOBaHUN B JaHHOH paboTe C MCIIOIb30Ba-
HHUEM psiia METOJIOB (hM3MKO-XUMUUECKOTO aHAIN3a M3ydeHa AWHaMuKa (a30BBIX IpeoOpa3oBaHMiA, IpOUC-
XOJSIIUX B MaTepHaie HU3KocopTHbIX IiuH Cyknakckoro u KpacHospckoro mecropoxaeHuil TyBsl, Ipu ux
HarpeBe B obsactu Temneparyp 1o ~1020-1025 °C. B pesynbsraTte ObUIH ONpEAENeHbI STAIBI ITOCIEA0BATEb-
HOTO TEPMHUUECKOTO Pa3okKEeHHs MaTepuala: yhaneHue copOIMOHHOM U rMApaTHOH Blaru, AeCTPyKTypH3a-
M5 TUAPOATIOMOCHIIMKATOB, PA3JI0KEHNE MarHe3HabHOTO KaJblUTa U Ha4aJIbHOE ()OPMHUPOBAHUE BBICOKO-
TEMIEPaTyPHBIX ATFOMOCHIIHKATHBIX CTPYKTYP.

Kniouesvie cnosa: TepMuueckuii, peHTreHo(a30Bbli, PEHTIeHOGIYOPECLEHTHBINH aHaIN3bl, TJIMHBI, OKCHIIBI,
KapOOHATHI, CHIIMKATEI, ATIOMOCHIIMKATEL.
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Pilot-scale tank biooxidation of gold bearing arsenopyrite concentrates

This article shows the results of experimental tests of bacterial oxidation of arsenopyrite gold concentrate that
contains gold (60 g/t), sulfides (23 %), iron (26 %) and arsenic (11 %). A consortium, consisting of the
mesophilic strain Acidithiobacillus ferrooxidans AF-2 and moderately thermophilic strains of Sulfobacillus
thermosulfidooxidans OT-1 and Sulfobacillus thermosulfidooxidans SK-4, was used in the test. The tests were
carried out on the equipment, consisting of 6 reactors with a volume of 1.5 m® each. The concentration of sol-
ids in the pulp was maintained at 20 % (w/w). In the process of optimizing the parameters of the bacterial ox-
idation plant, the retention time of the concentrate was reduced from 12 to 6 days. During the test, the de-
struction of sulfides was over 90 %, which provided gold recovery from biooxidation products by cyanide
leaching over 94 %. In addition, the average gold recovery rate reached 95 %. The removal of arsenic from
the leaching solutions was carried out by means of two-stage neutralization with calcium carbonate. Due to
high oxidation degree maintained throughout the entire operation of the experimental plant, a high ratio of
iron to arsenic concentration in the solution was observed, which provided ideal conditions for arsenic precip-
itation in the form of trivalent iron arsenate. Determination of the stability of precipitate residuals was carried
out according to the protocol Toxicity Characteristic Leaching Procedure (TCLP). The precipitate obtained
after neutralization of the leaching solution does not require special disposal, since the final concentration of
arsenic in the extracts of TCLP tests was 0.14 mg/L.

Keywords: arsenopyrite concentrate, biooxidation, tank leaching, Acidithiobacillus ferrooxidans, Sulfo-
bacillus thermosulfidooxidans, gold, arsenic, pilot-scale.

Introduction

The main problem of gold mining in Kazakhstan is that in most cases (65 %) the gold-bearing ores are
classified as refractory ores. The deposits with these stubborn ores are hardly developedin our country [1]. In
this regard, a necessity to use additional procedures at the processing of these ores arises. Currently, there are
several approaches to «openy the refractory ores; these are physicochemical methods (oxidation under the
high temperature and high pressure) and biological method (bioleaching) [2].

Pressure leaching is the method of oxidative decomposition of the sulphide minerals of iron and non-
ferrous metals, with which the particles of gold associate in the ore. It occurs in industrial autoclaves under
the high pressure (1 MPa or higher) and high temperatures (150-200 °C).

Bacterial leaching (bioleaching) is a relatively new and promising method based on the use of the abil-
ity of some natural bacteria (iron-and sulfur-oxidizing) to oxidize sulfide minerals and to produce energy at
normal temperatures and pressures:

2FeAsS +702 + HQSO4 + 2H20 — 2H3ASO4 + Fez(SO4)3
4FeS + 902 + 2HZSO4 — 2F62(804)3 + 2H20
4FeSz + 1502 + 2H20 — 2F62(SO4)3 + 2HQSO4

However, for refractory gold ores and concentrates with a low arsenic content, the choice between the
two technologies (the physicochemical and bacterial) has an individual character for each particular deposit,
depending on size and physicochemical characteristics of the deposit. Moreover, for arsenopyrite ore with a
high arsenic content, the use of physical and chemical methods is limited by both environmental problems
and economical issues. It poses a risk of the release of highly toxic arsenic into the surroundings [3].

Tank method of bacterial leaching is a relatively new and promising method for the processing of arse-
nic-containing ores and concentrates. In this process, the gold extraction occurs by the destruction of the
crystal lattice of sulfide minerals which finely disseminate the gold. One of the benefits of this method is that
it can be used for the cleaning of the concentrates from the harmful compounds such as arsenic. Finally, the
bioleaching is the up-to-date tool for the selective extraction of metals from collective concentrates or indus-
trial products [4].
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Methods

The microbial culture, used in this study, were mixed culture of mesophilic and moderately
thermophilic microorganisms: Acidithiobacillus ferrooxidansAF-2 (B-RKM 0797), Sulfobacillus thermo-
sulfidooxidans OT-1 (B-RKM 0794) and SK-4 (B-RKM 0796), which was deposited in the official collec-
tion at the RSE «Republican Collection of Microorganisms» of the Committee of Science of Ministry of Ed-
ucation and Science of the Republic of Kazakhstan.

The pH and redox potential (Eh) were determined by the analyzer «Mettler Toledo Seven Multi S47-
K». The concentration of metals in solid samples and solutions was determined using atomic emission spec-
trometry on the spectrometer iCAP 7200 ICP-OES Analyzer of «Thermo Scientificy company and using the
method of atomic absorption with atomization in a graphite furnace using the «KQUANTUM-2AT» atomic
absorption spectrometer [5]. The concentrations of Fe’* and Fe*" ions in the liquid phase were determined
spectrophotometrically on «KFK-3-01» colorimeter (at wavelength A=510 nm) [6]. The sulfur content in the
sulfide concentrate and in the residues of leaching was determined gravimetrically [7].

During the pilot test, the arsenopyrite concentrate was obtained from the Bestobe deposit (JSC «Mining
and Metallurgical Complex «Kazakhaltyn»). The average gold content is 60 g/t, the content of sulfides is
23 %, iron is 26 %, arsenic is 11 %. The concentration of solids in the pulp of the pilot plant was maintained
at 20 % (w/w).

The pilot plant for bacterial oxidation of arsenopyrite concentrates consisted of 6 reactors with a volume
of 1.5 m’ each. The bioreactors are equipped with stirring devices, bubbling rings for air supply and heaters
to maintain the temperature at 40 °C. Pulp preparation was carried out in a 2 m’ conditioning tank, provided
with a stirring device.

First three bioreactors worked in parallel and formed the first stage. A combined stream from these bio-
reactors was then cascaded into a series of three bioreactors. The use of the first three bioreactors in parallel
had a crucial role in the growth and stability of bacterial populations due to the fact that the retention time at
first stage increases threefold. Schematic diagram of the installation is shown in Figure 1.

‘ — ¥
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Figure 1. The scheme of pilot-scale plant

The cyanidation of bacterial leach residues and untreated concentrates was carried out in 100 ml Erlen-
meyer flasks at a working volume of 40 ml with 40 % pulp on a shaker at 25 °C and 200 rpm for 24 hours.
The pH of the pulp was maintained at pH 10.5—11.0 by the addition of 10N sodium hydroxide.

Results

Initially, the retention time of the concentrate in the plant was 12 days. Due to the slow flow rate into
the primary reactor, the feed was supplied hourly from the pre-weighed packages of the concentrate, and the
water was added continuously. After the stable operation with a certain retention time was demonstrated, the
feed rate had increased.

In the process of bacterial oxidation special attention was accentuated on the maintenance of the opti-
mum acidity of the pulp (pH 1.0-1.5). Controlling the acidity of the pulp is necessary to prevent a decrease
in the activity or death of acidophilic bacteria, as well as the precipitation of iron and arsenic compounds
with an increase in acidity [8]:

2H3ASO4 + Fez(SO4)3 — 2FeASO4 + 3HQSO4
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3F62(SO4)3 + 12H20 + MzSO4 — 2MFC3(SO4)2(OH)6 + 6stO4
where M — is K", Na', NH,'or H;0".
Samples were taken from each reactor for chemical analysis on a daily basis. The analysis included the
determination of total iron, total sulfur, sulfide sulfur and arsenic in the solid samples and iron, sulfate sulfur

and arsenic were analyzed in the solutions. The parameters of the bacterial oxidation process are shown in
Table 1.

Table 1
Parameters of bacterial oxidation in a pilot plant

Pulp density, % 20
Retention time, days 6
Temperature, °C 40
Iron, g/LL 45-49
Arsenic, g/LL 16-19
pH 1.2-1.3
Eh, mV 640-720
The concentration of dissolved oxygen, ppm 2.0-5.0
Weight loss, % 38
Sulfide oxidation, % 90
Removal of As, % 92
Average recovery of Au, % 95

In the process of optimizing the parameters of the pilot bacterial oxidation plant, the retention time of
the concentrate was reduced from 12 to 6 days. The recovery of gold was determined by standard bottle tests.
Gold recovery, obtained from bacterial oxidation products, is shown in Figure 2.

100
90
80
70

Au, %

0 10 20 30 40 50 60
Time, days

Figure 2. The gold recovery obtained from the bottle tests

According to the data presented in Figure 2, it can be seen that high levels of the gold recovery were
observed throughout the test period. Figure 3 shows the graph of the gold recovery, depending on the total
oxidation of sulfides.

According to the data presented in Figure 3, it can be seen that during the tests, the destruction of sul-
phides was over 90 %, which ensured the recovery of gold frombiooxidation products over 94 %. The aver-
age gold extraction was about 95 %.

Many researchers have shown that in order to effectively remove arsenic from the solution and obtain a
stable precipitate of iron (III) arsenate, neutralization should be carried out step by step [8—11].
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Figure 3. Dependence of the gold recovery on the oxidation state of sulfides

In the first stage, arsenic is deposited in the form of stable iron arsenate at pH 3-5, after that, the pH is
raised to 6-8, in order to reach an environmentally acceptable level. The chemical processes that occur in
this case can be described by the following equations:

Stage 1: Neutralization to pH 3-5

Fez(SO4)3 + H3ASO4 + CaCO; + 2H20 —
— Fe(OH);(s) + CaSO4(s) + FeAsOy(s) + 2H,SO,4 + CO,

Stage 2: Neutralization to pH 6—8

HZSO4+ CaCO3 — CaSO4(s) + C02+ Hzo

The formation of calcium arsenate Caz;(AsQ,), should be avoided during the neutralization of the arse-
nic solutions. Calcium arsenate is more soluble than iron (III) arsenate and is not a suitable form for long-
term storage due to decomposition to carbonate under the influence of carbon dioxide contained in the air.
The formation of calcium arsenate can be prevented with a molar ratio of iron (III): arsenic above 3: 1 and an
increase in pH in the first stage of no more than 4-5 [12].

Due to high oxidation degree is maintained throughout the entire operation of the experimental plant, a
high ratio of iron to arsenic concentration in the solution was observed, which provided ideal conditions for
the arsenic precipitation in the form of trivalent iron arsenate. Determination of residual precipitation stabil-
ity was carried out according to the protocol U.S. EPA-TCLP. The threshold concentration of TCLP for ar-
senic is 5 mg/L. The test results are shown in Table 2.

Table 2
Data of solution and residue analysis
Biooxidation solution In solution after precipitation In TCLP extract
Fe, g/L As, g/L pH As, mg/L As, mg/L
47 18 1.2 0.05 0.14

According to Table 2, the precipitate obtained after neutralization of the leaching solutions does not re-
quire special disposal, since the final concentration of the arsenic in the extracts of TCLP tests was
0.14 mg/L.

Conclusion

The pilot test have shown a high efficiency of biooxidative pretreatment of the arsenopyrite concentrate
using Acidithiobacillus ferrooxidans AF-2, Sulfobacillus thermosulfidooxidans OT-1 and Sulfobacillus
thermosulfidooxidans SK-4 for the gold extraction. 92 % of arsenic was recovered in 6 days of treatment.
Only 47 % of gold is recovered through the direct cyanidation of the concentrate, while cyanidation after
biooxidation has shown 95 % of the gold recovery.

Cepust «Xummsi». Ne 2(90)/2018 103



V.M. Shaikhutdinov, N.K. Zhappar et al.

References

1 TycynoBa B.X. AHamu3 COBPEeMEHHOrO COCTOSHHMsI A0OBIYM M Ky4dHOro BbimenauuBanus 3onota / b.X. Tycynosa,
K. Baiirypun // Bectn. KasHTY. — 2009. — Ne 5. — C. 2, 3.

2 JlogeiiumkoB B.B. Texnosorust u3BieueHus 3070Ta U cepebpa u3 ynopusix pyxa / B.B. JlogeiukoB. — Hpkyrck: Upru-
peamer, 1999. — 342 c.

3 Bhalerao S.A. Bioleaching: An Economic Alternative for the Mining Industry: A Review / S.A. Bhalerao // International
journal of biotechnology and biosciences. — 2011. — Vol. 1. — P. 67-72.

4 Kaksonen A.H. The role of microorganisms in gold processing and recovery-A review / A.H. Kaksonen, B.M. Mudunurua,
R. Hackl // Hydrometallurgy. — 2014. — Vol. 142. — P. 70-83.

5 TapudssaoB A.P. OMuccruonHas GpoToMeTpus IIaMEHH M aTOMHO-abcopOironHas cnekrpockonust / A.P. apudzsHoB. —
Kazans: Kazanckuii roc. yu-1, 2009. — 94 c.

6 Vogel AL Vodel’s textbook of quantitative chemical analysis / A.I. Vogel. — Longman Group UK Limited, 1989. — 690 p.
7 Anekcees B.H. KonnuecrBennsrii ananus / B.H. AnexceeB. — M.: Xumust, 1972. — 504 c.

8 Zeng W. Detection and analysis of attached microorganisms on the mineral surface during bioleaching of pure chalcopyrite
with moderate thermophiles / W. Zeng, S. Tan, M. Chen, G. Qiu // Hydrometallurgy. — 2011. — Vol. 106. — P. 46-50.

9 GrEafe M. Formation of metal-arsenate precipitates at the goethite—water interface / M. GrEafe, M. Nachtegaal, D.L. Sparks
// Environ. Sci. Technol. — 2004. — Vol. 38. — P. 6561-6570.

10 Jia Y. Coprecipitation of arsenate with iron (III) in aqueous sulfate media: Effect of time, lime as base and co-ions on arsenic
retention / Y. Jia, G.P. Demopoulo // Water research. — 2008. — Vol. 42. — P. 661-668.

11 Moldovan B.J. Characterizing and quantifying controls on arsenic solubility over a pH range of 1-11 in a uranium mill-scale
experiment / B.J. Moldovan, M.J. Hendry // Environ. Sci. Technol. — 2005. — Vol. 39. — P. 4913-4920.

12 Rawlings D.E. Biomining: Theory, Microbes and Industrial Processes / D.E. Rawlings. — Berlin: Springer-Verlag Berlin
Heidelberg, 2007.

B.M. Hlaiixyraunos, H.K. XKanmap, O.A. Ten, I.C. bannanos, E.H. Kanadwus,
P.A. Xannanos, P.11I. EpkacoB, A.A. baku6aes, A.T. Keznuk6aeBa

APCEHNMPUTTI AJTHIH KOHUEHTPATTHI KYOijle OMOTOTHIKTHIPY/IbIH
TIXKipHOeJi ChIHAFBI

Makanana Kypamsiaga anteiH 60 1/T, cynsdunrep 23 %, temip 26 %, xymono 11 % apceHNUpHUTTI anThH
KOHICHTPATThl KYOiZe OHOTOTHIKTHIPY CHIHAKTAPBIHBIH HaTIXKedepi kepcerinreH. CplHaK Ke3iHze
Acidithiobacillus ferrooxidans AF-2 wme3obunai mTaMMHaH J>KOHE opTama-TepMo(WIAl IITaMMIapAaH
TYPATHIH KOHCOPLMYM Maiixamansl. ChIHAKTAPABIH op6ipi 1,5 M° KeneMi 6 peakTopaaH TYpaThiH KOHIBIP-
FbIga Kyprisinni. KoHAbIpFbl KyaT Ke3iHAe KaTThl 3aTTap KoHueHTpauuschi 20 % (Mac./mac.) IeHreiinne
ycragsl. Kybine OakTepHsuIBIK TOTHIKTBIPY KOHIBIPFBICHIHBIH OHTAIIAHABIPY OaphICEIHAA KOHIIEHTPATTHI
ycray yakbITHl 12-1eH 6 Toyiikke neiiin KeIcKapTeuiasl. CeIHAK YeTiHAe cynbduarep Oy3puryst 90 % sxorapsl,
OyJ1 OMOTOTHIKTEIPY OHIMHEH alTHIHABI iy 94 % »KoFapsl, ChIHAK INIiHAE aNTHIHABI opTama aaysl 95 %
kypansl. Illafimanmay —epiTiHAUIEpAeH KYMIONOHI apbUITy KanblMii KapOOHATBIMEH €Ki  Ke3eHHl
OeiiTapantanablpy )KOJBIMEH JKYPri3iiai. DKCIEPUMEHTTIK KOHIBIPFBIHBIH 0ap KYMBICHI OOHBI YCTaNBIHATHIH
TOTBIKTBIPY/IBIH JKOFaphl ACHreHiHEH YIII BAJICHTTI TeMIp apceHaThl TYPiH/Ae KYIIQIoHIH TYHYbIHA KEMILTIKCi3
JKaFIalabl TyIbIPFAH epITIHAIAC KYLISNSFa YII BAJICHTTI TEMIip KOHLCHTPATBHIHBIH JKOFapbl KATBIHACHI
6aiikanasl. ConbiMen Oipre temip apcenatbinbly (III) TypakTbl TyHOach! maiiga 6osabl. TyHy TyHOACHIHBIH
TYPaKTBUIBIFBIH aHbIKTay Toxicity Characteristic Leaching Procedure (TCLP) xarramacer OoiibiHima
xyprizinni. I[laiimanmay epitinnicin OeirapantaHablpy HoTibkeciHne anbiFaH TyHOa TCLP Tectrep
cipiHainepiHae KYIIONoHIH COHFBI KoHIeHTpanuscs! 0,14 Mr/m KyparaHABIKTaH, apHAMbl caKTaybl Taall
eTIIeH .

Kinm ce30ep. apceHNUPHUTTI KOHLCHTPAT, OMOTOTHIKTHIPY, aHAa waiimanay, Acidithiobacillus ferrooxidans,
Sulfobacillus thermosulfidooxidans, anTbiH, KYIIaJI, ChIHAMAIBI CHIHAY.

B.M. Hlaiixyraunos, H.K. XKanmap, O.A. Ten, I.C. bannanos, E.H. Kanadwus,
P.A. Xannanos, P.11I. EpkacoB, A.A. baku6aes, A.T. Keznuk6aeBa

OnbITHOE UCNIBLITAHNE YAHOBOI'0 OMOOKHMCJICHUSA
apPCeHONMUPUTHOIO 30JI0TOI0 KOHIIEHTPAaTa

B crarbe npuBeNeHBI PE3yJIbTAaThl ONBITHBIX HCIBITAHMN YaHOBOTO OAKTEPUAIBHOTO OKHCIICHHUS apCEeHOINH-
PHUTHOTO 30JI0TOTO KOHIIEHTpara: coiepxaHue 3o10ta 60 r/T, cymbdunos 23 %, xenesa 26 %, MbllIbika
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11 %. IIpu HCTIBITAHUM MCTIOIB30BAIM KOHCOPLIMYM, COCTOSIINH U3 Me30duibHOro mramma Acidithiobacillus

ferrooxidans AF-2 u ymepenHo-tepmoduibHbIx mwtammoB Sulfobacillus thermosulfidooxidans OT-1 n SK-4.
VICIIBITAHMS POBOIMIIHCH HA YCTAHOBKE, COCTOSIIIEH 13 6 peakTopoB, oGbemoM 1,5 m° kaxmpiit. KoHmeHTpa-
LU0 TBEPABIX BEUIECTB B IIMTAHNH YCTAHOBKHU HOZepkuBanu Ha yposHe 20 % (mac./mac.). B mponecce on-
THUMU3aIUH ITapaMETPOB YCTAHOBKM YaHOBOTO OaKTEPHAJIBHOTO OKHCIICHUS BPEMs yAep KaHHS KOHLIEHTpaTa
65110 cokpamieHo ¢ 12 no 6 cyrok. B xone ucnbiTanus paspyuieHue cynbpuiaoB coctaBmio cbime 90 %, xo-
TOpOoe O00ECIeUMIIO M3BJICUCHHE 30J10Ta W3 NPOJYKTOB OMOOKHCIICHUS IPH IHAHUPOBAaHWU cBhIme 94 %,
cpelHee M3BJIE€UYEHHE 30JI0Ta B TEUEHUE HCIBITAHMH cocTaBuino 95 %. YnaneHue Mbllbska U3 pacTBOPOB
BBILIETIAYMBAHUS [TPOBOJIIIN IIyTeM ABYXCTaJUHHONW HEHTpanu3aluu pacTBopa kapOoHaToM Kaibuus. M3-3a
BBICOKOH CTENEHU OKHCIICHUS, MOANCP)KUBAEMON HA MPOTSHKEHUH Bcel pabOTHI HKCIEPUMEHTANBHON ycTa-
HOBKH, Ha0JII0/1aJI0Ch BBICOKOE OTHOILIEHHE KOHIIEHTPALMH TPEXBAJIEHTHOTO JKeNe3a K MBIIIbIKY B PacTBOPE,
4YTO0 00ECHEeUIO0 HAeabHBIC YCIOBHS M OCaXKACHUS MBIIIbSKA B BHJE apceHaTa TPEXBAJCHTHOTO Kelle3a.
Ompenenenne CTaOMIEHOCTH OCAAKOB OCaXJICHUSI IPOBOIWIN 110 IpoTokoiry Toxicity Characteristic Leach-
ing Procedure (TCLP). Ocanok, moxydeHHBIH B pe3ynbTaTe HEWTpalM3alliid pacTBOPA BEHINIEIAYNBAHUS, HE
TpeOyeT CIeMaIbHOTO 3aXOPOHEHNUs, TaK KaK KOHEYHasi KOHIIEHTpanus MbIIbsika B okcTpaktax TCLP tec-
TOB coctaBuia 0,14 mr/m.

Kniouesvie cnosa: apceHONMPHUTHBI KOHLEHTpAT, OMOOKHCIEHHE, YaHOBOE BBIILENAUMBAaHME, Acidithio-
bacillus ferrooxidans, Sulfobacillus thermosulfidooxidans, 3070TO, MBIIIBSIK, OTIBITHOE HCIBITAHUE.

References

1 Tusupova, B.Kh., & Baygurin, Zh.D. (2009). Analiz sovremennoho sostoianiia dobychi i kuchnoho vyshchelachivaniia
zolota [Analysis of the current state of mining and heap leaching of gold]. Vestnik KazNTU — Bulletin of KazNTU, 5, 2-3 [in Rus-
sian].

2 Lodeyshchikov, V.V. (1999). Tekhnolohiia izvlecheniia zolota i serebra iz upornykh rud [Technology of extraction of gold
and silver from refractory ores]. Irkutsk: Irhiredmet [in Russian].

3 Bhalerao, S.A. (2011). Bioleaching: An Economic Alternative for the Mining Industry: A Review. International journal of
biotechnology and biosciences, 1, 67-72.

4 Kaksonen, A.H., Mudunurua, B.M., & Hackl, R. (2014). The role of microorganisms in gold processing and recovery. A re-
view. Hydrometallurgy, 142, 70-83.

5 QGarifzyanov, A.R. (2009). Emissionnaia fotometriia plameni i atomno-absorbtsionnaia spektroskopiia [Emission photometry
of a flame and atomic absorption spectroscopy]. Kazan: Kazan State University [in Russian].

6 Vogel, AL (1989). Vodel’s textbook of quantitative chemical analysis. Longman Group UK Limited.
7 Alekseev, V.N. (1972). Kolichestvennyi analiz [Quantitative analysis]. Moscow: Khimiia [in Russian].

8 Zeng, W., Tan, S., Chen, M., & Qiu, G. (2011). Detection and analysis of attached microorganisms on the mineral surface
during bioleaching of pure chalcopyrite with moderate thermophiles. Hydrometallurgy, 106, 46-50.

9 GrEafe, M., Nachtegaal, M., & Sparks, D.L. (2004). Formation of metal-arsenate precipitates at the goethite—water interface.
Environ. Sci. Technol., 38, 6561-6570.

10 Jia, Y., & Demopoulo, G.P. (2008). Coprecipitation of arsenate with iron (III) in aqueous sulfate media: Effect of time, lime
as base and co-ions on arsenic retention. Water research, 42, 661-668.

11 Moldovan, B.J., & Hendry, M.J. (2005). Characterizing and quantifying controls on arsenic solubility over a pH range of 1—-
11 in a uranium mill-scale experiment. Environ. Sci. Technol., 39, 4913-4920.

12 Rawlings, D.E. (2007). Biomining: Theory, Microbes and Industrial Processes. Berlin: Springer-Verlag Berlin Heidelberg.

Cepust «Xumusi». Ne 2(90)/2018 105



XUMUANDBIK TEXHONOINA
XUMUYECKAA TEXHOJIOIMMUA
CHEMICAL TECHNOLOGY

UDC 546.19

N.I Kopylov', M.O. Moldurushku?

!Institute of Solid State Chemistry and Mechanochemistry
of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia;
*Tuva Institute of Integrated Development of Natural Resources
of the Siberian branch of the Russian Academy of Sciences, Kyzyl, Russia
(E-mail: kolyubov@narod.ru)

Study of the influence of initial contents of arsenic
of the Khovu-Aksy dumps on effectiveness
of the developed regimes of their dearsenization

Dumps of arsenic-containing wastes from the former Tuvakobalt combine are one of the most dangerous ob-
jects of Tuva. The combine’s wastes were accumulated in ponds (dumps) for 20 years of operation of the
combine. After its closure, the ponds were drained and are now exposed to the external environment, namely,
groundwater, precipitation and wind erosion. The accumulated dumps contain industrial contents of non-
ferrous metals and about 50 thousand tons of arsenic. Due to natural precipitation, toxic compounds are
flushed to the lower layers of dump maps with subsequent ingress into groundwater and the environment.
Long-term studies carried out at the Institute of Solid State Chemistry and Mechanochemistry and the
Tuvinian Institute for Exploration of Natural Resources of the Siberian Branch of the Russian Academy of
Science were devoted to the issue of dearsenization of arsenic dumps of Khovu-Aksy of the «Tuvakobalt»
combine with the aim of processing them and obtaining the secondary raw materials for the production of ma-
terials on their basis that can be used as recyclables in the national economy such as cake — as a flux in the
production of ceramic and arsenic sulphide in the production of antiseptics in the processing of wood or bio-
cide for antifouling coatings of hulls of ships and hydrotechnical structures. Studies carried out using initial
samples of dumps sludge taken from different burial sites and differing in the content of arsenic (1.88 and
4.21 %) showed the possibility of effective dearsenization of slurry materials on the tested technological re-
gimes of the process, regardless of the concentration of arsenic in them, with the formation of cake (with a
content of As < 0.3 %) and arsenic sulfide (IV degree of toxicity).

Keywords: sludge, cake, arsenic sulfide, soda, roasting, leaching, solution pH.

Introduction

According to the technology designed for the Khovu-Aksy deposit (the Republic of Tuva, Russia), the
arsenic was withdrawn from autoclave leaching solutions by magnesian «milk» precipitation at S:L = 1:4 and
manganese oxide consumption ~13 kg/kg of arsenic [1]. The residual arsenic content in the carbonate pulp in
terms of the dry mass should be no more than 2.4 % (herein and after, % wt.).

The washed sludge (tails of thickening pulp of autoclave leaching), comprising up to 93-97 % of the
mass of the ore, was sent to the dump. In the tails, as a rule, 10 to 25 % of cobalt was remained from the con-
tent in the ore (~ 0.1 % of the sludge mass) in the initial arsenide form [2]. The arsenic-magnesian precipitate
of the solution dearsenization was sent to the dump along with the autoclave leaching sludges.

Over 20 years of operation of the combine, more than 2 million m® of wastes were stored in the Khovu-
Aksy dumps [3] with a content of As in the range of 3.5-6.4 % and metals on average, %: Co — 0.18; Ni —
0.22; Cu—0.11 as well as Ag — 45 g/t and Au is 60 mg/t. As field investigations of the dumps have shown
[4] pore waters that area complex magnesia-calcium ammonia-hydrocarbonate type of solutions are formed
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as a result of waste storage. A high content of arsenic was found there (2.2 mg/L). Also, high levels of arse-
nic are found in water extracts (5.5 mg/L). This indicates the presence of soluble forms of arsenic in the
dumps. There was also an increase in arsenic content in the drying slag of dumps (Map No. 5) to 29.5 mg/L,
which corresponds to 50 MPC for this type of storage [3].

Thus, there is an intensive leaching of arsenic of various types by solutions formed or coming from out-
side, and its subsequent migration with drainage waters into the environment. Consequently, the arsenic-
containing waste of the combine in conditions of constant contact with the environment represents a serious
environmental hazard for the region. In addition, the dump wastes of Khovu-Aksy contains high iron con-
tents (up to ~ 10 %) and alkaline earth oxides (CaO, MgO, total 25-30 %) and moderate concentrations of
refractory oxides (SiO, and Al,Os), which determines their low refractory temperature ~ 1180 °C) and fusi-
bility. Therefore, the removal of arsenic, its neutralization and the possible integrated use of dumps as
technogenic raw materials with extraction of metals from them, obtaining marketable products (building ma-
terials, ceramics, etc.) is an actual problem.

Fundamental work on the removal of arsenic from technological processes was carried out in the second
half of the 20th century within the framework of the All-Union Program MP-16/20 (CMC USSR) [5], in par-
ticular, on the removal of arsenic from concentrates of heavy non-ferrous metals in the head of the process
by sulphidizing firing and transfer it into a slightly soluble (4 hazard category) sulphide form [6, 7 etc.].

Using this positive experience, later studies were carried out on the application of this technology to
neutralize the Khovu-Aksy dumps. The possibility of deep removal of arsenic from the materials of the
dumps was shown. The content of arsenic in the initial material (on average ~ 5 %) was decreased to 0.80—
0.28 %, respectively, at a ratio of the sulphidizer to the product from 1:6 to 1:2 at a roasting temperature of
900950 °C [8]. At the same time, the simultaneous burning of the sludge without a sulphidizer showed the
absence of magnesium arsenates (initially the main dump form of arsenic according to the technology of
dearsenization of autoclave solutions [1]), which should decompose with distillation of arsenic trioxide at
450-600 °C according to the reactions [9]:

2MgNH,AsO46H,0 = 2NH; + 7H,0 + 2MgO + As,0;
Mg3(ASO4)24H20 = 3MgO + A5203 + 4H20 + 02

Since this is not observed in our case, this is explained by the fact that in the dumps during storage
magnesian arsenates decompose as a result of hypergenes with the formation of secondary arsenic com-
pounds such as vivianite forms of arsenates.

In the technological aspect, the sulphitizing roasting process must be carried out in the kinetic condi-
tions of the countercurrent solid-gas. For this purpose, a shaft type furnace can serve as an optimal unit, and
appropriate equipment is required for condensation and trapping of arsenic sulphide fumes and utilization of
sulfurous anhydride [6]. All this requires certain initial financial investments. Therefore, despite the high per-
formance, its practical use is currently quite problematic.

In the metallurgy of lead, as early as the beginning of the 20th century, a method was developed for the
processing of spikes, including burning-sintering at a temperature of red heat of a mixture of spice with soda
and subsequent aqueous leaching of the formed sinder [10, 11]. In the experiments carried out on this meth-
od, the Khovu-Aksy dumps of the Tuvakobalt combine obtained leaching cakes of a soda-slime cake with a
content of 0.47 to 0.71 % of arsenic in them. More than 90 % of the arsenic contained in the sludge of the
heap is concentrated in the leach solution [12].

As the practice of research has shown, the phase and chemical compositions of the dumping products of
metallurgical industries, in particular the Khovu-Aksy dumps are determined by the initial composition of
the raw materials, the processing technology, and also depend on the time and storage conditions. While stor-
ing wastes in dumps, their chemical and mineral compositions can be sharply different both in the area of the
dump and its vertical section, as well as from the trench to the trench, from the map to the map. So, for ex-
ample, (according to the data of 2006 [13]), in the volume of the last map No. 5 of the Khovu-Aksy dumps,
iron and arsenic are distributed in the following order. In terms of the surface layer, the iron content is fixed
by a 2-fold concentration spread (the average content is 4.4 %, the maximum is 6.2 %, the minimum is
3.1 %), and the arsenic content is 16-fold (with an average content of 2.1 %, the maximum is 4.8 % and the
minimum is 0.3 %).

The average borehole test at a depth of > 1 m contains 5.1 % of iron — and 2.5 % of arsenic. Despite
the short shelf life, leaching and washing out of elements in the lower layers of the map, their vertical migra-
tion and possible interaction, in particular arsenic with natural and technological solutions, have already been
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noted. According to the results of the study, it is concluded in [4] that the bulk of the elements (metals) of the
upper horizons is assimilated by pore solutions and, as they are deposited in the maps, are gradually washed
out into the lower layers by natural precipitation, where they concentrate on the active surfaces of the formed
mineral rocks as a result of sorption. In this regard, it seems interesting to consider the influence of the
formed composition of the sludge material on the process of its processing, with the transfer of arsenic to the
sulphide according to the technology being developed.

At the same time, all work on the development of arsenic removal technology from the Khovu-Aksy
dumps and optimization of optimal process regimes was carried out on samples with high arsenic concentra-
tions (within ~ 3—4.5 %) [14, 15]. No experiments were performed on the material with low concentrations
of arsenic (within ~ 1-2 % of As). In this connection, it is of interest to check the effectiveness of previously
worked out technology regimes on the material of the dump with a low initial arsenic content.

Experimental

The study was carried out on samples of sludge from the dump of map No. 5, selected (06.2012) from
different horizons and differing in their arsenic content: 1.88 % is an average sample taken from a depth of
~0.1-0.15 m from the upper horizon, and 4.21 % is the average sample from the lower horizons of the dump
(>1.0 m).Firing sludge mixtures with soda and adding coal was carried out at the ratio sludge:soda:coal =
= 1:1:0.1. Further, aqueous leaching, cake separation, arsenic precipitation from the solution with sodium
sulphide was carried out. Experiments to check the effect of the initial slurry composition on the arsenic con-
tent on the final indicators of the technology were carried out on the following regimes obtained earlier as a
result of joint research by the Institute of Solid State Chemistry and Mechanochemistry and the Tuvinian
Institute for Exploration of Natural Resources of the Siberian Branch of the Russian Academy of Science
[14, 15]:

—roasting procedure with the ratio of components in the initial charge, sludge:soda:coal = 1:1:0.1, in

the temperature range 650-850 °C and holding time 1.0 h;

— the operation of aqueous leaching at S:L = (1:6)—(1:10); temperature 70-80 °C and time 1-1.5 hours,
followed by separation by filtration of cake and arsenic-containing aqueous solution and aqueous
washing of cake at a temperature of 40-50 °C;

— sulphidation operation by introducing into an aqueous arsenic-containing sodium sulphide solution
heated to ~50 °C, calculated from 1.7 to 2.0, stoichiometrically necessary to bind arsenic to As,S; sul-
phide;

—removal of the silicic acid formed in the process by introducing an acid (HCl) into the solution until
the pH of the solution decreases from 11-12 to 8-9;

— precipitation of arsenic sulphide from the solution by further lowering the pH to a value of 2-3, its
removal by filtration from the solution into a separate solid, environmentally less hazardous product.

There are a series of experiments using an average sample of sludge from the lower horizons of the
dump. The initial sample of the sludge contained 4.21 % As. The cinder (soda flake) obtained after heat
treatment of the charge in the prescribed regimes practically completely retains arsenic in the range of 2.27—
2.38 % (on average 2.31 %) according to the chemical analysis.

The resulting firing products were leached with distilled water at stirring. After the operation, the pulp
was filtered; the cake was washed with hot water and dried. The minimum arsenic content in the cake was
obtained at a firing temperature of 720 °C. The chemical analysis gives the following average content of el-
ements in the cake: 0.34 % — As; 6.04 % — Fe; 16.20 % — Ca; 0.075 % — Co; 0.069 % — Ni; 3.73 % —
Al The resulting arsenate solution is alkaline with a pH of ~12 and a content of As ~4 g/L.

Since it was found that during the operation of sulphidation of the resulting arsenate solution together
with arsenic sulphide precipitation of a silicon dioxide impurity takes place, therefore, prior to sulphiding, it
was necessary to remove the siliceous constituents from the solution. To this end, the solution, heated to
~60 °C, was acidified (with a concentrated solution of hydrochloric acid) to pH 8-9. Upon subsequent cool-
ing to room temperature, formation and subsequent structuring of the silicic acid precipitate occurred. The
precipitate was separated and calcined at ~800 °C. The sample of the obtained silica precipitate contained:
0, — 55.2%; Si — 35.12 %. A certain amount of impurity of sodium and chlorine was also found in the
resulting solid product. The silicon dioxide content in it is about 85 %.

From the filtrate, after the removal of silicon dioxide, arsenic is precipitated by introducing into the so-
lution at 100 % excess of sodium sulfite and acidifying the solution to pH = 2-3, by adding the necessary
amount of hydrochloric acid. The degree of separation of arsenic in the form of sulphide precipitate from the
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solution was 99.5 %, with the content of arsenic being up to 40 % arsenic and up to 60 % sulphur. According
to elemental chemical analysis, the sulphide precipitate, in addition to arsenic sulphide, contains about 10 %
of elemental sulphur.

There are experiments using an average sample of the upper horizon sludge. The initial sample of the
sludge contained 1.88 % — As; 0.057 % — Co and Ni; 0.048 % — Cu; 5.0 % — Fe; 3.98 % — Al
4.78 % — Mg; 14.0 % — Ca; 18.0 % — Si. Analysis shows the presence of quartz, calcite, a number of sili-
cate, aluminosilicate mineral constituents in the material, as well as the vivian form of arsenates.

After calcination-sintering of the prepared charge (sludge:soda:coal = 1:1:0.1), products were obtained
whose average elemental composition is as follows 1.13 % — As; 5.0 % — Ca; 2.01 % — Mg; 6.88 % —
Si; 2.13 % — Fe; 1.41 % — Al; 21.09 % — Na; 14.31 % — C. According to the X-ray analysis phases of
quartz, silicates and aluminosilicates, vivianite forms of arsenate have been preserved in the material. There
is no calcite.

The cake of the aqueous leaching of the soda ash contains: 0.27 % — As; 16.20 % — Ca; 6.04 % — Fe;
3.73 % — Al; 0.075 % — Co; 0.069 % — Ni; 0.074 % — Cu; 16.22 % — Si; 7.24 % — Na; 5.48 % — Mg;
0.08 % — C. According to the analysis, the material is mainly represented by quartz, silicate and aluminosil-
icate mineral constituents. The phases of arsenides and arsenates in the cake material are absent.

After the extraction of the cake from the arsenate solution, then, at a temperature of ~60 °C, the removal
of silicon by a solution of hydrochloric acid (an aqueous solution in a ratio of 1:1) was carried out with a de-
crease in the pH of the solution to 9-8. The silica residue obtained after cooling and daily settling was
calcined at 800 °C. The resulting sample of the silica precipitate contains up to 37 % of Si. The sample also
contains impurities of sodium and chlorine. The content of silicon dioxide is of the order of ~83 %.

For deposition of arsenic sulphide from the solution, its pH was further reduced to 32 at a solution
temperature of 60 °C, followed by exposure (during the day at room temperature). The product obtained con-
tained 45.7 % of As, which approximates As to the composition of arsenic pentasulphide.

Results and discussion

Thus, in order to determine the effect of arsenic content in the initial sample of the sludge on extracting
it into a separate, slightly toxic product, experiments on sludge dearsenization were carried out on a number
of initial samples of sludge (map 5), taken from the surface and lower horizons of the dump, which differed
sharply in content of arsenic in them (1.88 and 4.21 %, respectively).

In work previously elaborated the following optimal modes of technology were used:

— composition of the charge and the ratio of components in it: sludge:soda:coal = 1:1:0.1;

— aqueous leaching at S:L = (1:6)—(1:10), temperature 70-80 °C, time 1.5 h and the subsequent filtration

with allocation of a cake from a solution;

— precipitation of silica from the solution by lowering the pH of the solution to 9-8 and subsequent re-

moval of the silica precipitate by filtration;

— sulphidization of the solution with sodium sulphide with 100 % excess of reagent;

— precipitation of arsenic sulphide with a decrease in the pH of the solution to 3-2 and its subsequent

isolation from the solution by filtration.

As a result, it was shown that this technology provides the maximum withdrawal of arsenic into a sepa-
rate low-toxic product, with its any content in the original sludge. When calcining the charge (in the compo-
sition of sludge:soda:coal = 1:1:0.1) and subsequent aqueous leaching of the resulting cinder, the residual
arsenic concentration in the formed cake is in the range from 0.23 to 0.34 %. The extraction of arsenic from
the slurry into the solution is of the order of 90-95 %. With further acidification of the leach solution to
pH = 8-9, precipitation of a white precipitate occurs. After its calcination at 800 °C, it contains up to 85 % of
Si0, according to the chemical analysis. Subsequent decrease in the pH of the solution to 2-3 leads to a
complete (by 98-99 %) precipitation of arsenic in the form of sulfide from a solution. According to the
chemical analysis a certain amount of sulphuris present in the sediment, which is close to its content in the
product corresponding to the composition of pentlandite (As,Ss).

Conclusions

The studies carried out using initial samples of slurry of the Khovu-Aksy dumps of the Tuvakobalt
combine selected from different burial sites and differing in their arsenic content (1.88 and 4.21 %) have
shown the possibility of effective dearsenization of the slurry materials of the given dumpson the tested pro-
cess regimes, regardless of the concentration of arsenic in them, with the formation of practically low-toxic
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cake (with a content of As < 0.3 %) and arsenic sulphide (hazard of IV category).The obtained materials can
be used as recyclables in the national economy: cake as a smelter in the production of ceramic products, and
arsenic sulphide in the production of antiseptics for woodworking or biocide of anti-fouling coatings for
hulls of ships and hydraulic structures.
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H.N. Konbuios, M.O. Monaypyuky

XoBy-AKchl YHiHaiIepinaeri Ky I9HiH 6acTanKbl KypaMAapbiH 0JIapAbl
JAeapCceHn3anMsiyIayIbIH OHIeJreH TIPTIOiHIH THiMALTIriHe dcepiH 3epTTey

TyBaublH eH KayinTi HbICaHAapbIHbIH Oipi Oonbin OypbiHFbl «TyBakoOGanbT» KOMOMHATHIHBIH KYIISJIo-
KYpamIibl KaIAbIKTapbIHbIH YiiHAinepi Tabbuinbsl. KoMOHHAT KajabIKTapbhl KOMOUHATTHIH 20 MKBLT KYMBICHI
OapbICBIHIA KANJBIKTApAbl KeMy TOFaHABl YHiHnUIepinge xwuHakranael. KomOuHAT XaObUFaH COH
TOFaHIIAIAP KENTiPLIil, OChI yaKbITKa ACHIH CHIPTKBI OPTAaHBIH 9CEpi: arblH Cyiap, aTMOChepasbIK jKayblH-
LIAIIBIH, KT 9PO3UsIChl XkaTajabl. JKuHaKTaFaH yiiHIIepae TYCTI MeTaliap/iblH OHEPKACINTIK KypamMaapsl
KOHE KYIIONoHIH 50 MBIH TOHHara XyblK Meuiepi 6ap. TaGuru rkaybIH-IIAIIBIHAAPABIH CAJIApbIHAH YIIbI
KOCBUIBICTap TOMEHI1 KabaTTapra LIaiblIabl, COHBIHAH aFfbIH CyJapFa >KoHe KopluaraH oprara Tyceai. PFA
Cb XTTMU xone TyBKOIIPU xyprizinren kemxbuiablk 3eprreyiep «TyBakobaiabT» KOMOMHATBIHBIH
XoBy-AKChI KYIIQIOKYpaM/Ibl YHIHALIEPIH AeapceHn3alusuiay, oJapIblH OHICTy KaHe CONapIblH Herisinae
XaNblK LIapyallbUIbIFBIHAA CKIHIIUTK IIMKIi3aT PeTiHAe KOJIAaHBUIybl MYMKIiH, MaTepHaliapibl eHJIeyre
KaKeT eKIHIIUNK 3aTTapAbl: KEKTi-KepaMUKaIbIK OHIMIEpHi alyha HeMece JKOJ caly calachlHAaa
KOJIaHBUIATHIH IUTABEHBJCP PETiHIC, al KYIISNd CyIb(GHIi-TEHI3 >KalbIKTapbIHBIH OCETIH jKaObIHAApPBIH
HeMece MMAPOTEXHUKAIBIK KYPBUIFbLIAp YIIiH, aFaliTap/ibl HeMece OHOLHMATI OHJeyre KaKeT aHTHCENTHKTED
OHJIpiciHIe KOJIAHBUIATHIH 3aTTapbl ally MOceleciHe apHaiFaH. YHIHALIEp LIUIAMAAPBIHBIH, KOMYIiH
OpTYpJI AEHreilfiepiHeH albIHFaH JKOHE OJapAblH KYPAaMbIHIAFbl KYIIQJIOHIH KypaMbl OOMBIHIIA aXbIpa-
Thutathi (1,88 sxone 4,21 %), chlHaMaapblH KOJJAHBII JKYPri3UIreH 3epTTeysiep apTYpili TEXHOJIOTHSIIBIK
peXUMAEpAC 3epPTTENil, HOTIKECIHAE KypaMbIHIArbl KYILIQJIOHIH MeJIIepiHe KapamacTaH, Luam
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MaTepualJapblH TUIMAI JeapceHu3alusiay MYMKIHIIri 6ap exeHiH >koHe KypambiHga (As< 0,3 % xoHe
yabutbIFbl [V Ky1ane cynbduai 6ap) Kek Ty3ileTiHiH KOpPCeTTi.

Kinm cesdep: umampap, Kek, Kyuiaino cyinb(uai, coma, Kyimipy, cinricisnenuipy, epitinginig pH, enep-
KQCINTIK KypaMBl.

H.!. Konbutio, M.O. Monaypymiky

N3ydyeHue BIAMSIHUS UCXOAHBIX COEPKAHUN MBIIIbIKA 0TBAJI0B X0BY-AKChI
HA 3(P(PeKTUBHOCTH Pa3padOTAHHBIX PEKUMOB HX JAeaPCeHU3ANUU

OnHuM 13 Haubosee omacHbIX 00BbEKTOB TyBBI SIBISIFOTCSI OTBAJIBI MBIIIBSKCOAEPKAINX OTXOA0B OBIBIIETO
komOuHata «TyBakoOanbT». OTX0Ibl KOMOMHATA HAKAIUIMBAJINCH B MPYAKOBBIX 3aXOPOHEHUSX (OTBajJax) B
teuenne 20 jer paborel komOuHara. Ilocne ero 3akphITHS NPYAKU ObBUIM OCYLIEHBI M B HACTOSIIEE BpeMs
MO/IBEPTalOTCsl BO3JEHCTBUIO BHEIIHEH CPEbl: TPYHTOBBIX BOJ, aTMOC(EPHBIX 0CAJKOB M BETPOBOH 3pO3HN.
B HakoIIeHHBIX OTBajIax COAEPIKATCS NPOMBIIUICHHBIE COAEPKAHMS IIBETHBIX METAJUIOB M opsiaka 50 ThIC. T
MBIIIBSIKA. 32 CIET €CTECTBEHHBIX OCAKOB IIPOUCXOJUT CMBIBAHHE TOKCHYHBIX COCIWHECHUH B HIDKHHE CIIOU
KapT OTBajJa C MOCIEAYIONINM IIOIIaJlaHueM B TPYHTOBBEIE BOIBI M OKPYKAIOIIyIO cpexy. MHoOroseTHue mc-
cnenoBanus, mpoBogumble B UXTTM u TysUKOIIP CO PAH, 6bumm mOCBSIIEHE! BOIPOCY JleapCeHU3anI
MBIIIBSKCOJEPIKAIINUX OTBAJIOB X0BY-AKCH KoMOnHaTa «TyBakoOaibT» ¢ IeNbI0 UX NepepaboTKU U MoTyde-
HHS Ha MX OCHOBE BTOPUYHOTO CBIPBSI ISl MPOU3BOCTBA MATEPHANIOB, KOTOPBIE MOTYT OBITh UCIIOIb30BAHBI B
KauecTBE BTOPCHIPbS B HAPOJHOM XO3sICTBE: KeKa — B KayeCTBE IUIABHS MPHU MPOU3BOACTBE KEPaMHUUECKOil
MPOJYKIMH WM JOPOKHOTO CTPOHUTENBCTBA, a CYNb(pHIA MBIIIbIKA — B IMPOM3BOJACTBE AHTUCENTHKOB MPHU
00paboTKe IpeBeCHHBI MM OMOIMIA A MPOTHBOOOPACTAIOIINX MOKPBITUH KOPIIYCOB MOPCKHX CYIOB U
THPOTEXHUYECKUX COOpYXKEeHUH. [IpoBejeHHbIe HCClleIOBaHUS ¢ MCHOJIB30BaHUEM MCXOAHBIX IPo0 Imama
OTBaJIa, OTOOPAHHBIX U3 PA3IMYHBIX YPOBHEH 3aXOPOHCHUS M OTJIMYAIOLINXCS 110 COJCPKAHUIO B HUX MBIIIb-
ska (1,88 u 4,21 %), Ha 0TPaOOTAHHBIX TEXHOJOTMUCCKUX PEKUMAaX Ipolecca MOKa3all BO3MOXHOCTH d(-
(eKTHBHOW JleapCeHM3ally IAMOBBIX MaTEepUajoB, BHE 3aBUCUMOCTH OT BEIMYMHbI KOHLIEHTPALMU B HUX
MBILIBSKA, ¢ 00pa3oBaHueM Keka (¢ conepxanueM < 0,3 % As) u cynbdpuna mpiubsaka (IV crenenu Tokcud-
HOCTH).

Kniouesvie cnosa: mampl, ke, Cylb(uU MbIIbSIKa, COAa, OOKUT, BblleTaunBanue, pH pacTBopa, mpoMbIi-
JIEHHOE COJIEPIKAHHE.
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Formation of critical thinking skills at the lesson
of the discipline «Chemistry of Elements»

A methodology for conducting classes using new forms of work that promote the development of critical
thinking has been developed. The first year students took part in the experiment. Pedagogical experiment
consisted of three stages, namely, ascertaining, formative and control. Classes were held with the use of vari-
ous techniques such as schemes, diagrams, presentations, clusters, which made the classes more interesting,
cognitive and diverse. Questionnaires and questions for testing the level of components development of criti-
cal thinking were designed. They helped to determine the level of educational motivation and to test the ef-
fectiveness of supporting abstracts. These tasks were applied before the beginning of the experiment to de-
termine the initial level of development of critical thinking, as well as after the formation stage. The results of
the present stage of the experiment showed that the level of critical thinking of first-year students was not suf-
ficiently developed. The obtained data of research can be used at creation of a technique of students’ critical
thinking development in the chemistry course teaching. In comparison with the traditional form of teaching,
where an authoritarian approach to learning is used, this technology provides a free liberal form of conducting
a lesson that leads to the awakening of students' cognitive activity. Traditional evaluation technique can be
used to assess students when using new forms of work, since the components of critical thinking cannot be
evaluated specifically. The technology helps to establish a discussion between students, through a form of
work such as oral presentation.

Keywords: critical thinking, motivation, introspection, reflection, technology, Venn diagram, cluster, presen-
tation.

Introduction

Lecture, seminar, practical classes, laboratory work, independent work of students are traditional forms
of teaching chemistry in high school. Lecture is a basic form of teaching students. The main purpose of a
lecture is to provide a theoretical basis for training, develop interest in the learning process and a certain aca-
demic discipline, and motivate students to develop self-directed activities during the course [1]. In addition, a
lecture is a convenient way of obtaining the basic information in a compressed form, which activates the
process of cognitive activity in practical exercises. All of these are a significant plus of lecture classes. How-
ever, it is possible to identify a number of disadvantages inherent in the lecture form of training, for example,
getting involved in passive perception of the information received, inability to think critically, and almost
complete absence of independent work. At the lecture classes the students do not try to comprehend the ma-
terial, but simply mechanically write down the lecturer's information. This means that there is simply an imi-
tation of the cognitive process. There is a need for a new format arises for conducting lecture classes to use
the teaching time effectively, which is provided to familiarize students with new material by reading the lec-
ture of a teacher.
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Experimental

The pedagogical experiment was conducted on the discipline «Chemistry of Elements» in which the
first-year students took part. The first-year students of the Kazakh department were chosen to participate in
the experiment, because there are class-lesson forms of the organization of the educational process at
schools, where students study subjects strictly sequentially in a specific volume for a certain period in class-
room conditions. In the university, students are trained in the credit system of education, which is aimed at
increase the level of self-education and individualizing the pace of student learning. Therefore, first-year stu-
dents are the least prepared for an individual form of training organization, where they must independently
master the knowledge. Also another reason why first-year students took part in the experiment is that at
school students use one or two textbooks, when they come to the university, as such, they have no single
textbook on which they can study. This is one of the difficulties in finding and studying information. One of
the tasks of the experiment was that the students of the Kazakh department should learn to write lecture notes
from textbooks not only in Kazakh, but in Russian too.

Before applying the technology of critical thinking at the lesson of chemistry, it is necessary to find out
at what level of development critical thinking exists. Especially, in the first year students with a different
level of education from different schools study. In this regard, the pedagogical experiment was divided into
three stages, namely, ascertaining, formative and control. For each stage, various tasks were developed,
which served as diagnostic and forming tools [2].

The goal of the ascertaining stage of the experiment is to determine the initial level of development of
critical thinking among students in the process of teaching chemistry of elements. In accordance with the
goal, the main tasks of the ascertaining stage of the experiment are outlined:

— to determine the level of motivational readiness of students for the formation of critical thinking in the

process of studying the chemistry of elements;

— define criteria and indicators of the level of development of critical thinking of students;

— select the diagnostic material with which it’s possible to determine the qualitative characteristics and

are unique to each of the critical thinking levels;

— define the initial level of development of critical thinking in first-year students.

At this stage of the experiment, students' learning motivation was studied, also the ability to compose
abstracts, and the ability to work in a group. A questionnaire [3] to study the motivation of students was
used, where students were required to answer «yes» or «no» to the following questions:

1) Are you interested in studying chemistry?

2) Can you apply the knowledge gained in chemistry in life?

3) Do you ask questions to the teacher if you do not understand something?

4) Do you read additional literature on chemistry?

5) Do you like solving complex chemistry problems?

6) Are you interested in the achievements of scientists in the field of chemistry?

7) Are you trying to find answers to your questions?

8) Do you apply knowledge gained in chemistry classes while studying another subject?

9) Do you limit the information in the textbook to answer on the lesson?

10) Do you practice self-education?

11) Do you consider the information presented in the textbooks is interesting?

12) Do you think good knowledge will help you in your future professional work?

For each question with a «yes» answer, one point is awarded, with a negative answer, the points are not
credited. Levels of motivation: high (from 10 to 12), medium (from 6 to 9), low (from 0 to 5).

It is possible to monitor positive changes in the students' educational motivation in comparison with the
initial state after processing the results of the questionnaire (Table 1).

Table 1
The level of motivation of students before and after the experiment
Number of Students
Levels - -
before the experiment after the experiment
High 6 7
Average 14 15
Low 4 2
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As the results of the research show, the motivation of the majority of students at the beginning of the
experiment is at an average level, where students' interest in the learning process is inactive and the activities
of students are not meaningful, and then there are positive changes.

There are a huge number of techniques and strategies for students to develop their critical thinking. At
the beginning of the study, we selected forms of independent work that contributed to the development of the
ability to think critically, which would result in mastering the skills of presenting the results of our analysis
in various ways such as writing a summary, a collective presentation, a Venn diagram and diagrams, clusters.

Writing and drawing up a summary before each lecture was offered to students at home. Students can
use any sources of information that must be presented in the form of a lecture. The amount of information
learned by students in self-writing notes, the degree of understanding of the material studied, as well as those
questions and facts that students could not understand in the course of independent work were determined by
asking leading questions. Preliminary acquaintance with the material through the drafting of the abstract first
caused the students great difficulties. Therefore, at the initial stage of the application of this methodology,
the independent writing of abstracts was organized. Mandatory requirements for the content of the abstract
was a thesis of the theoretical material with the derivation of formulas, laws, questions arising during the
study of the material, the availability of examples of practical application of the material [4].

Evaluation of the abstracts was organized as follows. Four groups of students were trained, who were
trained to write abstracts, according to the following criteria:

— there is no abstract;

— the abstract is not complete (not all material is reflected in the abstract);

— the summary is complete, but it has some drawbacks (the material is poorly structured, there are no
conclusions, few examples, its attitude to the material is not shown in the form of questions, addi-
tions);

— the abstract is mostly without shortcomings. Improvements in learning outcomes were recorded.

When comparing the results of the study of preliminary processing of educational material, one can ob-
serve an increase in the number of students whose abstracts are mostly deficient, which leads to the devel-
opment of the capacity for self-organization and critical analysis of one's own activity (Table 2).

Table 2
The results of the evaluation of abstracts before and after the experiment

Evaluation Criteria Ngmber of Students -
before the experiment after the experiment
There is no abstract 2 0
Abstract is incomplete 11 8
Abstract is complete 7 7
Abstract basically has no shortcomings 4 9

To assess the effectiveness of the compiled abstracts, we conducted a test work, where students had to
answer a series of questions on the topic, using only their own abstracts. Within 10 minutes, using their own
notes, the students had to answer the following 6 questions:

1) Why, in comparison with other elements of the VA group, the maximum valence of nitrogen in com-
pounds is III, whereas, for example, the maximum valence of phosphorus is V?

2) Why does molecular nitrogen show a low reactivity?

3) What single oxide can be obtained by direct interaction of nitrogen and oxygen at high temperatures?

4) What reaction underlies the use of hydrazine as a rocket fuel?

5) Why is nitric acid stored in dark bottles? What reaction equation underlies this storage condition?

6) The most common nitrate, which is used as a nitrogen fertilizer?

Verification work carried out at the end of the experiment showed also improvements in comparison
with the ascertaining stage.

Presentation as a kind of educational retelling puts the task to convey from the perceived text the main
thing, using the language means of generalized content transfer. It occupies a special place in the teaching of
coherent speech and contributes to the improvement of general communicative skills: to disclose the topic,
the main idea of the text, to plan the utterance, to improve the created text.
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Presentation lasting about 15-20 minutes was prepared by students, who were previously divided into
groups. For example, in the lesson on «Elements of Group V», where the main representatives are nitrogen
and phosphorus, we used the oxidation states characteristic of these elements as a basis for dividing students
into groups. If a student came across a card with a «+5», he was in a group that needed to characterize all the
nitrogen compounds, where he exhibited an oxidation state of «+5».

In preparing the presentation, students were given the opportunity to use various sources of information,
including their own abstracts.

From each group, 2 to 3 representatives were elected who were to go to the board and provide infor-
mation about the element, its representatives, properties and applications. After their speech, students from
other groups asked them questions on interesting or incomprehensible facts.

The main requirements for the presentation were: own critical analysis of information, close communi-
cation with the audience, persuasiveness and creative submission of information using examples. The great-
est number of skills and competencies helps to get work on a collective presentation, as apart from analytical
abilities, the ability to distribute duties, skills of effective oral presentation is also developed.

Also one of the new forms of work was the development of schemes (Fig. 1).
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Figure 1. Presentation of the training material in the form of a schema

The scheme is used to visually structure a topic, highlight the main structural elements and establish
links between them. These schemes help students to see not only the distinctive features of objects, but also
allow faster and stronger storage of information [5].

The Venn diagram was used to compare two or more elements that have similar physical and chemical
properties. The lesson reveals two or more concepts, terms, phenomena that need to be compared. For exam-
ple, in the task «Compare properties and structure that are inherent in nitrogen and phosphorus», students
draw rings, fill in graphs. At the stage of reflection, the diagrams in the groups are discussed (Fig. 2).

Figure 2. Venn diagram on the subject «Elements of the VA group»
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Another of the new forms of work was the reception of Clusters. On the lesson, we tried to characterize
the s-elements. Students had to write in notebooks all the associations that they cause these metals (work
within 2 minutes). The teacher builds clusters on the board according to the ideas expressed by the students

(Fig. 3).

Active metals

Reacts violently with water Y

Sodium
and
potassium

Form alkali

Soft, cut with a knife

\ 4

At the valence level,
there is 1 electron

Figure 3. Cluster on «Sodium, potassium and their properties»

At the end of each lesson, students were asked questions for self-analysis of the effectiveness of their
own abstracts and their participation in the work of the group when applying the presentation of the material.

1) Has your reference abstract helped you in answering questions on the topic of the lecture?

2) Do you think that the teaching material is fully reflected in your abstract?

3) Do you think you have learned reflect the training material briefly and at the same time fully?

4) Do you participate in the preparation of the group for the presentation?

5) Do you present your thoughts aloud when discussing a group of questions of a lecture?

6) Do you participate in the distribution of roles and the definition of the function of each member of
the group?

7) Do you like the pace of the work of the group you were assigned to?

For clarity, the results of the study of the effectiveness of the abstracts are presented in the form of a di-

agram in Figure 4.

Oyes Eno

75%
18
students

Figure 4. Efficiency of abstracts

The number of students who believe that the quality of their abstracts had improved markedly in-
creased. Perhaps this was due to the fact that the number of students who believed that they had coped well
with the questions of verification work had increased.

After processing the results of the questionnaire, the following data were obtained: 79 % of students
rate their learning activity in the group as high, 21 % — as low.

On the last lesson we held a reflection in order to identify students' perception of new forms of work.
For this purpose, students were given questionnaires with the following questions [6]:

1) Did you like the new forms of work with information?

2) Did you easily manage to present information in the form of diagrams, diagrams and presentations?
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3) Do you think that these forms of work contribute for improving the quality of knowledge in this dis-
cipline?

4) Would you like to continue using these forms of work in class?

The results of this survey are shown in Figure 5.

Ono
Oyes

M not sure

Figure 5. Perception of new forms of students work

Conclusions

Approbation of methods for developing students' critical thinking (abstract, clusters, schemes, Venn di-
agram and presentations) has proved the possibility of purposeful development of critical thinking of first-
year-students in the process of teaching chemistry. The most difficult for the students was the task — the
Venn diagram and the preparation of lecture notes. By the end of the experiment, students have learned to
compose such abstracts that can be used in practical exercises without resorting to additional sources.

The results of testing all components of critical thinking at the control stage confirm the success of the
experiment. Also, these techniques help to interest more passive students, who in the course of time in the
process of learning may appear personal functions, in particular, motivation for learning. When applying the-
se strategies independence of judgments, creative abilities are developed. If the teacher uses these techniques
in the educational process, they can also identify individual gaps in the knowledge of each student.

It is necessary to use different methods and techniques to develop critical thinking among students not
only in lectures, but also in practical exercises.

A small disadvantage of this technology is the teacher's time spent preparing for the lesson, since there
are almost no didactic or teaching aids, which give examples of ready-made assignments that could be used
to prepare the lesson plan. All the tasks the teacher needs to think through independently and to foresee ques-
tions that can raise doubts among students.
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«JeMeHTTep XUMMSCHD) MIIHI 00MibIHIIA cadaKTapbIHAA
ChIH TYPFbICHIHAH OHJIay KaOlleTTepiH KaJbINITACTBIPY

ChbIH TYPFBICBIHAH OMJIAY Il TaMbITYFa BIKIIAJ €TETiH )KaHa KYMBIC TYPJIEPiH KOJIaHATHIH cabaKTap/ibl OTKi3y
suicremeci jkacanipl. DKCHEPUMEHTKe OIpiHIII Kypc CTYASHTTEpi KaThICThl. Ileqarorukaibik Taxipude yir
KE3€HHEH TYpIbl: aHBIKTAy, KaJBIITACTBIPY *oHe Oakpuiay. Cabakrap op Typii omictepli KOJAaHYMEH
OTKI3lIi: cxemanap, guarpaMmanap, INpe3eHTauusuIap, Kiactepiaep, ojap cabakTbl KbI3BIKTBI JKOHE
KOTHUTHBTI eTyiHe bIKman erti. ChlHM TYpFBIIaH Oilay KOMIIOHSHTTEpiHIH JaMmy ACHreiiH TeKcepy YIUiH
CayaTTBUIBIKTEl JaMBITY/ABIH JACHTeHiH aHBIKTAay >oHe pedeparTapAblH THIMIUITIH TECTiNEy CYpaKTapbl
OoibIHIIA cayalHaMa OTKi3iual. By MiHgeTTep skcrepuMeHT OacTairaHFa JASHiH CHIHM OWIayAbIH OacTarKbl
JICHIelil, COHJal-aK KaJbINTacy Ke3eHIHCH KeiliH aHBIKTaIIbl. ToxipHOCHIH Ka3ipri Ke3eHiHiH HOTHKeIepi
OipiHINI Kypc CTYACHTTEPIiHIH CBIH TYPFBICBIHAH Oiflay JeHreli >KeTKITIKCI3 IaMBIFaHBIH KOPCETTi.
3epTTey/IiH alblHFaH JePEKTEPiH XUMHUSHBI OKBITY GapbIChIHA CTYACHTTEP/IIH ChIHH OiJIay/bl JAMBITY SMICiH
KYpy Ke3iHzge KonmaHyra Oonaasl. OKyqblH aBTOPUTAPIBIK 9iCi KOJAAHBUIATBIH ASCTYPJIi OKBITY SfiCiMeH
CAIBICTBIPFaH/Ia, OYJ TEXHOJIOTHS OKYLIBUIAP/BIH TAaHBIMABIK OCJICEHAUIINIH OATyFa OKeNeTiH cabaKThl
OTKI3y/iH epKiH JuOepayibl HbICAHBIH KaMTaMachl3 ereni. OKyHIbUIApABIH jKaHa KYMBIC (hopMaapbiH
naiijlananran kesae Oarajiay YUIiH ASCTypiii Oaranay SficiH KojjaHyra Oonazbl, ce0edi ChIHM Oitnaybiy
KOMIIOHCHTTEepi HaKThl OaranaHybl MyMKiH emec. TEeXHOJOIMs aybi3lla MPE3CHTALUMUs CHIKTBI JKYMBIC
TYpJIepiMeH CTyJEeHTTEep apachiH/a MiKipTanac KypyFra KOMeKTece .

Kinm ce30ep: ChIH TYpFHICBIHAH OMJlay, MOTHBAIMs, ©3iH-031 Tanmay, pediekcus, TexHoJorus, Benna
JarpaMMacsl, KJIacTep, Ipe3eHTalus.

I'.T. Kokubacosa, A.T. lrocekeesa, C.X. Ka3zraea

(I)OpMI/llZ)OBaHI/Ie HaBbIKOB KPUTHYECCKOI'0 MbIINIJICHUH
HA 3aHATHUAX JUCHUIIMHbI «XHMHUSA IJI€eMEHTOB

Pazpaborana MeTonnKa MpoBEAEHHS 3aHATHH C IPUMEHEHHUEM HOBBIX (OpM paboT, CHIOCOOCTBYIOMNX Pa3BH-
TUIO KPUTUYECKOI'O MBIIIICHUS. B sKkcriepuMeHTe NpuHUMany y4acTie CTyIeHThI epBoro Kypca. Ilegaroru-
YECKUH HKCIIEPUMEHT COCTOSUI M3 TPEX ATAIOB: KOHCTAaTUPYIOIIETO, (POPMHUPYIOIIETO U KOHTPOIBEHOTO. 3aHs-
TUS NIPOXOJAWIU C IPUMEHEHUEM PA3JIUUHBIX IIPUEMOB: CXEMBbI, JHArpaMMBbl, IIPE3CHTAlUU, KIACTEpPhl, KOTO-
pBIe Aenany 3aHsaTue 6ojiee HHTEPECHBIM, T03HABATENBHBIM U Pa3HOOOpa3HbIM. J{11 IPOBEPKH yPOBHS Pa3BH-
THsI KOMIOHEHTOB KPUTHYIECKOTO MBIIUIEHUS OBUTH Pa3paboTaHbl aHKETHI [UIS OTPEETICHHsT YPOBHS Pa3BUTHS
y4eOHOI MOTHBALMM M BOIPOCHI Ul NMPOBEPKU 3P EKTUBHOCTH OHOPHBIX KOHCIEKTOB. J[aHHbIE 33aHUs
MPUMEHSINCH Tepesl HaualoM SKCIEPUMEHTa Ul ONpPEAEIeHNsT HCXOAHOTO YPOBHS Pa3BUTHS KPUTHIECKOTO
MBILIICHHUS, a TAKXKE MOCiIe MPoBeeHHus: (OPMUPYIOLIEro 3Tamna. Pe3ynbTaThl KOHCTATHPYIOIIETO 3Tana 3KC-
MEPUMEHTA MOKA3aIM, YTO YPOBEHb KPUTUUECKOIO MBIIUICHHS IIEPBOKYPCHUKOB HEAOCTaTOYHO pa3BuT. Ilo-
JIydeHHBIE JAaHHBIE MCCIIEIOBAHUS MOTYT OBITH MCIIOJIB30BAHbI IIPH CO3MAHUU METOJUKU PAa3BUTHS KPUTHUE-
CKOTO MBIIUICHUSI CTYJEHTOB B Ipolecce 00ydeHHUs XUMUH. B oTiInume oT TpaguIMOHHOH (OpMBI Iperoa-
BaHUS, TJIe UCIIONB3YeTCsl aBTOPUTAPHBIN ITOIX0] K 00YUEHHMIO, JaHHAS TEXHOJIOTHs 00ecIeunBaeT cBOOOI-
HyI0 JMOepanbHyto GopMy IPOBEICHHS 3aHATHS, KOTOPas BEAET K MPOOYKICHHIO KOTHUTHUBHOI JIeSTeNbHO-
CTH CTYIEHTOB. J[)Isl OLIeHUBAHUS CTYJEHTOB IIPU UCHOJIb30BAHUU HOBBIX ()OPM PabOTHI MOKHO HOJIb30BATHCS
TPaAULIMOHHOM METOIUKOH OIlEHMBaHMUS, TaK KaK KOMIOHEHThI KPUTUYECKOTO MBIIITIEHHUSI HEBO3MOXKHO Olle-
HHMBaTh KOHKPETHO. TeXHONOTHs CIIOCOOCTBYET YCTAHOBIEHHIO AUCKYCCUH MEXKAY CTYASHTAMHU MOCPEICTBOM
TaKoit (hopMbI pabOTHI, KaK yCTHAs IIPEe3eHTalusL.

Knoueswvie cnosa: KPUTHYCCKOC MBINIJICHUE, MOTUBAIUsA, CaMOaHalIn3, ped)neKcym, TCXHOJIOIUs, AuarpaMmma
BCHHa, KJIacTep, Npe3CHTal .
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