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Synthesis and characteristics of metal-polymer complexes
of p-EGM/AA-Ni"-Co’ and p-PGM/AA-Ni’-Co’

Possibility of using the copolymers of poly-(ethylene)-propylene glycol maleate (p-EGM, p-PGM) with
acrylic acid (AA) as a matrix for obtaining effective metal-polymer complexes of different application was
shown. The compositions, structures and dimensions of particles of nickel and cobalt stabilized in polymeric
matrix were determined using the methods of transmission electron microscopy and scanning microscopy,
infrared spectroscopy, laser-emission spectroscopy, dispersive microscopy and thermogravimetric analysis.
The average size of nanoparticles, which have spherical shape and equal distribution along cross-section of
polymer, was 100-170 nm. Percentage content of nickel and cobalt in the complex was equal to 0.52 and
0.48, respectively, in the p-EGM/AA copolymer, 0.49 and 0.51 in the p-PGM/AA copolymer. The analysis of
electromagnetic force-pictures of p-EGM/AA (14.8:85.2 mass.%) and p-PGM/AA (15.1:84.9 mass.%)
copolymers’ films showed a relatively equal distribution of the filler (Ni°, Co®) along the cross-section of
polymer. The average number of metal particles on 10 microns was 600—700 units for particles of Ni and
550-650 units for particles of Co. Thermal decomposition of metal-polymer complexes occurred in the tem-
perature range of 200-500 °C. The average weight loss on TG — curves was 80 %. Therefore, p-EGM/AA-
Ni’-Co” and p-PGM/AA-Ni’-Co° metal-polymeric complexes obtained can be used as a template for the crea-
tion of catalytically effective composite materials.

Keywords: copolymer, polyethylene glycol maleate, polypropylene glycol maleate, polymeric matrix, nano-
particles, catalyst, metal-polymer complex, matrix.

Introduction

Catalytic hydrogenation is one of the most important processes used in chemical industry. The main
fields of applying such process are the fields of production of synthetic fuel by destructive hydrogenation of
coal, purification and refining of liquid transportation fuel, hydrogenation industry and so on [1]. As it is
known, catalytic reactions are divided into two basic classes, namely, homogeneous and heterogeneous.
Heterogeneous catalysts are chemical compounds insoluble in the reaction medium. According to literature
data nanostructured polymer systems are used as nanoreactors for nanoparticles formation [2] and these
metal-polymeric complexes demonstrate a high level of catalytic activity, stability and selectiveness of
effect. Reducing catalyst particles up to nanometric dimensions lets us broaden polymer surface contacting
with reaction medium and increase the effectiveness of catalysis in several times, and gel matrix preserves
particles against coagulation and oxidation. New type of nanocatalysts based on metal-polymeric matrix and
catalytically effective transition metals based on polymer carriers can be used in many spheres. At the pre-
sent time the search for new catalytic systems, particularly nanocatalysts characterized by high degree of ac-
tivity and selectivity is the relevant task.
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Polymers based on unsaturated polyester resins are economically profitable and these polymers can be
used as obtainable carrier of metals nanoparticles. Comparing hydrophobic polymers with other thermally
active polymers we can see that attractiveness of these hydrophobic polymers is due to their ability to solidi-
fy at room temperature or other relatively low temperature and almost without separation of co-products [3].
The aim of this work is the synthesis of new metal-polymeric complexes with transition metals based on the
«smarty» copolymers of p-EGM/AA, p-PGM/AA obtained by us earlier [4].

Experimental

On the basis of copolymers p-EGM/AA, p-PGM/AA contained (14.8:85.2 mass.%) and
(15.1:84.9 mass.%) metal-polymeric nanocomposites were obtained using the reduction method of salt solu-
tion of transition metals such as nickel and cobalt, namely, p-EGM/AA-Ni’-Co’, p-PGM/AA-Ni’-Co’. Tons
reduction of metals (from Ni"%, Co™ up to Ni’, Co”) was carried out by sodium hypophosphate in the pres-
ence of ammonia solution of silver chloride used as a catalyst according to the following equations (1-2):

Ni*" + H,PO , + H,O — Ni’| + H;PO;+ H (1)
NiCl, + NaH,PO, + H,0 — Ni’| + H;PO; + HCI + NaCl

Co*" + H,PO, + H,0 — Co°| + H;PO; + H )
CoCl, + NaH,PO, + H,0 — Co’| + H;PO;+ HCI + NaCl

Reduction of Ni", Co™ in the volume of p-EGM/AA, p-PGM/AA polymeric matrix is carried out in the
several stages (Fig. 1):
— insertion of ions (Ni", Co™?) in polymeric matrix;
— diffusion of reagents in polymeric matrix;
—reaction between chlorides of nickel, cobalt and sodium hypophosphate leading to the formation of
metals nanoparticles.

o CO0

i COOH (NiCly, CoCl, ) ~

Co?* Nigt  ————

v COOH nnn CO0

reducing agent (NaH,PO,).
catalyst ([agve,)Jcl _

Figure 1. Principle diagram of obtaining the metal-polymeric complex
(formation of metals’ nanoparticles in polymer)

Reaction between chlorides of nickel, cobalt and sodium hypophosphate leading to the formation of
metals nanoparticles was performed during two hours at room temperature. Quantitative content of nickel
and cobalt in a complex was determined by the use of laser-emission spectrometer (Laes matrix spectrometer
produced by «Spectroscopic systems» firm, Russia, 2014). Elementary and phase analysis of nanocomposites
were determined by the method of energy dispersive spectroscopy with the use of highly effective
X-Max80T silicium-drift detector (with superfine window) and X-Max80TLE (without window). Active
area of detectors is 80 mm®. Infrared spectra of copolymer were registered on FSM 1201 infrared Fourier
spectrometer. Thermal properties of copolymer were studied on DTA/DSC differential scanning calorimeter
produced by the «Setaram» firm under dynamic conditions in 0-1500 °C temperature range with the heating
rate 10 degree/minute in a nitrogen atmosphere in an Al,O; crucible. Characteristics of surface relief pattern
were analyzed using scanning electron microscopy (REM) on the instrument MIRA 3, TESCAN «Oxford
Instruments», England.
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Results and discussion

In this work, hydrophilic copolymers based on ethylene-(propylene) glycol maleate with acrylic acid of the
following compositions: p-EGM/AA (14.8:85.2 mass.%), p-PGM/AA (15.1:84.9 mass.%) were used as the
matrix for metals immobilization. These compositions demonstrate «smart» qualities in the course of free
radical copolymerization with varaiation of the initial monomers compound, particularly, reaction ability to
slight changes of environmental conditions, the sharp and reversible change of their volumes, consequently
they can be used as polyfunctional materials in quite diverse fields [4]. The initial task was approvement of
quantitative content of nickel and cobalt in new metal-polymer complexes based on «smart» copolymers of
p-EGM/AA, p-PGM/AA (Fig. 2).

MPC:MNi1%: Co 1%

'; MPC : Hi 0.5% : Co 0.5%

WMPC M1 1% : Co 1%

e copolymer
—
201.

MPC:Hi0.5% : Co 0.5%

-

w%‘? copolymer

T
201.99

2011481 Ca ()

01 998 Mi{l)—___

ol

—
201,87 ——
201.22

L
201.03

a — peak intensity of Ni (I) 201.928 b — peak intensity of Co (II) 201.181

Figure 2. Dependence of peaks intensity from the content of metal salts at the variation of metal mass

The spectra given point out (Fig. 2) that percent composition of metals is equal to ~0.4 mass.%, and the
correlation of Ni-Co is 52:48 % for p-EGM/AA copolymer, and 49:51 % for p-PGM/AA copolymer. Results
of MPC (metal-polymeric complex) morphology investigation carried out are given below in the Table.

Table
Morphology of p-EGM/AA-Ni"-Co’, p-PGM/AANi’-Co’ metal-polymer complexes

Content of Dimension Morphology of Distribution of
Sample metal. % Ratio  [of NP (nano- P NP &y NP Average number of metal
P > ® | Ni-Co, % | particles), . (nanoparticles) | particles on 10 microns
(mass.) (nanoparticles) . .
nm in a matrix
. 600—700 units for Ni and
p-% GN{)/AA_ 0.40 52:48 500-700 Spherlcg L Proportional | 550—650 units for particles
Ni-Co rhombic of Co
. 600—700 units for Ni and
p-BGl\/I()/AA- 0.35 49:51 600-800 Spherlcg L Proportional | 550—650 units for particles
Ni-Co rhombic of Co

Consequently, it was interesting to evaluate and compare qualitative and quantity characteristics of

copolymers synthesized. The method of energy dispersive spectroscopy was chosen as the most appropriate
determination method of the content of metal-polymer complexes p-EGM/AA-Ni’-Co’, p-PGM/AANi’-Co’

(Fig. 3a and b).
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Figure 3. Energy-dispersive analysis: elementary composition of p-EGM/AA-Ni’-Co° (@) and p-PGM/AA-Ni’-Co’ (b)

Also, it has been carried out comparison of infrared-spectra, which are presented in the Figure 4a and
4b to explain the results of the study. We can observe troughs due to stretching vibrations of methyl groups
at 2923 cm'; troughs of carbonyl groups are found in the region of 1633—1639 cm'; hydroxyl groups are
detected at 3448 cm ', and troughs detecting nickel and cobalt are found in the region of 513—650 cm ™' of the
IR spectra of p-EGM/AA-Ni’-Co’, p-PGM/AA-Ni’-Co° composites, respectively (Fig. 4a and 4b). Infrared
spectroscopy data were proved by the results of thermal analysis.

; T (a) ]
(] ]
S 3
IS s
é — "E‘ -
S 2 4
S ©
— =
-7 T T T T — T T T T T T T T T T T T T T "1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber, cm’” Wavenumber, cm”'

Figure 4. Infrared spectra of bimetal complexes of p-EGM/AA-Ni’-Co’ (@) and p-PGM/AA-Ni’-Co’ (b)

During the work, samples of metal-polymer complexes were studied by the method of
thermogravimetric analysis. Data of thermogravimetric analysis (TGA) of metal-polymer complexes samples
are presented in the Figure 5a and b: p-EGM/AA-Ni’-Co’ and p-PGM/AA-Ni’-Co” with composition
14.8:85.2 mass.% and 15.1:84.9 mass.%.
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Figure 5. TG, DTG/HF curves of metal-polymer complexes p-EGM/AA-Ni’-Co° (a) and p-PGM/AA-Ni’-Co’ (b)

Comparing thermogravimetric curves (Fig. 5a, b) obtained by the TG and HF methods, we can make a
conclusion about the rate of thermal decomposition processes in main stages. Preceding slight weight loss on
TG-curves at 95-100 °C temperature can be explained by evaporation of free water from the sample. As it is
seen from Figure 5 (a and b) thermal decomposition of metal-polymer complexes was carried out within the
temperature range of 200-500 °C. Moreover, weight loss on TG-curves is on an average 80 %, and we can
see exothermic peak at 880°C and 915°C on the HF curves for the metal-polymer complexes of
p-EGM/AA-Ni’-Co” and p-PGM/AA-Ni’-Co’, respectively. Therefore, heat aging leads to the development
of competitive structural processes in the material and these processes change the structure of the material
and its resistance to aging. Morphology of the sample obtained as a result of micro-structural experiments
has peculiriaty, which is shown in Figure 6a—d.

We can see that the metal filler was dispersed on certain grains from the pictures presented in Figure 6,
where shape of Ni’ is similar to spherical, and the shape of Co” is similar to rhombic. Also Figure 6 shows
that the particle dimensions of metallic nickel and cobalt dispersed in the volume of gels are range within
500-800 nm. Therefore, stability of these metal-polymer complexes (p-EGM/AA-Ni’-Co’; p-PGM/AA-Ni’-
Co") to aggregating and oxidation was proved. Taking into account the fact that surface morphology is one of
the most important characteristics of nanocatalysts we can approve that the study of the surface morphology
using the method of scanning electron microscopy and its analysis is required to characterize the properties
of metal-polymer complexes, and to plan the fields of their further study, as well as their further practical
application. Results of EMF (electromotive force) analysis of metal particles distributed on matrix of
p-EGM/AA and p-PGM/AA copolymers are presented in Figure 74, b.

Analysis of EMF-pictures of p-EGM/AA (14.8:85.2 mass.%) and p-PGM/AA (15.1:84.9 mass.%)
copolymers films revealed a relatively equal distribution of filler (Ni’, Co") along the cross-section of the
polymer. Average number of metal particles on 10 microns is 600—700 units for Ni and 550-650 units for
particles of Co (Fig. 7a, b).
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a, b — cobalt particles; ¢, d — nickel particles

Figure 6. Electron micrographs of metal particles in nanocatalysts of p-EGM/AA-Ni’-Co’; p-PGM/AA-Ni’-Co’

a — p-EGM:AA; b — p-PGM:AA

Figure 7. Distribution of metal particles on the copolymer matrices
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Conclusions

Ions of such metals as nickel and cobalt in polymeric matrix on the basis of polyethylene glycol maleate
and polypropylene glycol maleate with acrylic acid were reduced by the method of wet synthesis.
Compositions, structures and dimensions of particles of nickel and cobalt stabilized in polymeric matrix were
determined using the methods of transmission electron microscopy and scanning microscopy, infrared
spectroscopy, laser-emission spectroscopy, dispersive microscopy and thermogravimetric analysis. It was
determined that nanoparticles of metals well-distributed on a whole volume and dimensions and correspond
to 500—700 nanometer for p-EGM/AA-Ni’-Co° bimetal catalyst and 600-900 nanometer for p-PGM/AA-Ni’-
Co’. The shape of nickel nanoparticles is spherical and the shape of cobalt nanoparticles is rhombic.
Therefore, characteristics of obtained p-EGM/AA-Ni’-Co’ and p-PGM/AA-Ni’-Co’ metal-polymeric
complexes can be used as a template for the creation of catalytically effective composite materials.
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n-9I'M/AK-Ni’-Co’ sxone n-IIF'M/AK-Ni’-Co" nerizinaeri metami-nonnmep.ri
KOMILJIEKCTEPAiH CMHTE3i MeH CHIIaTTAPbI

Metau-nonuMepiai KOMIUIEKCTEpIiH CHHTE3iHAE MONHU-(3TUIIEH)-IpOoNuIeHIIHKoIbManenHarTtap (n-0I'M,
n-III'M) meH akpun KeikpUTbl (AK) Heri3inaeri comommMepiepai KOJIaHyIbIH BIKTHMAIIBIFE KOPCETUIL.
XKyprizinren capanraManap apKbUIBI TOJIMMEPIIi MaTpUNANAPFa TYPAKTAaHABIPBUIFAH HUKEJb JKOHE KOOAIbT
OeJIIeKTepiHIH KypaMbl, KOJIEeMIIK CHIIATTaphl, KYPBUIBIMBI TPAaHCMUCCHOHJIBI-OJICKTPOH/IBI KOHE CKaHep-
JeyII MUKPOCKOMIHS, HHPPAKBI3BUI )KOHE JIa3epIli-DMICCHOHABIK CHEKTPOCKOINS, IUCTIEPCHOHIBI MUKPOCKO-
HMS JKOHE TEPMOTPAaBUMETPHSUIBIK TaJllay oicTepiMeH aHbIKTaJAbl. HaHoOesmekTepiiH opraiia Keiemi
100-170 uMm, coHbIMEH KaTap HONMMepii Martpuua OoibiHaa Oipkeski TapairaH, cepa (GopMackiHa He
eKkeHairi kepcerinred. Hukens MeH K0OanbTThIH MPOLEHTTIK MaHI caiikecinme 0,52/0,48 n-OT'M/AK xoHe
0,49/0,51 n-III'M/AK xypazsr. 10 MxM-ne Metann Oemmekrepitin tapaiysl Co yurin 550-650 Gipmik, an Ni
ymin 600-700 OGipimikke TeH. MeTtamn mommMepii KOMIUIEKCTEPIiH TEepMISUIBIK bIabipaysl 200-500 °C
Temrieparypana xkypai. TG-KHCHIFBIHBIH Macca JKOFaITy MoHI opTa ecernmeH 80 %-ab1 Kypaabl. CHHTE3eNTeH
-9 M/AK-Ni’-Co® xone n-IITM/AK-Ni’-Co” Meran-monumepii KOMIUIEKCTED KATATMTHKAIBIK OCICEH
XKyiie peTinze maiganany MYMKIiHJITiHE He.

Kinm ce30ep: conoimMep, MOIMATWICHITIHKOJIBMAIEHHAT, IOJUIPOIMICHITINKOIbMAICHHAT, ITOJMMEpIi
MaTpulla, HaHOOeJIIIEK, KaTalnu3aTop, METAJLI-NONUMEpPITi KOMIUIEKC, MaTPHILIA.

M.X. Bypxkees, T.O. Xamutoa, A.)K. CapcenOexona,
J. XaBmuek, E.M. Taxo6aeB, )K.K. Uman6ekoBa, A.H. bomar6aii

CI’IHTC?. n XapaKTepl/ICTI/IKI/I MeTa.]'I.J'l-l'[O.]'Il/IMeprIX KOMIIJIEKCOB
m1-9I'M/AK-Ni’-Co® u n-IIr'M/AK-Ni’-Co"

[ToxazaHa BO3MOXHOCTb HCIIOJb30BAHUS COINOJMMEPOB  IIOJH-(3THIICH)-IIPONUICHIINKOIbMAICHHATOB
(n-3I'M, n-III'M) ¢ akpunoBoii kucioroit (AK) B kauecTBe MaTpUIbl 1Uisl MOTydeHHUs G PEKTHBHBIX METallI-
HOJIMMEPHBIX KOMIUIEKCOB PAa3IMYHOrO Ha3HAa4eHWs. MeToJaMM MpPOCBEYMBAIONICH M CKaHUPYOIISH
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mukpockonuu, MK-crekrpockonuu, n1a3epHO-3MUCCHOHHOMN CMEKTPOCKOIHHU, AUCTIEPCHOHHON MHKPOCKOIINI
¥ TEPMOTPaBUMETPHUYECKOTO aHAJIN3a YCTAHOBJIIEHBI COCTaB, CTPYKTYpa, pa3Mepbl CTAOUIN30BaHHBIX B MOJIHU-
MEpHO#l MaTpulle 4acTHll HHUKesns W KoOaibra. CpeaHuil pa3Mep HAaHOYACTHL, MMEIOIHUX CHEpHYECcKyIo
(dhopMy U paBHOMEpPHOE pacHpe/eiiCHHE BIOJb IMOMEPEYHOro cedeHus moymmepa, coctaBmwia 100-170 Hm.
IIponieHTHOE CONEpIKaHUE HUKEIS W KOOAIbTa B KOMIUIEKCE COCTaBIsIeT cooTBeTcTBeHHO 0,52, 0,48, B cormo-
mamepe n1-OI'M/AK u 0,49, 0,51 B conmonmmepe n-I1I'M/AK. Anann3 >1eKTpoBIXKYIIEH CHITEI — n300paske-
HUS TIeHOK comoinmepoB I-OI'M:AK (14,8:85,2 mace.%) u n-III'M:AK (15,1:84,9 macc.%) noxasan oTHO-
CHTENBbHOE paBHOMEpHOE pacnpenencuue Hanonuutens (Ni, Co’) BIOMb MONEPEUHOr0 CEUCHHs MOMHMEpA.
Cpennee xoiau4ecTBO dacTull MeTauioB Ha 10 MkMm cocraBmsger 600-700 en. amst Ni u 550-650 en. ans Co.
Tepmuueckast IECTPYKIMs METa/UI-TIOIMMEPHBIX KOMIUIEKCOB MPOMCXOAUIa B HHTepBane TemnepaTyp 200-
500 °C. ITorepst maccel Ha TG-kpuBbIx cocTaBiseT B cpeHeM 80 %. Takum 00pa3om, MOTydYeHHbIE METAILI-
nomuMepubie komrekcs -0 M/AK-Ni’-Co® i n-IITM/AK-Ni’-Co” MoryT 6bITh HCIIONIB30BAHEI B KAUECTBE
OCHOBBI JUIS CO3/IaHUSI KATAINTHYECKH aKTUBHBIX KOMIO3UTHBIX MaTepPHAJIOB.

Knrouegvie cnosa: COIIOJIUMED, MNMOJMITUIICHITIMKOJIbMAJICUHAT, IMOJUIIPOIIUIICHIVIMKOJIbMAJICUHAaT, METaJll-
HOIIHMCprIﬁ KOMIIJICKC, IOJIMMEpHAas MaTpulla, KaTaJlu3aTop, HAaHOYAaCTUIlla, MaTpUIia.
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Investigation of the processes of titanium dioxide dispersion
in the presence of various surfactants

An essential factor affecting the effectiveness of protective and decorative properties of paint and varnish
compositions due to the use of surfactants with inhibitory activity in their formulations, as well as the ability
to form permanent (cohesive, adhesive), decorative, insulating films based on their selective adsorption,
seems to be a promising improvement of the coating performance characteristics. The mechanism of their
physico-chemical effects on the interface and the dispersed medium as a whole depends on the nature of the
surfactants and the contacting phases, as well as their quantitative ratio. The paper presents the results of ex-
perimental studies of the regularities of the processes of titanium dioxide disaggregation in an aqueous dis-
persion medium in the presence of three types of surfactants. Introduction of three versions of surfactants in-
tensify processes of disaggregation of particles of titanium in an aqueous dispersion medium. The maximum
dispersing effect with respect to titanium dioxide is set for sodium polyacrylate solution. The average diame-
ter of the solid-phase particles in comparison with the characteristics of the base composition decreased from
13 to 4 microns, when this modified additive was introduced at the level of 0.25 g/L.

Keywords: paint-and-lacquer materials, dispersion, pigment, titanium dioxide, aggregation, surfactants, dis-
aggregation, suspension, average diameter, fraction, aggregate, modification.

Introduction

The process of combining a solid component, a pigment with a liquid dispersion medium in the produc-
tion of paint-and-lacquer coating, is very important, since the technological properties of paints depend on it,
as well as many of the operational properties of coatings. An important technological characteristic of paint-
and-lacquer materials (PLM) determining the structural and mechanical (covering capacity, wetting [1],
hardness, strength) properties of their coatings is the degree of disaggregation of pigments and fillers [2].

Surfactants, molecules of which contain polar groups in the hydrocarbon radical that are lyophilic with
respect to the polymer dispersion medium (i.e., bifunctional compounds of various types), are used as pig-
ment surface modifiers for polar dispersion media [3]. This applies to all types of paintwork materials con-
taining polymer solutions in organic solvents (or water for water-soluble polymers) as binder, water-
dispersible binders. In recent years, polymeric surfactants have been developed and used due to their high
affinity for the polymer medium, can be even more effective than their low-molecular analogues. The meth-
od of this pigment surface modification for subsequent incorporation into the polymer medium is very sim-
ple, accessible and effective due to the diversity of the polar groups present in the modifier molecules and
also to the different structure of their hydrocarbon radicals [4]. However, the action of surfactants in paint-
and-lacquer systems is subject to certain physico-chemical laws that must be observed for their effective ap-
plication.

Development of aggregation and disaggregation processes depends both on the surface properties of the
solid-phase particles themselves and on the quantitative-qualitative composition of the film-forming, sol-
vents and surface-active additives in paint-and-lacquer coating suspensions. In this regard, it is necessary to
know the effect of all these components on dispersion processes in order to optimize the composition of the
paint-and-lacquer coating. The purpose of this work is to study the effect of various surfactants on the pro-
cesses of dispersing solid-phase particles.

Experimental

We established the patterns of development of the titanium dioxide disaggregation processes (grade
R-02) in the composition based on polar solvent (water) and surface-active additives are (TEGO:Glide 100
(polyether siloxane copolymer), Dispers 715W (sodium polyacrylate solution) and Dispers 750W (aqueous
copolymer solution).

Surface-active effect of surfactants was established with usage of a computer-optical analyzer [5],
which allows determining the fractional composition of suspensions in an automatic mode, as well as the
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geometric dimensions and configuration characteristics of individual dispersions. A calculated index d that
characterizes the average particle diameter of pigments in suspensions was used to quantify the degree of
disaggregation.

An electronic converter-attachment with a magnification of x35 equipped with a standard USB port and
a software package was used for an adequate transfer of the image observed in the eyepiece of the micro-
scope. The principle of the electronic video eyepiece is analogous to the principle of the photocell function
and consists in converting light energy into electrical energy. The system unit of the attachment with small-
format CCD cameras transforms the images fixed in the eyepiece of the microscope into signals acceptable
for perception by the Windows XP system in personal computers. Electronic configuration attachments are
compatible with traditional microscopes. The CARLZEISS 451422 microscope was used in the system de-
veloped by us.

At the first stage, individual image elements were recognized within the software package «Spectrum of
differential distribution» using the method of continuous scanning, then they were transferred to the system
unit of the computer and stored (documenting). At the second stage, the processing of the video image was
performed with obtaining quantitative information about the specific number of particles (per unit area), their
geometric parameters (linear dimensions, configuration, and area) and, finally, the general data on fractional
composition were obtained in the automatic mode.

The algorithm for data processing includes the following basic operations:

1. Binarization of the previously saved image is the conversion of the image into black and white. In
terms of Photoshop, this concept is called «by level 50 %», as this selects a threshold, all values below which
turn into a background color (white), and above — to the main color (black).

2. Recognition for continuous scanning and sorting of individual dispersions by the number (N, units),
size and fractional composition (P, %) by reading their area in pixels (S, px). Transformation of the calculat-
ed particle size index expressed in pixels into metric units (microns).

3. Calculation of the integral and differential characteristics of the particle distribution (by their number,
linear parameters and area) and their reflection in the form of diagrams, distribution functions or in tabular
form depending on the optimization parameters (in the studies).

4. Derivation of functional dependences (in the form of equations or graphs) of the different integral
and differential characteristics of the particle distribution (by number, linear dimensions or area) depending
on the above factors. The latter makes it possible to estimate the contribution of each of them to the devel-
opment of particle aggregation processes in comparative regimes, namely, the theoretical dependence (the
additive function obtained with the assumption of the absence of interactions between the particles), and with
respect to some basic variant (for example, in the absence of surfactants) [5—7].

The use of metric particle sizes expressed in micrometers is accepted in the daily practice of the produc-
tion of pigmented paint-and-lacquer materials. In connection with the variety of shapes of pigment particles,
for their size, the so-called equivalent diameter of an ideal spherical particle is accepted. The values of d
(microns) were calculated from the results of the determination (for a given multiplicity of magnification
x350) of the total number of particles or their individual associates (N, pieces) and the total area (S, pixel)
they occupy on a fixed (in the eyepiece) image in accordance with the equation (1):

S
D,y =1.129k-2L, (1)

where S, — is an area of all particles, pixel; N — is a total number of particles; 1.129 — is a constant; k — is
a conversion factor to metric units (2):

k= |20 ©)

For a standard sample with Sy = 4-10* pm” at a given (in the experiments) multiplicity of the increase by
%350, the area (S,9) in DPI units is 32.400; value k= 1.235 um/pixel'?. The disaggregating effect was addi-
tionally established by the content of fractions (P, %) of the class — (minus) 44.34 microns.

The procedure for the preparation of suspensions with different surfactant contents (0-8 g/dm’ (for
pigment weight) consisted in preliminary dissolution of a certain mass in a solvent. The resulting solutions
(hereinafter A) were sent to prepare suspensions, which was carried out at a temperature of 20 °C in a sealed
reactor (volume — 0.2 dm’, cover factor — 0.60) equipped with an agitator (impeller agitator, frequency —
300 min ). The quantitative contents of the titanium dioxide pigment (1 % by weight of the suspension) in
the system were varied due to the change in mass loading into solutions A. To stabilize the deformation pro-
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cesses, the samples of suspensions analyzed with a pneumodosimeter (drop volume — 0.02 ml) were placed
on a specimen slide, then fixed with a cover slip and kept under static load (10 g/cm”) and were subjected to
microanalysis for 5 minutes.

Results and discussion

System «solvent-pigment-surfactant»

Distribution of dispersions of titanium dioxide pigment by size classes in suspensions containing no
surfactant is characterized by the diagram shown in Figure 1. Fractions with a size of +198.30—451.56 mi-
crons predominate in suspensions; the content of fractions of this class — 198.30 microns is 52.00 %, fine
fractions — not more than 25.00 %. Specific amount of pigment particles of titanium dioxide in the absence
of surfactants was 2,300 microns, and their average size is 13.00 microns.

60

50
Size of fractions, P.%
N microns ’
40 —44.34 25.00
& +44.34-62.71 5.63
Al 30 +62.71-99.15 10.20
+99.15-140.22 1.73
20 +140.22-198.30 5.51
- +198.30-451.56 52.00
10

0 . I | .

4434 6271 99.15 140.22 198.30 451.56
Size of fractions. microns

Figure 1. Differential distribution curves by the fineness
of the titanium dioxide pigment fractions in a polar solvent

The processes of disaggregation of solid-phase particles of titanium dioxide were intensified signifi-
cantly with insignificant dosing of surface-active compounds. The positive effect of the surfactants presented
is consistent with the patterns of changes in the content of fine fractions (P) and average diameter (d) of the
particles (Fig. 2a, b) in suspensions. The experimental values of the main parameters of the dispersion of
solid-phase dispersions in the presence of various types of surfactants are shown in Figure 2.

The maximum disaggregating effect with respect to the titanium dioxide pigment judging by the nature
of the change in the average particle size (minima in Figure 2a) is provided at the Dispers 715W surfactant
discharge at 0.25-0.50 g/dm’. The mean statistical particle diameter in the same row decreased by no less
than 60.00 % (from 13.00 microns to 4.00-7.00 microns) in the presence of Glide 100, Dispers 715W and
Dispers 750W in comparison with the characteristics of the basic composition (without surfactant additives).
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Figure 2. Effect of surfactant coverage rate (1-Dispers 715W, 2-Dispers 750W, 3-Glide 100)
on the average diameter (@) and on the content of fine particles of the pigment particles (b)
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The positive contribution of surfactants to the development of disintegration processes is confirmed
(Fig. 2b) and the increased content of fine fractions (< 44.34 microns) in the case of Dispers 750W disper-
sant, from 25.00 to 73.00 %; at the above coverage rate of Glide 100 and Dispers 715W, the relative content
of particles of this class increased by 55.00 and 68.00 %. Thus, the dispersion effect in the presence of sur-
factant is ensured by the destruction of large aggregates of titanium dioxide.

The development of the opposite process is observed with an increase of coverage rate (from 1.00 to
2.50 g/dm”®) of Glide 100 and Dispers 750W surfactants, an aggregation of solid-phase particles, which cor-
responds to an increase in the average diameter of the pigment particles from 4.00 to 12.50 and from 7.00 to
13.00 microns, respectively. The aggregation processes were practically not observed in the presence of
Dispers 715W and when the coverage rates varied from 0.25 to 0.80 g/dm’, the characteristics of the dis-
persed pigment composition of titanium dioxide remained practically at the same level (d = 4.00-6.00 mi-
crons; P~ 79.00—85.00 %). Based on this, it follows that the concentration range of the Dispers 715W is less
restricted than that of Dispers 750W and Glide 100. It should also be noted that with an increased concentra-
tion of Dispers 750W and Dispers 715W (4.00 g/dm”), the average statistical diameter of the pigment parti-
cles is increased almost identically to the initial value of the diameter in the absence of surfactants (12.00
microns) and a decrease in the fine fraction by 77.00 and 50.00 %, respectively, which indicates the inappro-
priate use of these surfactants at high concentrations. A slightly different mechanism is observed in the case
of the Glide 100 surfactant at the same concentration. The average statistical diameter of solid-state particles
decreases up to 62.00 % and, as a consequence, the content of the fine fraction increases in the high-coverage
rates region of this modifier (4.00 g/dm’). This phenomenon suggests the possibility of using this surfactant
at elevated system concentrations (above 4.00 g/dm’).

Conclusions

As a result of investigations it can be concluded that introduction of three versions of surfactants inten-
sify the processes of disaggregation of particles of titanium in an aqueous dispersion medium. The maximum
dispersing effect with respect to titanium dioxide is set for Dispers 715W. The average diameter of the solid-
phase particles in comparison with the characteristics of the base composition decreased from 13.00 to 4.00
microns when this modified additive was introduced at the level of 0.25 g/dm’.
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A H. Tropsruna, A.A. JIynenko
Typai 6eTki 6esceni 3aTTapAbIH KATHICYbIMEH TUTAH KOC TOTHIFbIHBIH
bIIBIPAY NMPOLECTEPiH 3epTTey

Jlak-6osty aOBIHIAPBIHEIH KOpFay >KOHE COHMIK KacHEeTTEpiHIH THUIMIUIriHe BIKIal eTeTiH eneyini (akTop
oNapAbl KypaMblHa CHETiH JaKTap MEH TOJNTBIPFBINITAPIBIH OBITHIPAFBIMITHIK JOpekKeci OONBI TaObUIAIbL.
Jlak-60sTy KOMITO3UIUSUTAPEIH KypaMblHa OastyJIaTKBIII OEJICCHAUTIKKE, COHIai-aK OJapIblH HET131HIe capabl
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CIHIpYyIi KaIbsITacTRIPy Kabinerine ue O6etki 6encenmi 3artapanl (Bb3) enrizy ecebiHeH omapasl TYPICHIIPY,
Oepik (KyFy, 'KaObICy), COHIIK, OKIIayiay KaObIKIIamapsl, KaObIHIAPIBIH [MMaiilajaHy cHUIaTTamaiapbiH
JKaKCapTYIblH IMEePCHEKTHBANBIK OarbIThl 0oJbin TaHbUIaAbl. OnapabiH (¢aszanap OemiriHiH OeTiHe jKoHE
LIalbIpaHIbl opTara (QU3MKa-XHUMHSUIIBIK OCEpiHIH MeXaHM3Mi TyracTail amranna BB3 »koHe jkaHacaThlH
(azanapiapiH TabUFaThIHA, COHAAM-aK OJAapIblH CAaHIBIK apacanMmarbiHa GailnaHbicThl. JKymbicTa THUTaH Koc
TOTHIFBIHBIH CYJIbI LIAIIBIPaHAbl OpTaga BB3 yur TypiHiH KaThICYBIMEH arperatchi3faHy IpOLEeCTepiHiH
JaMyBl 3aHABUIBIKTApBIHBIH TOKIPUOEIIK 3epTTey HOTIbKesepi kentipinreH. berki Gencenai 3arTapisH yin
TYpiH €HTi3y Cy-AMCIEpCHsUIBIK OpTaja THTaH JHOKCHIIHIH OeJIIeKTepiH ae3arperanusuiay yAepiciH
KapKbIHAATaabl. TUTAH JMOKCHIIHE KAThICThl MaKCHMAJbl JUCIEPIUPNICYLI ocep HATPUH MOJIMAKPUIATHI
epiTinzici yuin taraiisiaganrad. Ocel TypieHaipinres kocnanst 0,25 1/11 geHrelinge eHrisren keszie 6a3asbik
KYPaMHBIH CHNATTaMajJapbIMEH CalbICTBIPFaHIa KaTThl (a3aiblk OeJIIeKTEepAiH opTalla CTaTHCTHUKAJIBIK
nmaMeTpi 13 MKM-IeH 4 MKM-Te IeiiH TOMEHACHII.

Kinm ce30ep: nak-00s1y ®aObIHAAPHI, OBITHIPAFBIIITHIK, JaK, TATAH KOC TOTBIFBI, arperarTany, OeTki-0enceH i
3arTap, arperaTchi3iany, CyCIeH3 s, OpTa CTATHCTHKAJIBIK TUaMETp, Ppakius, arperat, TYpIACHIIpY.

A H. Tropsruna, A.A. JIynenko

HUccanenoBanue nmpoueccoB NUCNEPrupoBanusi IHOKCUAA TUTAHA
B IPUCYTCTBUH PA3JINYIHBIX MOBEPXHOCTHO-AKTUBHLIX BEIIIECTB

CymecTBeHHBIM ()aKTOPOM, BIMSAIOMNM Ha 3(Q{EKTHBHOCTH 3aLIUTHBIX U JCKOPATHUBHBIX CBOWCTB JIAKO-
KPACOYHBIX TOKPBITHH, ABIAETCS CTENEHb AUCIEPCHOCTH BXOASAIIMX B MX COCTAaBbl MMIMEHTOB U HAIOJHHU-
Tened. MoaudunrupoBaHue JTaKOKPACOYHBIX KOMIIO3UIIMI 3a CUET BBEJCHUS B MX COCTAaBHI IOBEPXHOCTHO-
akTuBHBIX BemiecTB (ITAB), oOmamarommx MHrHOUpYIOMEH aKTHBHOCTHIO, a TAKKe CIIOCOOHOCTBIO (hopMHu-
poBaTh, Ha OCHOBE MX M30MpaTeNbHOM afcopOnuy, MpoYHble (KOTe3NOHHEIE, aAre3NOHHEIE), 1eKOPAaTHBHEIE,
M30JIUPYIOIME IUICHKY, MPEICTaBIACTCS IEPCIEKTUBHBIM HAlPaBICHUEM YIyYHICHHUs 3KCIUTyaTalMOHHBIX
XapaKTePUCTUK IMOKPBITHH. MexaHu3M uxX (QU3MKO-XMMHYECKOro BO3/ECTBUS Ha MOBEPXHOCTh pasjena (a3
U THUCTIEPCHYIO Cpely B IeJIOM 3aBHCUT OT mpupoisl ITAB n xoHTakTHpyromux ¢a3, a Takke UX KOJH-
YECTBEHHBIX COOTHOIIECHUH. B cTaThe mpuBeneHB! pe3ynbTaThl SKCIIEPUMEHTATBHBIX UCCIIEA0BAHUN 3aKOHO-
MEpHOCTEH pPa3BUTHS IPOLECCOB Je3arperaluy IHOKCHAAa THUTaHA B BOJHOM IUCHEPCHOHHOW cpene B
MPUCYTCTBUU TpexX pasHoBuaHocTel ITAB. BBenenue Tpex pasHOBHIHOCTEH MOBEPXHOCTHO-aKTHBHBIX Be-
IIeCTB MHTEHCH(UIUPYET NPOLECCH Ae3arperayy YacTHI] JUOKCH/A TUTaHA B BOJHOM JUCIIEPCHOHHON cpe-
Je. MakcHMaIbHBIH UCIeprupyomui 3¢ (GeKT 10 OTHOLIEHHIO K JUOKCHAY THTAaHA YCTAaHOBIICH JJISI PACTBO-
pa monmakpmiarta HaTpus. [Ipy BBeqeHNH qaHHOM MoanGHUIUpOBaHHOH 1006aBku Ha ypoBHe 0,25 T/ cpexHe-
CTAaTUCTHYECKUH JuaMeTp TBepAOoQa3HbIX YacTHI| N0 CPAaBHEHHIO C XapaKTEpPUCTHKAaMH 0a30BOr0 COCTaBa
yMmeHbimics ¢ 13 1o 4 Mxm.

Kniouegvie cnosa: makokpacoYHble HOKPBITHS, AUCIEPIUPOBAHHE, TUIMEHT, AUOKCH]] TUTAHA, arperaius, 1no-
BEPXHOCTHO-aKTUBHBIC BEILLIECTBA, J€3arperalys, CyCleH3 s, CPeAHECTaTUCTHYECKUI auaMetp, Gppakuus, ar-
perat, MoAU(UKALHS.
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Study of paint and varnishes systems structuring in the presence of surfactants

Introduction of surfactants in paintwork materials composition is one of the effective ways to improve their
quality. It is obvious that introduction of surface-active additives in coating compositions changes not only
the dispersity of the pigments and fillers included into the composition, but also the nature of the adsorption
and intermolecular interactions in the system. With the help of low-frequency dielectrometry, a physical grid
of intermolecular bonds was detected in the process of its formation. The regularities of the structurization of
amines and polyphenylsiloxane in solutions of toluene were established by viscosimetric method. According
to the results of viscosimetric analysis, the regularities of surface tension change for polyphenylsiloxane solu-
tions were revealed: as the concentration increases from 0 to 2 g/dm’, the surface tension decreases from 28
to 26 mJ/m>. Rheological data showed that deviations from the ideal system exist in the region of the studied
concentrations, i.e., there is an association of molecules of the amino derivatives with macromolecules of
polyphenylsiloxane (heteroassociation). It is proved that formation of macromolecular structures is inherent
in all three varieties of amines and is substantially enhanced in concentrated solutions.

Keywords: organosilicon paint and varnishes, intermolecular interactions, viscosimetry, dielectrometry, tolu-
ene, additive, amines, polyphenylsiloxane, relative viscosity, surface tension.

Introduction

Organosilicon (silicone) paint and varnishes historically occupy a significant share of the paint and var-
nishes market [1]. These materials are hybrid organo-inorganic composites. Combining the characteristics of
both organic and inorganic substances, such structures have great potential in the development of new mate-
rials that have a variety of physical, technical and operational characteristics [2]. One of the effective ways to
improve the quality of paint and varnishes is to introduce surfactants into their composition [3]. It is obvious
that the introduction of surfactants in paint and varnishes changes not only the dispersability of the pigments
and fillers included in them, but also the nature of the adsorption and intermolecular interactions in the sys-
tem. According to the molecular (adsorptive) theory of polymer adhesion, the interactive data, which are
manifested in the establishment of the molecular contact of macrochains with the active centers of the sub-
strate and the following formation of adhesion bonds, depends largely on the polarity and flexibility of the
polymer chains [4]. The purpose of this work is to study the effect of various surfactants on intermolecular
interactions in silicone paint and varnishes.

Experimental

During the research, the following substunces were used, namely, silicone film-forming
(polyphenylsiloxane varnish), toluene solvent (State Standard 14710-78) and three varieties of amine-based
surfactants of different molecule-weight composition (Table 1).

Table 1
Surfactants Characteristics
Surfactants name Weighted average Amine number, Brief Description
molecular mass, a.m.u mg HCl/g
HMA 250 30 Mixture of primary and secondary amines
CMA 350 32 Condensation product of vegetable oils with diamines
BMA 600 31 High-molecular amine mixture

A viscosimetric method was used to assess the nature and regularities of amines and polyphenyl-
siloxane structuring in toluene solutions. The dynamic viscosity of the prepared solutions was measured with
a capillary viscosimeter (d = 0.56 mm) in a temperature-controlled mode [5].

A low-frequency dielectrometry has been successfully applied to detect the physical grid of intermolec-
ular bonds in the process of its formation [6]. Orientational polarization, as well as deformation, was record-
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ed for the periods of charge and discharge of the capacitance sensor by a stable current in the frequency
range of 1-10 kHz. The experimental values of the dielectric capacitance (¢') and the dielectric loss tangent
(tan &) were used to find the dipole-segment loss coefficient " (¢" = £xtgd) [4], which usually increases with
polarity increase and molecular mobility of the polymers. Considering the fact that the development of struc-
turing processes is accompanied by an increase in the cohesive interaction of molecules, it seemed reasona-
ble to determine the change in this parameter from the results of measuring the solutions surface tension by
the method of the greatest pressure of air bubbles (the Rehbinder device) [5]. The volume-surface properties
of individual solutions (toluene-additive, toluene-polyphenylsiloxane) and solutions of mixed composition
(toluene-polyphenylsiloxane-additive) were established by varying the content of amines and
polyphenylsiloxane (0—2 g/dm’) and T (295-313 K).

Results and discussion

The results of rheological studies of individual solutions are shown in Figure 1a, b. The analysis of the
change in the relative viscosity of polyphenylsiloxane (PPS) solutions showed (Fig. 1a) that at a constant
temperature, as the concentration increases, a linear increase in viscosity is observed. These results are con-
sistent with the literature data [7] and indicate weak intermolecular interactions in PPS solutions. The latter is
obviously connected with the special structure of the PPS macromolecules, in which the inorganic chain of
silicon and oxygen atoms is surrounded by aryl radicals. The argument for this observation is that for amino
derivatives containing amino groups with different degrees of substitution, and at the ends of chains, as well
as primary concentrations dependences of the relative viscosity have an entirely different nature and reflect
their tendency to associate processes (Fig. 1). The formation of associated structures judging by the signifi-
cant deviation from the linear dependence 1, =f(C) was noted in solutions of all amino derivatives varieties
at concentrations above 0.5 g/dm’; and the association effects increase with the further increase of their con-
centration in the solution. The viscosity increase at the concentration range of 0.5-2g/dm’ corresponds to the
molecule-mass ratio of the amino derivatives and increases in the series: BMA>CMA>HMA.

MNrel Nrel
0.16 0.12 7
0.12 4 0.08
0.08 - 0.04 1
0.04 | 0 \/ B
| . N
0 T T T T -0.047 \/‘-—/\4‘—‘
0 0.5 1.0 1.5 2 J

C, g/dm’

Full line — 298 K; dashed line — 313 K; 1,/"—PPS; 2,2°— BMA; 3,3 — CMA; 4,4 — HMA

Figure 1. Dependence of individual solutions relative viscosity on the concentration of polyphenylsiloxane (a)
and amino derivatives (b) at different temperatures

The changes observed in the relative viscosity agree with the surface tension isotherms (o) of the solu-
tions at the interface with air and simultaneously find an explanation from the intermolecular associates for-
mation positions and the localization degree of active functional groups. The features of the amino deriva-
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tives surface activity in solutions under study clearly reflect the extremes, which differ in intensity and
width, presented in Figure 2a, b.

a b
o,
mJ/m?
29
28
27
26
25
0
0 0.5 1 L5 2 0 0.5 1 1.5 2
Caminea g/dm3 Cresina g/dm3

Full line — 298 K; dashed line — 313 K; /,1"— BMA; 2,2° — CMA; 3,3 — HMA; 4 — PPS
Figure 2. Isotherms of individual solutions surface tension at the interface with air

Judging by the surface tension isotherms (T=298 K), in the concentration range, when association ef-
fects are practically not manifested, the presence of unbound amino derivatives diphilic molecules in the so-
lution has stimulated their concentration in the surface layer, which is confirmed by a decrease in the surface
tension values. In this case, two concentration sections can be distinguished, which allow to distinguish be-
tween low-molecule and higher-molecule types of amino-derivatives by activity. In solutions with
C<0.25 g/dm’, the highest surface activity is characterized by BMA and CMA. The surface-active properties
of a lower molecule mass amine species are enhanced in more concentrated solutions. The maximum depres-
sion of surface tension (Ac = 1.9 mJ/m?) was recorded in HMA solutions at a concentration of 0.5 g/dm’. As
the concentration further increases (C>0.5 g/dm?) the development of the structure formation processes was
accompanied by the spontaneous decrease in the unbound (free) molecules of the amino derivatives and the
corresponding continuous deterioration of the surface properties (ascending isotherms). At C=2.0 g/dm’ the
surface tension was stabilized in solutions at a level of 28.0 mJ/m?, which corresponds to the ¢ value of the
solvent (toluene). This indicates that there are no more amino derivatives in the surface layer and about com-
plete localization of the functional groups in the internal structure formed in the volume of the intermolecular
associates’ solution.

It should be noted that the effect of temperature on the indices of 1, and o for the amino derivatives of
different molecule-mass composition are not precise. If in the BMA and CMA solutions, at the temperature
increase up to T=313 K, the relative viscosity values decrease, then in the solutions of the low-molecule va-
riety of amines, their increase was noted, and the main increase was fixed at C=0.5 g/dm’ (Fig. 1b). The lat-
ter may be due to the intensification of solvation processes binding by HMA solvent.

The legality of this justification confirms a sharp deterioration in the HMA surface activity (Fig. 2q); in
comparison with o solutions at T=298 K, the decrease in the values of surface tension (Ac) regarding the
solvent (without surfactants) decreased by 2—4 times and equaled 0.5 mJ/m’. The depression of surface ten-
sion remained at the same level (Ao=1.240.2 mJ/m®) on the contrary to BMA and CMA solutions in the
same concentration range.

The surface activity deterioration in the first case and the invariance in the second case exclude the re-
lease of amines and, consequently, the destruction of intermolecular structures at T=313 K, which would be
logical suspect, given the natural increase in the associates thermal motion at temperature increase. At the
same time, it is known that the relative viscosity values that exclude the influence of solvent thermal expan-
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sion are determined not only by the number of associates, but also by the steric restrictions they create for the
liquid flow.

Summarizing the abovementioned, we can state that for HMA, which is characterized by smaller hy-
drocarbon radical dimensions, the thermodynamic quality of the solvent improves, which leads to swelling of
the associate balls and, thus, to an increase in the relative viscosity., The temperature increase causes an in-
crease in intermolecular interactions within the associates for higher molecular amines, which is accompa-
nied by a decrease of their sizes. The intermolecular structures folded into a tight ball give less resistance to
the flow and, as a result, the values of n, decrease in solutions with C =1 g/drn3 in 2.4-2.6 times, and at a
larger content (C =2 g/dm’) in 1.3—1.4 times.

The results of the viscosimetric analysis are confirmed by the regularities of the surface tension change
and for PPS solutions (Fig. 2b), which demonstrate the traditional form of silicone surfactants isotherms not
prone to association processes: as the concentration increases from 0 to 2 g/dm’, 6 decreases from 28 to 26
mJ/m’. The same maximum depression of surface tension (2 mJ/m?) was observed with increasing tempera-
ture (T=313 K).

Similar experiments were carried out for solutions with a fixed polyphenylsiloxane concentration
(0.5g/dm’), but with different contents (C, g/dm?) of all three amines varieties.

The results of rheological studies and surface tension in mixed composition solutions are presented in
Table 2 and Figure 3 (a, b, ¢). As a quantitative measure of the processes developed in the volume and on the
interphase boundaries, along with the experimental indices 1. and o, and their calculated values for an ideal
system (in the absence of intermolecular interactions between the mixture components) were also used. In
addition, for a comparative evaluation of these processes, the surface tension differential changes were calcu-

. . . . nre €ex
lated: AG = Geyp. — Geale. and relative for relative viscosity: y= —relexp.

rel.calc.

Table 2
Relative viscosity calculated and experimental values
C, g/dm’ T=298K T=313K
Tlrel.exp. Nrel.calc. Y nrelAepr Nrel.calc. Y
HMA
0.25 0.033 0.031 1.050 0.039 0.037 1.05
0.5 0.063 0.018 3.500 0.048 0.032 1.50
1 0.077 0.031 2.480 0.056 0.035 1.60
2 0.089 0.036 2.470 0.083 0.051 1.63
CMA
0.25 0.092 0.090 1.020 0.089 0.067 1.33
0.5 0.078 0.066 1.180 0.073 0.046 1.59
1 0.089 0.100 0.890 0.112 0.074 1.51
2 0.107 0.124 0.860 0.131 0.104 1.86
BMA
0.25 0.078 0.090 0.870 0.092 0.090 1.02
0.5 0.102 0.118 0.860 0.078 0.066 1.18
1 0.121 0.157 0.770 0.089 0.100 0.89
2 0.140 0.187 0.770 0.107 0.124 0.86

The data obtained (Table 2) show that in the studied concentration range, there are deviations from the
ideal system, i.e. there is an association of molecules of amino derivatives with PPS macromolecules
(heteroassociation). It should be noted that the development of heteroassociation processes is much more
noticeable, judging by the value of vy, in solutions with a low molecular mass variety of amines; the greatest
change in the relative viscosity (by a factor of 3.5) was noted at C = 0.5 g/dm’ and T=298 K. The formation
of intermolecular structures is confirmed by an increase in the cohesive interaction strengthes in HMA solu-
tions and a shift of the surface activity maximum to the region of lower concentrations (Fig. 3a).
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Full line — experimental dependence; dashed line — calculated dependence;
T,K: 1 —298;2—313;a— HMA; b — BMA; c — CMA

Figure 3. The effect of the amine-containing surfactants concentration
on the surface tension of polyphenylsiloxane solutions (C=0.5 g/dm’)

In a narrow range of concentrations (C<0.25 g/dm’), a negative deviation of the  values is observed in
comparison with the ideal system (<0.5 mJ/m?), i.e. in the absence of intermolecular interactions in the solu-
tion (y=1.05) a synergism is observed in the surface properties of the binary mixture. Outside this interval, a
positive deviation of the surface tension experimental values from the additive contribution of the two com-
ponents (PPS and HMA) was recorded. The maximum intensification of heteroassociation processes at
C=0.5 g/dm’ (y = 3.5) corresponds to the maximum increase in 6 (Ac=+1.03 mJ/m?), due to the decrease in
unbound amines. Stabilization of the structure formation processes (y =2.47-2.48) at C=1-2 g/dm’ is con-
sistent with the invariance of the surface tension in this concentration region, which in its values 27.0 mJ/m?)
practically coincided with the surface tension of PPS solutions without amines.

The temperature increase (up to T=313 K) was accompanied by a quantitative destruction of
heteroassociates, as indicated by the additive contribution of PPS macromolecules and the released amines
(as a result of breaking bonds) in the change in surface tension, and a decrease in the values of y by a factor
of 1.5-2.

The formation of associated structures, judging by the significant increase in o, is not excluded in solu-
tions of higher molecular varieties of amines (Fig. 35, ¢). The association processes are developed at lower
concentrations in solution in comparison with HMA, which leads to inversion of surface activity. If in tolu-
ene individual solutions, as indicated above, with C= 0.25 g/dm’, the CMA and BMA had the greatest sur-
face activity, then the opposite effect was observed in the joint presence with PPS. The stability of the
formed heteroassociates and the variety changes vectoriaty in the 1, (y<1 and y>1) in solutions with higher
molecule amines indicate differences in the mechanisms of amine association with PPS macromolecules.

The results of dielectrometric measurements (Fig. 4a) suggest that the amino derivatives, depending on
individual characteristics (composition, structure, spatial orientation) undergo two types of over- and
intramolecular transformations. The first corresponds to the association of HMA molecules with PPS mac-
romolecules, i.e. the formation of peculiar surfactant-polymer complexes. Movable, easily penetrating into
the structure of the HMA polymer, when reaching a critical concentration of association (Ckxs > 0.25g/dm’),
being fixed (due to hydrogen and weaker van der Waals forces) along the length of the PPS macromolecule,
promotes the expansion of its molecules and the formation of additional bonds between them. As a result, the
chain mobility decreases (Fig. 4a), and the structure strength increases, which reflects the increase in dynam-
ic viscosity (Fig. 4b). Process stabilization at a concentration range of 1-2 g/dm’ confirms the invariance of
the indices €" and 1.
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Figure 4. The concentration effect of amine-containing surfactants on the dipole-segmental coefficient (a)
and the dynamic viscosity (b) of polyphenylsiloxane solutions (C=0.5 g/dmz) at T=298 K

A significantly longer length of the hydrocarbon radical CMA and BMA will limit their migration in
the solution volume, and create steric restrictions for this type of heteroassociation. For CMA and BMA, the
interaction between each other (monoassociation) is energetically more advantageous with the simultaneous
introduction into their composition of PPS macromolecules (mixed micelles). As the PPS macromolecules
are included in the association composition, a continuous decrease in the chain mobility and a synchronous
increase in the dynamic viscosity (curves 1 and 2 in Fig. 4a, b) were recorded.

Conclusions

Thus, the formation of macromolecular structures is inherent in all three varieties of amines and is sub-
stantially enhanced in concentrated solutions. The processes of heteroassociation reduce the amines surface
activity and shift it into the region of lower concentrations.
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Berki Oesicenai 3aTTapAbIH KAThICYbIMEH 0051y KylieJiepiH KYPbLIbIMAAYbI 3epTTEY

Jlak-00s1y MaTepHaIIapbIHbIH CallachlH JKaKCAPTYIbIH THIMII TociaaepiHiH Gipi OOJIbIN OnapbiH KypaMbIHa
Oerki-Oencenai 3aTTapibl €Hridy TaObutagsl. OnOeTTe, NaKk-00sly KOMIIO3MIMsUIapbiHA OeTKi-OeceH i
KOCTIAJIap/ibl €HI'i3y OHBIH KYpaMbIHa KipeTiH MUTMEHTTEP MEH TOJIBIKTBIPFBIIITAP/IBIH AUCIEPCHSIBIFBIH FaHA
eMec, COHJal-aK JKyiezmeri ancopOLMSIBIK JKOHE MOJIEKYJIaapaiblK e3apa OpeKeTTeCYyJIEpAiH CHIAThIH
e3repreni. TOMEHXHUTIKTI IUIIEKTPOMETPUSHBIH KOMETIMEH OJI KaJbINTacy YICpiCiHAe MOJIEKyJaapajbIK
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GaitnanpicTapAblH (QU3UKAIBIK TOPBIH ACTEKLHSIAY OIKYpPri3iimi. BHCKO3UMETPHSIIBIK OSMICHEeH TOJYOII
epiTiHainepiHIe aMUHACP MEH MOIM(EHUICHIOKCAHABl KYPBUIBIMIACTBIPYABIH 3aHIbUIBIKTAPbl TaraiiblH-
Jaiasl. BUCKO3UMETPHSIIBIK Tajiay/AblH HOTIKENepi OOWBIHIIA TONM(EHUICHIOKCAHAAP epITiHIiIepl yuIiH
Gerki Kepimicrepai ©3repTyAiH 3arIBUIBIKTAPEl aHBIKTATAE: KOHIEHTpamus 0 Gacram 2 r/am° aeifin yiraio
IramackiHa Kapail 6Gerki kepimic 28 Gacram 26 mJDk/M’ neifin Tememmeii. PeonorHsuIbIK aepekTep
KOPCETKCH/ICH, 3epTTENEeTIH KOHICHTpalMsIIap/blH aiiMarbiHAa MiHCI3 JKYHEIeH aybITKbIMajap Oap, SFHH
MO CHUIICUIIOKCAaHHBIH MaKpOMOJICKyJIaapbl 0ap aMHH TYBIHIbUIAPEI MOJICKYJIAIAPbIHBIH aCCOLUAIMSCHI
(rerepoaccouualiyis) OpbiH anasl. MakpoMOJIEKyIaablK KypbUIBIMAAPABIH TY3UIyl aMUHIEpAiH OapiblK yuI
TYpiHE TOH eKeHi KoHe KOHIICHTpALMsUIaHFaH epiTiHaLIep/Al alTapibIKTail KylueHeTiHi JoenaeH 1.

Kinm ce30ep: MoOneKyTaapaiblK e3apa 9pEeKeTTecy, BUCKO3UMETPHs, AUIICKTPOMETPHs, TOIYol, KOocrasap,
amMuHep, NONU(EHMICUIIOKCAaH, OSTTIK Kepily, HAKThI TYTKBIPJIBIK.

A.H. Hropsiruna, A.A. JlyrieHko

HccnenoBanue cTPyKTyPHUPOBAHHS JTAKOKPACOYHBIX CHCTEM
B MPUCYTCTBUY MOBEPXHOCTHO-AKTHBHBIX BENIECTB

OpHUM 13 3PPEKTUBHBIX COCOOO0B YIYYIICHHUS KaueCTBa JIAKOKPACOYHBIX MATCPHAJIOB SIBIISICTCS BBEACHNC B
HX COCTaB MOBEPXHOCTHO-aKTUBHBIX BeliecTB. OueBHIHO, YTO BBEACHHE TOBEPXHOCTHO-aKTUBHBIX J100aBOK B
JIAKOKPACOYHBIE KOMITO3UIMM HU3MEHSET HE TOJIBKO JMCICPCHOCTh BXO/SLIMX B HUX MHUTMEHTOB M HAMOJ-
HHUTENeH, HO U XapaKkTep aJCOPOLMOHHBIX U MEXMOJCKY/SIPHBIX B3auMmoaeiicTBuil B cucreme. C MOMOIIIBIO
HH3KOYACTOTHOH AMIJIEKTPOMETPUH OBbLIO MPOU3BENCHO ACTCKTHPOBaHUE (HH3MYECKON CETKH MEKMOJIEKY-
JSIPHBIX CBsi3el B mporecce e€ popMHpOBaHUs. BHUCKO3MMETPHYECKUM METOJIOM yCTAaHOBIJICHBI 3aKOHOMEP-
HOCTH CTPYKTYPUPOBAHHUS aMHUHOB U TOJM(ECHUICHIOKCaHA B pacTBOpax Toiyona. [1o pe3ynpraTam BHUCKO-
3UMETPUYCCKOTO aHAJM3a BBISBICHBI 3aKOHOMEPHOCTH M3MEHEHUS MOBEPXHOCTHOTO HATSDKCHHS JUIS PACTBO-
POB TOH(EHHIICHITOKCAHOB: 110 MEPE YBEIMUEHHs KOHIEHTpamun oT 0 10 2 I/M° IOBEPXHOCTHOE HATSIKEHHE
CHIDKaeTcs oT 28 mo 26 MIL)K/MZ. Peonoruueckue naHHble MOKa3anu, YTO B OOJIACTH HCCIEAYEMbIX KOHIEH-
TpalMil CyIIECTBYIOT OTKJIOHEHHS OT MCAIBHOW CHCTEMBI, T.€. HMEET MECTO aCCOLMAINS MOJICKYJl aMHHO-
MPOM3BOJHBIX C MaKpOMOJIEKyJIaMH MOJU(EeHWICHIOKcaHa (reTepoacconuanus). JlokaszaHo, 4to odpa3oBa-
HHE MaKpOMOJICKYJISIPHBIX CTPYKTYP HPHCYIIE Al BceX TPEX pa3HOBHIHOCTEH aMUHOB M CYLIECTBEHHO YCH-
JMBAeTCS B KOHIICHTPUPOBAHHBIX PacTBOPAXx.

Kniouesvie cnosa: erMHPIﬁOpFaHH‘{eCKHe JIAaKOKPACO4YHBIC MaTepHualibl, MEKMOJICKYJIAPHBIC B3aI/IMO,I[eI71CT-
BUS, BUCKOZUMETPUS, TUBJICKTPOMETPUS, TOIYOJI, aAAUTUBbI, aMUHbBI, HOJII/I(i)eHI/IHCI/IJIOKcaH, HOBEPXHOCTHOC
HaTAXKCHUEC, Y/I€JIbHAS BA3KOCTbD.
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Theoretical calculations of natural penicillins: structural and electronic properties

The influence of the calculation method and small structural change in the molecule on the results of geome-
try and other properties of compounds was studied on the example of known antibiotics. The structural, elec-
tronic, and thermodynamic properties of penicillin and phenoxymethylpenicillin were calculated using mo-
lecular mechanics and quantum mechanics methods. A comparative analysis of penicillin structures based on
experimental data and calculations was carried out. A molecular model of the experimental geometry was
considered as the starting structure, which was then optimized. The geometric parameters were computed us-
ing the Ellinger MM2 force field method, semi-empirical PM6 one, and ab initio Hartree-Fock (HF) method
with the Dunning’s correlation consistent basis set cc-pVDZ. Although theoretical calculations were carried
out in gaseous phase, cc-pVDZ-optimized geometry of the molecules is close to the crystal structure. Some
theoretical parameters for optimized structures of the title compounds, such as total electronic energy, zero-
point energy, rotational constants and dipole moments were defined by HF method. The electronic properties
as HOMO and LUMO energies for both penicillins were calculated. Thermodynamic properties (heat capaci-
ty, entropy) of ones were computed by an ab initio method that took into account the correlation effects.

Keywords: penicillin, phenoxymethylpenicillin, structure, thermodynamic properties, HOMO and LUMO en-
ergies, molecular mechanics, cc-pVDZ basis, quantum mechanics methods.

Introduction

Antibiotics are organic compounds produced in the process of life by bacteria, fungi, molds, yeasts, as
well as some higher plants, and possess the property to suppress the growth of microorganisms or kill them.
In recent decades, antibiotics have become of great importance for fighting diseases caused by various path-
ogens. Their study and application in medicine is one of the most remarkable achievements of modern sci-
ence. The first antibiotic — penicillin was introduced by Scottish scientist Alexander Fleming (1928), and
that news had a profound effect on human life. Industrial production and clinical use of penicillin have been
achieved thanks to the great work of famous chemists and the collaboration between the pharmaceutical
companies of the United States in the 40s of the 20th century [1, 2]. Now a lot of penicillins are known. The-
se are divided into natural (biosynthetic) and synthetic (semi-synthetic) ones. Natural penicillins are fairly
selective, semi-synthetic ones manifest a much broader spectrum of antimicrobial action.

Determination of the structure of penicillins was extremely hampered by their ability to undergo various
isomeric transformations even under mild conditions. The question of the structure of penicillin was resolved
by X-ray diffraction, a method in which the substance under study does not undergo degradation. The struc-
ture of penicillin was established by British chemist and biochemist D. Crowfoot-Hodgkin [3]. The general
formula for natural and synthetic penicillins is:
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Penicillin core structure

The most important penicillins are natural ones F, G, K, V, and X, which differ by the variable group R:

CH;-CH,-CH=CH-CH,- (F)
CH;~(CH,)s-CH,- ®)

HO@ CH, X)

Only two of them, namely, benzylpenicillin (G) and phenoxymethylpenicillin (V) found a wide practi-
cal application in medicine [2].

The key structural feature of the penicillins is the four-membered B-lactam ring; this structural moiety is
essential for penicillin’s antibacterial activity. It undergoes hydrolysis with the disruption of the N4-C7 bond
under mild conditions, which leads to a loss of biological activity. The B-lactam ring is itself fused to a five-
membered thiazolidine ring [3]. These form a so-called foam-group. X-ray diffraction studies showed that
the foam-group of penicillins had a non-planar structure [2]. It was found that antibacterial activity of peni-
cillins depended on the structure of the radical R. The most effective antibiotic is benzylpenicillin (penicillin
G), in the molecule of which R is the benzyl radical. A slight change in the structure, the introduction of an
oxygen bridge, significantly affects the activity of penicillin. Phenoxymethylpenicillin (penicillin V) is less
active against gram-negative bacteria than benzylpenicillin, although it is more resistant to acidic medium
[1-4].

Aspects of organic and biological chemistry of penicillins have been well studied [1, 2, 5].
Crystallographic data and the conformational analysis of penicillin molecules are given in Refs [3, 6-9]. In
this paper, a comparative quantum-chemical analysis of the above mentioned penicillins, their structural and
electronic properties, is performed.

Computational part

The software like ChemBioOffice, GaussView were applied to modelling the structure of molecules. To
calculate their characteristics, the molecular mechanics MM2 [10] method, quantum chemical semi-
empirical PM6 and ab initio methods [11] were used.

Benzylpenicillin has a compact structure according to the X-ray data [3]. We tried to model the crystal
structure of penicillin G molecule due to the computer possibilities of above mentioned programs (Fig. 1).
Similarly a model of penicillin V was built.
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Figure 1. Molecular model of crystal structure of penicillin G
(H atoms are not shown; GaussView 5.0 program)

Using the Hartree-Fock (HF) method with the Dunning’s correlation consistent basis set cc-pVDZ, a
calculation has been performed on the molecular models of the crystal structure of penicillins to determine
the structural, electronic, and thermodynamic properties of ones.

Results and discussion

The optimization of the geometry leads to changes in the positions of atoms and atomic groups. The
most important difference is in the orientation of the amide moiety of the side chain. In the crystal structure,
oxygen is on the convex face and hydrogen on the concave face of the molecule (<H6-C6-N-H = —156°) [6]
(in our calculations, for instance, 178° in the cc-pVDZ structure (Fig. 2¢)). The locations of these two atoms
are altered in the calculated structures. A greater difference is observed in the case of the structure optimized
by MM2 method, less for PM6 and cc-pVDZ models (Fig. 2).

4 < (
N
a — MM2 model b — PM6 model ¢ — cc-pVDZ model

Figure 2. Calculated structures of penicillin G

Figure 3. Optimized structure (HF/cc-pVDZ method) (a) and crystal structure (b) [9] of phenoxymethylpenicillin

Optimized structure of penicillin V in comparison with the crystal one is shown in the Figure 3. Differ-
ences in spatial structure of molecules in a crystal and other phases can and should be. A preferred confor-
mation is determined by packing in the crystal, but it corresponds to a global minimum in gas. If we compare
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three gaseous-phase models the differences can be explained as follows: MM2 structure is considered in the
framework of classical mechanics. The molecule is accepted as an electron-nuclear system in quantum-
mechanical models. Basis cc-pVDZ takes into consideration the correlation effects.

As we can see on the Figure 2a position of benzyl group in space is also not the same for MM2, PM6
and cc-pVDZ models of benzylpenicillin. The corresponding values of angles are shown in Table 1. MM2
method gives mostly smaller angle values and practically perpendicular arrangement of aryl group, while
taking into account the correlation effects leads to an increase in the valence and torsion angles. However,
according to the method HF/cc-pVDZ, the bonds N-C and C(H,)-C,, are almost coplanar, whereas MM2 and
PM6 show them out of the plane (42° and —41°, respectively).

Another significant difference in the geometry calculated at different levels is the position of the amide
group relative to the B-lactam ring: in accordance with the molecular mechanics method they are located
nearly orthogonally, semi-empirical and non-empirical methods provide approximately twice as much angle
(140° and 130° respectively). Introduction of the oxygen bridge leads to transfer the benzene ring from the
position perpendicular to the amide group to the coplanar one. Relevant angle data are listed in Table 1.

Table 1
Some theoretical geometric parameters for penicillins at different levels
Angles (°) MM2 PM6 HF/cc-pVDZ
122.026" 120.351 122.015
CO-N-C 121.747" 120.160 122.127
113.688 115.556 117.000
N-C-C(H,) 114.156 116.235 116.214
C-C(H,)-Ca, 109.215 114.269 118.005
C-C(H,)-O 110.420 106.455 110.887
76.863 140.174 129.784
€5-C6-N-C 63.730 137.687 132.159
126.045 —172.476 177.831
He-C6-N-H 107.877 -168.035 178047
-176.903 -179.326 179.513
C6-N-C-CHy) ~179.093 1179.793 178.961
N-C-C(Hy)-Ca; 42.099 -41.224 -11.154
N-C-C(H,)-O —21.041 14.749 3.311
C-C(H,)-Cx,-C -97.101 —64.594 -81.770
C-C(H,)-0-Cy, 179.807 —178.427 179.477

Note. “ — Parameters for penicillin G; ® — Parameters for penicillin V.

Some theoretical parameters calculated for optimized structures of the title compounds by ab initio HF
method, such as total energy, zero-point energy, entropy, heat capacity, rotational constants and dipole mo-
ments are given in Table 2.

Table2
Theoretically calculated physical-chemical parameters for the compounds (HF/cc-pVDZ method)
Parameters Penicillin G Penicillin V
Total energy (Hartree) —1422.3671554 —1497.2201151
Zero-point energy (kcal/mol) 231.623 235.530
Entropy (cal/(molxK)) 158.037 161.240
Heat capacity (Cy, cal/molxK) 76.423 79.499
Rotational constant (GHz)
A 0.4341207 0.4597905
B 0.1476509 0.1029334
C 0.1291843 0.0913024
Dipole moment (Debye)
Wtotal 5.40 4.49
Ly 1.0285 —-0.2300
Uy 5.2714 —4.4706
W, —0.5204 —0.3566
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The data of Table 2 permit the following conclusions: a) the values of the total electronic energy show
an energetical stability of penicillin V, and are consistent with its reduced activity; b) when increasing a
number of atoms, a correction to the electronic energy of the molecule, which accounts for the effects of mo-
lecular vibrations at 0 K, rises; ¢) when appearing of additional degrees of freedom in an anisotropic mole-
cule, entropy of penicillin V increases; d) the constant volume molar heat capacity is in the same dependence
on the molecular mass; e) both molecules are asymmetric tops due to the different rotational constants;
f) penicillin V has a lower polarity.

The ability of electron giving is characterized by the highest occupied molecular orbital (HOMO) ener-
gy and the ability of electron accepting is characterized by the lowest lying unoccupied molecular orbital
(LUMO) energy. These correspond to the ionization potential (I) and the electron affinity (A), respectively:
in the Hartree-Fock approximation, the ionization potential is equal to the orbital energy of the ionized mole-
cule taken with the opposite sign, the electron affinity is defined by the same way. The values Eyomo < 0 cor-
respond to the positive ionization potentials. The gap between HOMO and LUMO characterizes the molecu-
lar chemical stability [12]. Some of the molecular properties have been calculated theoretically by using
HOMO and LUMO energy difference, for example, electronegativity (y), chemical hardness (1) and chemi-
cal softness (S) (Table 3).

Table 3

The calculated frontier orbital energies, the absolute electronegativity,
the absolute hardness and softness of the compounds (HF/cc-pVDZ method)

Parameters Penicillin G | Penicillin V
Enomo (a.u.) —0.34034 —0.32318
ELUMO (a.u.) 012085 012414
AEHOMO-LUMO (CV) 1 2 .55 1 2 17
I1(eV) 9.26 8.79
A (eV) -3.29 —3.38
x (eV) 2.99 2.71
7 (eV) 6.28 6.09
S (eV) 0.080 0.082

The absolute electronegativity has been calculated as a half-sum of the ionization potential and the elec-
tron affinity, the absolute chemical hardness has been identified as their half-difference. The chemical soft-
ness is the inverse of the hardness. Benzylpenicillin is a fairly strong acid (pKa = 2.7-2.76). Therefore, it has
the greater ionization potential, electronegativity, the negative electron affinity (as well as penicillin V). The
HOMO-LUMO gap value indicates a lower polarizability of the benzylpenicillin molecule, which is con-
sistent with the value of its permanent dipole moment (Table 2). The measure of resistance to change in the
electronic configuration, the so-called hardness of the substance, is higher in the case of penicillin G, and,
respectively, its softness is lower than that of penicillin V.

Conclusions

A comparative analysis of penicillin structures based on experimental data and calculations showed, on
the one hand, the significant influence of the calculation method on the results of geometry and other proper-
ties of compounds, on the other hand, the influence of the structural change in the molecule on the same
properties. Although theoretical calculations were carried out in gaseous phase, Hartree-Fock calculations
with a correlation basis allowed us to determine structures close to the experimental ones. The addition of a
single oxygen bridge caused a marked change in the physico-chemical properties of the substance. Electronic
and thermodynamic properties are also calculated by ab initio method that took into account the correlation
effects.
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TaOuru neHNWIJIMHIEPAIH TEOPHUSJIBIK ecenTeyJiepi:
KYPBUIBIMBIK K9HE 3JIEKTPOHABIK KacueTTepi

Benrini aHTHOHOTHKTEPIiH MbBICAIBIHA KOCBHUIBICTAPABIH I'€OMETPHSICHI MEH 0acka KacHeTTepiHe ecenTey
azicTepi xKoHe MOJIeKyJIaaarbl KilliripiM KypbhUIBIMIBIK ©3repicTepiHiH acepi 3epTTesai. MoseKynanblK xKoHe
KBAaHTTHIK-MEXaHUKAJIBIK OJICTEPiH Maii/iagaHa OThIPHIN, NEHUIMUIMH MeH (hECHOKCHMETHUIIECHHUIMIIMHHIK
KYPBUIBIMIIBIK, 3J€KTPOHABIK KOHE TePMOJUHAMUKAJBIK KacueTTepi ecenrtenni. Toxipubernik nepexrep MeH
ecenTeysiep Heri3iHie NeHUIMUINHACPAIH KYpPbUIBIMAApPbIHA CANIBICTHIPMAIIBI TAJAAY KYprizinai. bacranksl
KYPBUIBIM PETiHAE TIXIPHOETiK reoMeTPUSICHIHBIH MOJIEKYIAIbIK YITici KapacTeIpeLIasl. KypbeuibiM ogan opi
OHTAMIAHIBIPHUIAEL. ['€OMETPUSUIBIK THapamerpiepi OmmHmKep ycbiHFaH MM2 Momudukanusianran
KYLITEp ©piciHe Heri3geiareH oxiciMen, PM6 skapTbhuiaif SMOHPHKAIBIK oIiCiMeH jkoHe J[aHHUHITIH
KOppeIsiusuIbl-peTTenred  6a3uctik cc-pVDZ xubiHbl Gap smnupukaiblk emec XapTpu-Dok opicimen
ecenreninai. a3 dasackiHmarsl MoJieKylanap YLIH OpBIHAAIFAH TCOPHSJIBIK E€cenTeyiepre KapamacTad,
cc-pVDZ-oHTaiinaHnapIpbUIFaH  [€OMETPHUACHl KPUCTAIIBIK TeOMETpUsFa JKakblH. JKorapelga aTaiFaH
KOCBUIBICTAp/IbIH OHTANJIaH/ABIPbUFAaH KYPhUIBIMIAPHI YIUIH TOJIBIK SJICKTPOH/IBIK SHEPTHs, HOIIIK TepoOeric
SHEPTUSACH], alHAIMallbl TYPaKThUIAp, AWIONIb MOMEHTTEpI CHSKTBI Keif0ip TEeOpHsUIBIK mHapameTpiep
asbiKTanFad. CoHzaii-aKk eKi MeHHLMUINH YIIiH IeKapajblK MOJICKYJIaIbIK OpOUTAIbIAP/IbIH SJICKTPOHIBIK
KacueTTepi ecenrenmi. Koppemsuumsuilk ocepiepiH eckepeTiH ab initio omiciMeH KOCBUIBICTApPIBIH
TEPMOANHAMUKAIIBIK KACHETTEPi (AKbLTYCHIHBIMBLIBIFbI, SHTPOIHACHI) AaHBIKTAJIIBI.

Kinm co30ep.: neHnuiuInH, HEeHOKCUMETIIICHULIMIUINH, KYPBUIBIM, TEPMOANHAMUKAIBIK Kacuertep, JKTMO
meHn TEMO sHeprusitapbl, MOJICKyIajbIK MexaHuka, cc-pVDZ 6a3uci, KBaHTTHIK MEXaHUKA d1icTepi.

JLK. AGynsucoBa, M.C. KaceimoBa, E.B. Munaera

TeopeTnueckue pacyeTbl NPUPOAHBIX NEHNUMIJIMHOB:
CTPYKTYpPHBbI€ U 3JIeKTPOHHbIE CBOWCTBA

Ha npumepe n3BecTHBIX aHTHOMOTHKOB U3YYEHO BIIMSHIE METO/Aa paciyeTa U HeOOJBIIOro CTPYKTYPHOTO U3-
MEHEHUS B MOJICKYJIC Ha PE3yJbTaThl 10 T€OMETPUM U APYruM cBoiicTBaM coeauHeHui. C UCIOIb30BaHUEM
METOJIOB MOJIEKYJIIPHON M KBAHTOBOI MEXaHUKH PAacCUUTAHBI CTPYKTYpHBIE, 3JIEKTPOHHbBIE U TEPMOJNHAMU-
YecKHe CBOMCTBAa MEHHLIUINHA U (EHOKCUMETUINEHUIUINHA. BhINOIHEH CpaBHUTENBHBIA aHANU3 CTPYK-
Typ NEHUIMIIMHOB Ha OCHOBE 3KCIEPHMEHTAIBHBIX JAHHBIX U pacyeToB. B kauecTBe cTapTOBON CTPYKTYpHI
OblIa pacCMOTpPEHA MOJIEKYJISIpHAs MOJIENb C SKCIIEPUMEHTANIbHOM reoMeTpueil, KoTopas ganee OblIa ONTH-
Mu3upoBaHa. ['eomerpuueckne mapaMeTps! ObUIM pacCUUTaHbl METOJOM MOJIEKYISIPHOH MEXaHHKH C MOJH-
(UIMPOBAHHBIM CHIOBBIM HosleM MM2, pa3paboTaHHEIM DIUTHHIKEPOM, Moy MIupudeckuM PM6 Metoom
W HEOMIIMPUUECKHM MeTozioM XapTpu-Doka ¢ KOppersIMHOHHO-COTIIACOBAHHEIM 0a3uCHBIM Habopom JlaH-
HuHra cc-pVDZ. HecMoTpst Ha TO, 9TO TEOpPETHUECKHE pacdeTsl OBUTH BBHIIIOJIHEHBI JUIS MOJIEKYJ B Ta30BOH
¢asze, cc-pVDZ-ontumu3upoBaHHas reometpusi 613ka K Kpuctawmieckoit. Merogom X® onpezeneHsl He-
KOTOpPBIE TEOPETUUECKHE MapaMeTPhl AT ONTUMU3UPOBAHHBIX CTPYKTYP Ha3BaHHBIX BBIIIE COEAWHEHHH, Ta-
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K€ KaK I0JIHAsl 3JIEKTPOHHAS SHEPIHsl, SHEPTUs HYJICBBIX KOJI€OaHUMH, BpallaTebHbIe OCTOSHHbIE, TUIOJIb-
Hble MOMEHTHI. J[)1 NEeHUIMUIMHOB OBbUIM PacCYMTAaHbI TAKXKE ICKTPOHHBIC CBOMCTBA IPAHMYHBIX MOJICKY-
JSIPHBIX opOuTaneil. Ab initio METOIOM, YUUTHIBAIOIINM KOPPEISLIHMOHHBIC (G (PEKThI, OIpeIeIeHbl TEPMOIH-
HaMUYECKHE CBOHCTBA COSIMHEHHH (TEINIOEMKOCTD, SHTPOIIHS).

Kniouesvie cnosa: meHNIWUINH, (PEHOKCHMETHINCHUIMIUINH, CTPYKTypa, TEPMOAMHAMHYECKHE CBOUCTBa,
sueprun B3MO n HCMO, monekymnsiprast MexaHuka, 6a3uc cc-pVDZ, MeToIbI KBaHTOBOH MEXaHUKH.

References

1 Lowe, G. (1979). B-Lactam Antibiotics. In D. H.R. Barton, & W.D. Ollis (Eds.), Comprehensive organic chemistry
(Vol. 23.5) (pp. 289-332). Oxford: Pergamon.

2 Alekseev, V.G. (2009). Bioneorhanicheskaia khimiia penitsillinov i tsefalosporinov [Bioinorganic chemistry of penicillins
and cephalosporins]. Tver: Tverskoi hosudarstvennyi universitet [in Russian].

3 Frau, J., Coll, M., Donoso, J., & Munoz, F. (1991). Theoretical calculations of B-lactam antibiotics: Part 1. AM1, MNDO and
MINDO/3  calculations of some penicillins. Journal of Chemical Structure: THEOCHEM, 231, 109-124.
https://doi.org/10.1016/0166—1280(91)85209-P

4 Tiukavkina, V.A., & Baukov, Yu.l. (2006). Bioorhanicheskaia khimiia [Bioorganic chemistry]. Moscow: Drofa [in Russian].

5 Morin, R.B., & Gorman, M. (Eds.). (1982). Chemistry and biology of beta-lactam antibiotics (Vols. 1-3). New York: Aca-
demic Press.

6 Wolfe, S., Yang, K., & Khalil, M. (1988). Conformation-activity relationships and the mechanism of action of penicillin. Ca-
nadian Journal of Chemistry, 66(11), 2733-2750. https://doi.org/10.1139/v88-424.

7 Diaz, N., Suarez, D., & Sordo, T.L. (2003). Conformational properties of penicillins: Quantum chemical calculations and mo-
lecular ~ dynamics simulations of benzylpenicillin.  Journal of  Computational — Chemistry, 24, 1864-1873.
https://doi.org/10.1002/jcc.10350

8 Nangia, Ashwini, & Desiraju Gautam R. (1999). Axial and equatorial conformations of penicillins, their sulphoxides and sul-
phones: the role of N-H---S and C-H---O hydrogen bonds. Journal of Molecular Structure, 474, 65-79.
https://doi.org/10.1016/S0022-2860(98)00561—4.

9 Vainshtein, V.K., Phridkin, B.M., & Indenbom, V.L. (1979). Sovremennaia kristallohrafiia [Modern crystallography].
(Vols. 1-4). Moscow: Nauka [in Russian].

10 Burkert, U., & Allinger, N. L. (1982). Molecular mechanics. Washington, D.C.
11 Frisch, M.J., Trucks, G.W., & Schlegel, H.B. et al. (2009). GAUSSIAN 09, Revision A.02. Wallingford CT.
12 Fleming, 1. (1976). Frontier Orbitals and Organic Chemical Reactions. London: Wiley.

34 BecTHuk KaparaHauHckoro yHvusepcuTeTa



UDC 544.344 + 544.015

AM. Elokhovl’z, AV. Stankoval, O.S. Kudryashovaz, A.E. Lesnov™>*

'Perm State University, Russia;
’Natural Science Institute, Perm, Russia;
*Institute of Technical Chemistry, Ural Branch, Russian Academy of Science, Perm, Russia;
*D.N. Pryanishnikov Perm State Agro-Technological University, Russia
(E-mail: elhalex@yandex.ru)

Topological transformation of phase diagrams
water — ethoxylated nonylphenols — sodium chloride systems

In this work phase equilibria in water — ethoxylated nonylphenol (Neonol) — sodium chloride systems was in-
vestigated, and temperature ranges of two-phase liquid and monotectic equilibrium region existence were es-
tablished. These regions exist at temperature of more than 23 °C in system with Neonol AF-9-12 and more
than 42 °C in system with Neonol AF-9-25. A feature of water — Neonol AF-9-12 — sodium chloride system is
the salting-out of double water — Neonol AF-9-12 subsystem at the temperature of more than 84 °C.
A scheme of phase diagrams of topological transformation of water — ethoxylated surfactant — inorganic salt
systems for cases, when salt has only salting-out effect and water — surfactant subsystem is characterized by a
lower critical solubility temperature (Neonol AF-9-12) or homogeneous throughout liquid state interval was
developed. The correspondence of developed schemes to generalized scheme for the salt — binary solvent
systems was shown. The data obtained allow evaluating surfactant ethoxylation degree effect to sodium chlo-
ride salting-out ability. It was found that ethoxylation degree increase is accompanied by increase in surfac-
tant micelles hydration, which leads to decrease in the salting-out ability of sodium chloride. The obtained da-
ta can be used to optimize the temperature and concentration extraction parameters.

Keywords: surfactants, ethoxylated nonylphenol, sodium chloride, stratifying systems, salting-out, phase dia-
grams, solubility, topological transformation.

Introduction

Surfactant based optimization of temperature-concentration parameters for extraction in the systems can
be done with the methods of physical chemical analysis. Typically, the first stage is aimed to decide on a
salting-out agent and temperature of the process for a particular surfactant or to choose a surfactant for ex-
traction with a particular salting-out agent. Many published works consider the impact of surfactant structure
on stratifying temperature for its water solutions [1-3], as well as the impact of non-organic salt nature on a
salting-out capacity of ethoxylated surfactant [4—6], with surfactant structure during its formation and tem-
perature transformation in the stratifying area in water — ethoxylated surfactant — inorganic salt systems be-
ing hardly examined.

Earlier, a scheme of topological transformation for phase diagrams of water — ethoxylated surfactant —
inorganic salt systems has been proposed in cases when a water — surfactant subsystem remains homogene-
ous in all temperature intervals, while salt salts out, and in case of a water — surfactant system with the lower
critical solubility point (LCSP) and salting-in — salting-out effect of salt [7]. The present paper is aimed to
identify the schemes of topological transformation for phase diagrams of water — ethoxylated surfactant —
inorganic salt for the salt with salting-out effect only with regard to ethoxylated nonylphenols with differ-
ent — ethoxylation degree.

Sodium chloride which was extensively used in surfactant-based extraction systems was chosen to be a
salting-out agent [8, 9]. Some papers give the information about the impact of sodium chloride on the strati-
fying temperature of water solutions of ethoxylated octylphenols [4, 10], ethoxylated dodecanols [11], and
polyethyleneglycols [12]; although no regularities in transformations of phase areas are looked at.

Experimental

The paper uses ethoxylated nonylphenols (CoH;9CsH4(OCH,CH,),OH, n = 12 for neonol AF-9-12,
n=25 for neonol AF-9-25, TU 2483-077-05766801-98), analytic grade sodium chloride, distilled water
(np” = 1.3325).

Visual-polythermal method identified the stratifying area boundaries. Sections method was used to ob-
tain solubility isotherms at temperatures below 75 °C. The paper [7] examines the methodology of the exper-
iment in detail.
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Results and discussion

Sodium chloride crystallizes into waterless salt in the specified temperature range and has positive sol-
ubility temperature index. Water — neonol AF-9-12 system is characterized by the lower critical solubility
point (LCSP), namely, 84 °C (3.0 mas. % neonol AF-9-12). Stratifying area in the system is within the tem-
perature interval — from 84 °C to the boiling temperature. Water — neonol AF-9-25 double system is homo-
geneous within the whole interval of liquid state. Experiments showed that sodium chloride was practically
insoluble in surfactant under question.

H,0
0, 100

L+NaCl

100/ 0
0 20 40 60 80 100 0 20 40 60 80 100
Neonol AF 9-12 NaCl Neonol AF 9-12 NaCl
H,0

/7
1/

/ ——
100/~ ——— 0
0 20 40 60 80 100

Neonol AF 9-12 NaCl

Neonol AF 9-12 NaCl

a—10°C; b —23°C;c—60°C; d—84°C;e—90°C

Figure 1. Phase equilibriun in the water — Neonol AF-9-12 — NaCl system
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Solubility in a water — neonol AF-9-12 — NaCl system, which fits the case when water — surfactant bina-
ry subsystem is characterized by LCSP, while the salt is a salting-out agent, has been analyzed in five sec-
tions.

Four sections connect the solutions of neonol AF-9-12 with different concentration and the sodium
chloride peak; the fifth section connecting the peak of neonol AF-9-12 and a heterogeneous mixture of water
and sodium chloride with the mass content of 40.0 % were used to identify the critical point (KS).

The temperature range of 10-23 °C in the system (Fig. 1a) is known to have two areas: unsaturated so-
lutions (L) and crystallization of sodium chloride (L+S). Salt solubility slightly increases with temperature in
the solutions of neonol AF-9-12.

At 23 °C, NaCl solubility line is characterized by a critical point KS and a critical node of monotectonic
equilibrium KS-NaCl (Fig. 1b). Composition of a critical point is as follows: 24.0 % NaCl, 3.0 % neonol
AF-9-12, 73.0 % water. Further temperature increase results in the formation of stratifying area (L,+L,) to-
gether with its neighboring monotectonic equilibrium area (L;+L,+NaCl). Phase diagram is characterized by
five areas, namely, unsaturated solutions, stratification, monotectonic equilibrium and sodium chloride crys-
tallization (Fig. 1¢).

At 84 °C, the area of critical point stratification is connected with the lower critical solubility point
(LCSP) of water — neonol AF-9-12 binary subsystem with the homogenious area being divided into two
fields (Fig. 1d). Further temperature increase expands stratifying area and salts out the heterogeneous system
of water — surfactant (Fig. 1e). Further temperature increase does not change significantly the solubility di-
agram; one can only observe the expansion of stratifying area and the decrease of the unsaturated solution
area.

a
L+NaCl
/
l000 20 40 60 80 100 0 20 40 60 80 100
Neonol AF 9-25 NaCl
Neonol AF 9-25 NaCl

0 20 40 60 80 100
Neonol AF 9-25 NaCl

Neonol AF 9-25 NaCl
a—25°C;b—42°C;¢c—60°C; d—90 °C

Figure 2. Phase equilibriun in the water — Neonol AF-9-25 — NaCl system
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Solubility in water — neonol AF-9-25 — NaCl system, which fits the case when water — surfactant binary
subsystem is homogeneous in the whole interval of liquid state and the salt serves as a salting-out agent, has
been analyzed in the same sections described for neonol AF-9-12. The temperature range of 2542 °C in the
system is known to have two areas: unsaturated solutions (L) and crystallization of sodium chloride (L+S).
Temperature growth leads to a slight increase in sodium chloride solubility in surfactant solutions, with the
salting-out effect of neonol AF-9-25 in relation to sodium chloride being minimal (Fig. 2a).

At 42 °C, NaCl solubility line is characterized by a critical point KS and a critical node of monotectonic
equilibrium KS-NaCl (Fig. 2b). Composition of a critical point is 26.0 % NaCl, 3.0 % neonol AF-9-12,
71.0 % water. Further temperature increase results in the formation of stratifying area (L,+L,) together with
its neighboring monotectonic equilibrium area (L;+L,+NaCl). Phase diagram is characterized by five areas,
namely, unsaturated solutions, stratification, monotectonic equilibrium and sodium chloride crystallization
(Fig. 2¢). Further temperature increase does not change the phase diagram significantly; one can only ob-
serve the expansion of stratifying and monotectonic equilibrium areas. Data obtained supports previously
published scheme for water — synthanol DS-10 — KBr system [7].

It is relevant to see the impact of surfactant ethoxylation on temperature dependent changes in salting-
out capacity of sodium chloride. Ethoxylation degree increase raises the temperature to form both stratifying
and monotectonic equilibrium areas. Observed regularities are determined by greater salting-out capacity of
salt and a drop in micelle hydration degree with temperature growth. Temperature dehydration of micelles
with their further aggregation depends on surfactant molecule hydrophility which can be expressed in hydro-
philic-lipophilic balance (HLB) or water — surfactant system LCSP. The Table gives the calculated values for
HLB by Davis [13] and LCSPs for water — surfactant binary systems. Neonol AF-9-25 is even more hydrated
at 60 °C and higher than neonol AF-9-12, therefore its salting-out capacity is significantly lower than the one
for neonol AF-9-12.

Table
Main characteristics determining the salting-out ability NaCl to neonols

Surfactant HLB LCSP, °C
Neonol AF-9-12 6.93 84
Neonol AF-9-25 11.22 > 100

Conclusion

Thus, the obtained data from the experiments proved the possibility for two summarized schemes of
topological transformation of phase diagrams for water — ethoxylated surfactant — inorganic salt systems,
when salt serves as a salting-out agent only, while water — surfactant binary system is characterized by
LCSP (water — neonol AF-9-12 — NaCl system) or is homogeneous in the whole interval of liquid state (wa-
ter — neonol AF-9-25 — NaCl system). These schemes perfectly fit the summarized scheme of topological
transformation of phase diagrams for triple stratifying systems of salt — binary solvent [14].

The research was financed by the Ministry of Education and Science of the Russian Federation (pro-
Jects 4.5947.2017/6.7 and 5.6881.2017/8.9).
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Cy - oxkcmaTnigenred Houuiagenona — NaCl xyiienepi
(azanbIK IHATPAMMAJIAPBIHBIH TONOJIOTHSIVIBIK TPAHC(OPMANMATIAHYbI

Makanana cy — OKCHSTHIICHIeH HOHWI(EHONI (HeOHON) — HAaTpUi XJIOpuai KyHenepingeri ¢azansik Temne-
TCHIIKTEp 3CepTTENreH, eKiasamblK CYHWBIK >KOHE MOHOTEKTHKAIBIK TEHe-TeHIIKTepAIH MYMKIiH 0oy
ayMaKTapbIHBIH TeMIIepaTypajblK HHTepBaIgapsl anbikrairad. Kepcerinren aymakrap AD-9-12 HeoHOMMeEH
xyitecinge 23 °C actam, ain AD-9-25 neononmed xyiecinae 42 °C acram temmneparypazna 6ona anagsl. Cy —
Heonon A®D-9-12 — Hatpuii xJopHai xKyieciHin epekieniri 6osbin 84 °C ackan Temreparypaja eki Kkabarka
Geninerin cy-Heonon A®D-9-12 sxyiemeciHiH Ty3cei3aHysl Tabbutaael. Cy — okcudTmiaeHreH BB3 —
GeifopraHuKanbIK TY3 XKyiienepi )Karaaiiapsl YIIiH, Ty3 TeK TY3ChI3[aHy opekeTine ue 6onarsi, an cy — bb3
(meoHon A®D-9-12) xyifemeci TOMEHII IIEKTI epy TeMIlepaTypachIMEH CHIIATTANATHIH HeMece CYHBIK
JKaraaiiIbIH OapIiblK HHTEPBAJIapbIHIa FOMOTCH I OO0JaThIH JKafJailaps! YIUiH (a3aiblk JuarpaMmaliapIbH
TOIOJOTUSIIBIK TpaHC(HOPMAIMSUIAaHYBIHBIH CbI30ackl enHzenreH. On chi30aHBIH TY3 — OMHApIBI epiTKiln
Kylenepi ymrH OipikTipinreH cb30a’gapblHa COHKeCTIri KepceTinreH. ANbIHFAaH MariryMarrap bB3
OKCHITHJIICHY JCHreii HaTpuil XJIOPUAIHIH TY3ChI3JaHIbIpy KabineTiHe Kanmail acep eTeTiHiH Oaranmayra
MYMKiHZiK 6epai. OxcudThieH AeHreitinil ocyi b3 MunemanapslHbIH THApaTalHsIaHybl apTYbIMEH KaTap
JKYPETiHI aHBIKTAJbl, OYJI EHri3iNeTiH HATpUil XJIOPHIIHIH TY3ChI3OaHABIPY KaOlIeTiHIH TeMeHIeyiHe
oKeneni. AJBIHFAH MOIIMETTepi TY3ChI3IaHIbIPAThIH 3aTTap KaThIChIHAA OKcHATWiAeHreH BbB3 Herizinme
SKCTPAKIUSHBIH TEMIIEPaTypalbIK-KOHICHTPAIMSUIBIK ITapaMeTpIIepiH OHTalIaHBIpyFa KOIIaHyFa O0Iambl.

Kinm ce3dep: Gertik-OenceHi 3aTTap, OKCHITIIICHT€H HOHII(EHOIap, HaTpuil xiopuai, Kabarrapra Geiri-
HETiH Xyifenep, TY3ChI3IaHAbIpY, (pa3aiblk AUarpaMMaap, epirimTik, TOMOJOTHSUIBIK TpaHC(HOpMaLHsUIaHy.

A.M. Enoxos, A.B. Crankosa, O.C. Kyapsimosa, A.E. JlecHoB

Tonmosoruyeckast rpancpopmanus Gpa3oBbIX JMATPAMM CHCTEM
B0 — OKCHATWINPOBaHHbI HOHMI(PeHoa — NaCl

B crarbe uccienoBansl (pa3oBble PABHOBECHS B CHCTEMax BOJA — OKCHATHIMPOBaHHbIH HOHWIpEHON (HEo-
HOJI) — XJIOPUJ HaTpHs, YCTaHOBJIEHBI TeMIIEpaTypHbIe MHTEpPBAlbl CYIIECTBOBAHUS OOJACTH ABYX(]a3zHOro
JKUJKOTO M MOHOTEKTHYECKOIO PAaBHOBECHH. YKa3aHHBIE OOJIaCTH CYHIECTBYIOT IpH Temieparype Ooiee
23 °C B cucreme ¢ HeoHonoM AD-9-12 u 6onee 42 °C B cucreme ¢ HeoHONOM AD-9-25. OcoOEHHOCTBIO CHC-
TeMbl Boia — HeOHONI AD-9-12 — xy0puj HaTpuUs SBIAETCA BbICAIUBAHUE JBOMHOH pacciiauBaroLieiics moa-
cucteMbl Boja — HeoHol A®d-9-12 mpu Temmepatype Gonee 84 °C. PaspaboraHa cxema TOMOJIOTHYECKOMH
TpaHchopManuu (Gpa3oBbIX AHarpaMM CHCTEM BOjA — OKCHATHIHpoBaHHOe ITAB — Heopranudeckas coib Uit
Clly4aeB, KOTa cojb 00afaeT TOIbKO BBICAIMBAIOIINM JIeHCTBHEM, a oAcucTeMa Boaa — ITAB xapakTtepu-
3yeTcsl HIDKHEH KPUTHYECKOH TeMrepaTypoil pactBopeHus (HeoHoT AD-9-12) unn sBiseTcs rOMOI€HHON BO
BCEM HHTEpBaJie JKUIKOTO COCTOsIHUS. IlokazaHO cOOTBETCTBHE pa3pabOTaHHBIX cXeM OOOOIIEHHOH cxeme
JUISL CHCTEM COJIb — OMHAPHBIN pacTBOpUTENb. [loydeHHbIe JaHHBIC TO3BOJIMIN OLEHHUTH BIHMSHHUE CTEIICHU
oxcyaTHMpoBaHus IIAB Ha BeICaIMBaIONIyI0 CIOCOOHOCTD XJIOpHIa HATPUSL. Y CTAHOBJIEHO, YTO POCT CTeIIe-
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HH OKCHITHJIMPOBAHMS CONPOBOXKAAECTCS yBENUUEHUEM ruapaTanuu Munein ITAB, 4To mpuBOaUT K CHMXe-
HHIO BBICAIMBAIOMIEH CIOCOOHOCTH BBOJMMOTO XJopuia Hatpus. IlomyueHHBIE JaHHBIE MOTYT HCIOJB30-
BaThCs [UIsl ONTHMHU3ALUH TEMIIEPATYPHO-KOHLEHTPAIMOHHBIX TApaMETPOB SKCTPAKIHY B CUCTEMaX Ha OCHO-
BE OKCHATHINPOBaHHBIX [IAB B mpucyTcTBHN BBICAIMBATEIS.

Kniouesvie crosa: TOBEpXHOCTHO-aKTHBHBIC BEIECTBA, OKCHITHINPOBAHHBIE HOHWI(EHOIIBI, XJIOPUI HATPHS,
paccianBaroIIuecs CUCTEMEI, BEICAINBAHKE, (ha30BbIe AUArpaMMBbl, PACTBOPHMOCTb, TOMOJIOTHIECKas TPaHC-
¢dopmanus.

References

1 Schott, H., & Schott, H.A. (2003). A linear relation between the cloud point and the number of oxyethylene units of water-
soluble nonionic surfactants valid for the entire range of ethoxylation. Journal of Colloid and Interface Science, 260, 219-224.

2 Schott, H. (2001). Effect of inorganic additives on solutions of nonionic surfactants — XVI. Limiting cloud points of highly
polyoxyethylated surfactants. Colloid and Surfaces A, 186, 129-136.

3 Inoue, T., Ohmura, H., & Murata, D. (2003). Cloud point temperature of polyoxyethylene-type nonionic surfactants and their
mixtures. Journal of Colloid and Interface Science, 258, 374-382.

4 Rocha, S.A.N., Costa, C.R., Celino, J.J., & Teixeira, L.S. (2013). Effect of additives on the cloud point of the octylphenol
ethoxylate (30EO) nonionic surfactant. Journal of Surfactants and Detergents, 16, 299-303.

5 Acbas, H. & Batigdg, C. (2009). Spectrometric studies on the cloud points of Triton X-405. Fluid Phase Equilibria, 279,
115-119.

6 Mahajan, R.K., Vohra, K.K., & Kaur, N. (2008). Organic additives and electrolytes as cloud point modifiers in octylphenol
ethoxylate solutions. Journal of Surfactants and Detergents, 11,243-250.

7 Elokhov, A.M., Kudryashova, O.S., & Lesnov, A.E. (2017). Topological transformation of phase diagrams in KBr—
oxyethylated surfactant — water pseudo-ternary systems. Russian Journal of Inorganic Chemistry, 62(5), 585-590.

8 Kudryashova, O.S., Bortnik, K.A., Denisova, S.A., Chukhlantseva, E.Yu., & Lesnov, A.E. (2013). Solubility in the water —
Catamine AB — (alkali metal or ammonium chloride) Systems. Russian Journal of Inorganic Chemistry, 58(2), 250-252.

9 Lesnov, A.E., Golovkina, A.V., Kudryashova, O.S., & Denisova, S.A. (2016). Dvukhfaznye vodnye sistemy na osnove
polietilenhlikolevykh efirov monoetanolamidov sinteticheskikh zhirnykh kislot i neorhanicheskih vysalivatelei [ Two-phase aqueous
systems based on polyethylene glycol ethers of monoethanolamides of synthetic fatty acids and inorganic salting-out agents].
Khimiia v interesakh ustoichivoho razvitiia. — Chemistry for Sustainable Development, 24, 1,29-33 [in Russian].

10 Koshy, L., Saiyad, A.H., & Rakshit, A.K. (1996). The effects of various foreign substances on the cloud point of Triton X
100 and Triton X 114. Colloid and Polymer Science, 274, 582-587.

11 Sharma, K.S., Patil, S.R., & Rakshit, A.K. (2003). Study of the cloud point of C|,E, nonionic surfactants: effect of additives.
Journal of Colloid and Interface Science, 219, 67-74.

12 Ataman, M. (1987). Properties of aqueous salt solutions of poly (ethylene oxide). Cloud points, 0 temperatures. Colloid and
Polymer Science, 265, 19-25.

13 Davies, J.T., & Rideal, R.K. (1961). Interfacial Phenomena. New York; London: Academic Press.

14 III'in, K.K. (2009). Obobshchennaia skhema topolohicheskoi transformatsii fazovykh diahramm troinykh
rasslaivaiushchikhsia sistem sol — binarnyi rastvoritel s vysalivaniem [Generalized Scheme of Topological Transformation of Phase
Diagrams of Three Delaminate Salt — Binary Solvent Systems with salting-out]. [zvestiia Saratovskoho universiteta. Novaia seriia.
Seriia: Khimiia. Biolohiia. Ekolohiia — News of Saratov University. New Series. Series: Chemistry. Biology. Ecology, 9, 1, 3-7 [in
Russian].

40 BecTHuk KaparaHauHckoro yHvusepcuTeTa



BEVWOPTAHUKAIbBIK XUMUSA
HEOPIrAHUYECKAA XUMUA
INORGANIC CHEMISTRY

UDC 553.676+66.061.34

V.N. Fomin', A.T. Dyussekeyeva', Ye.V. Minayeva', B.A. Amanzholova',
M.E. Kassymov', L.Ye. Rozhkovoy', N.A. Kargina®

"Ye.A. Buketov Karaganda State University, Kazakhstan;
2Zh.N. Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan
(E-mail: vitfomin@mail.ru)

Selective extraction of magnesium from asbestos-containing raw materials

In this work, great attention was paid to identifying the reasons for the absence of practically implemented
technologies for processing chrysotile asbestos wastes and searching for new methods for treating wastes
with the aim of obtaining magnesium and other useful products of commercial interest. A series of experi-
ments with solutions of ammonium chloride of different concentrations was carried out to study the kinetics
of magnesium leaching. The concentration of magnesium leached increases with the concentration of the
NH,4Cl solution (Cyg = 0.092M; Cyyy = 0.1M; Cyg = 0.102M), as well as with the time of the process itself. It
was shown that the difference between the leaching rates of magnesium by 3M and 5SM NH,Cl solutions was
not significant, and it was rather large for 1M and 3M solutions. The study of the thermodynamics of magne-
sium leaching was carried out with 3 molar solution of ammonium chloride at various temperatures. Graphs
of the concentration of leached magnesium versus the leaching time at different temperatures of the ammoni-
um chloride solution were plotted based on the results obtained. Experiments showed that the degree of mag-
nesium leaching from asbestos increased with increasing temperature. The activation energy was calculated,
which was equal to 44 kJ. Sediment identification was carried out using a laser-atomic emission spectrometer
apparatus. The results of the experiment showed that a certain amount of magnesium, calcium and a small
amount of other metals were contained in the obtained precipitates. Admixture of calcium does not affect the
properties of the precipitate obtained. Leaching tests carried out with the help of ammonium chloride solution
of various concentrations showed that the fibrous structure of asbestos was not destroyed.

Keywords: selective extraction of magnesium, asbestos-containing raw materials, kinetics, thermodynamics,
concentration, magnesium-ammonium phosphate, activation energy, leaching.

Introduction

Asbestos is a valuable mineral that is widely used in industry. Despite the fact that asbestos has certain
carcinogenicity, its properties are unique. Processing asbestos and its obtaining from mineral raw materials is
accompanied by the formation of waste including non-conforming chrysotile asbestos and amphibole asbes-
tos, as well as its other varieties. During the extraction and enrichment of chrysotile asbestos, large-tonnage
industrial waste is formed consisting of overburden and processing components [1, 2].

Magnesium extraction is considered to be one of the traditional types of asbestos processing. All metals
are leached out from asbestos in a complex by conventional methods under the action of strong acids. The
resulting salts need separation and additional purification. In addition, strong mineral acids are used, which
also cause intense corrosion of equipment. The development of selective leaching of magnesium without the
use of mineral acids is currently a topical issue. In this regard, we studied the selective extraction of
magnesium from asbestos-containing raw materials. To achieve this goal, some tasks such as obtaining
thermodynamic and kinetic leaching data, obtaining a magnesium — ammonium phosphate precipitate to
convert magnesium into an economically applicable form should be accomplished.
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Experimental

An ammonium chloride solution of the concentrations 1M, 3M, 5M was used to study the leaching ki-
netics of magnesium from asbestos. It is known from the literature [3, 4] that ammonium chloride dissolves
magnesium oxide well, while oxides of other metals do not pass into the solution. A solution of ammonium
chloride has been proposed for the selective leaching of magnesium from chromate sludge [5]. 20.0 g of as-
bestos previously dried to constant weight at 200 °C were added to the solutions obtained. It was kept at
room temperature for 2 weeks. The pH was controlled periodically (Table 1) and 5 mL aliquots were taken to
determine the concentration of magnesium.

Table 1
pH readings after leaching with ammonium chloride
C T
0.5 1.5 3 24 72 96 192 288 336
IM 8.569 8.69 8.895 8.9 8.907 8.967 9.04 9.013 9.014
3M 8.246 8.465 8.523 8.652 8.793 8.719 8.676 8.672 8.475
SM 8.18 8.094 8.242 8.245 8.249 8.369 8.45 8.55 8.721

Using concentrated ammonia, the pH of the solutions was adjusted to 11 and solutions were titrated
with 0.05M solution of Na,EDTA (Trilon B) in the presence of an eriochrome black indicator. The magnesi-
um concentration was calculated (Table 2) based on the consumption data of Trilon B using the well-known
formula derived from the law of equivalents:

C\Vi= G,
where C; — is the concentration of Trilon B; 7} — is the volume of Trilon B consumed during the titration,
C, — is the concentration of magnesium; ¥, — is the aliquot volume.

Table 2
Results of magnesium leaching in NH,Cl solution at 20 °C
C T
N 0.5 1.5 3 24 72 96 192 288 336
IM 0.021 0.032 0.043 0.057 0.077 0.079 0.081 0.087 0.087
3M 0.024 0.044 0.058 0.071 0.09 0.092 0.096 0.1 0.1
M 0.032 0.046 0.061 0.079 0.092 0.095 0.098 0.102 0.102

It can be concluded that the concentration of magnesium leached increases with the concentration of the
NH,CI solution based on the results presented in the Table 2, as well as with the time of the process itself. It
is shown that the difference between the leaching rates of magnesium by 3M and 5M NH,CI solutions is not
significant, and it is rather large for IM and 3M solutions. The kinetic curves for magnesium leaching from
asbestos with ammonium chloride solutions of different concentrations at room temperature are shown in
Figure 1.

012
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E— o1 ¥=001In() +00285
~ 0.04 RZ = 00970
- —m—3Mm v =00l1In() +00378
0.02 RZ=09213
) SM y=0.0114In(x) +0.0428
0.00 - RE=0993
0 100 200 300 b min

Figure 1. Kinetic curves of magnesium leaching at 20 °C
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After the amount of magnesium leached from asbestos was fixed, the solution was filtered off, so the
solution was separated from asbestos. The thick mixture was washed with distilled water and dried in a dry-
ing cabinet until moisture was completely removed. According to the formulas of the reaction rate constants
[6], they were calculated for 3 orders of reaction (Table 3).

Table 3
Indicators of reaction rate constants
T c Co ol o2 o3
336 0.826 1 0.00057 | 0.00043 | 0.00069
336 2.796 3 0.00021 | 0.00509 | 2.5E-05
336 4.782 5 0.00013 | 0.01551 | 5.6E-06

Comparison of the rate constants calculated shows that the formula for the first order of reaction gives
values that are significantly less different from each other than for the second and third orders. It can be con-
cluded that the reaction order for ammonium chloride is first, but the rate is controlled by diffusion. Then,
ammonium phosphate was added dropwise to the solutions to convert the leached elements into the sedi-
ment. The ammonium phosphate solution was prepared from 85 % phosphoric acid and 25 % ammonia solu-
tion. Phosphoric acid was added to ammonia in small portions, each time waiting for the reaction mixture to
cool down. The addition of phosphoric acid was continued to adjust pH = 11. The precipitate obtained was
dried and samples were prepared for laser spectrometry. Laser spectrometry clearly shows that the sediment
contains a sufficiently large amount of magnesium and some calcium (Fig. 2—4). It does not detect the pres-
ence of other metals.
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Figure 2. The metal content in the sludge studied during leaching
with 1M ammonium chloride solution
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Figure 3. The metal content in the sludge studied during leaching
with 3M ammonium chloride solution

Lini
2530 Movcx o Konvecroeri anas |
275 =
. % m v
s LRl o 2 D
s Nazm
250 [ I DALseshatiSpestometer2 WNMasat\MAP_70C 3N spe e T e
ars [Fonin____[04.0
[ [ DAL sesktiSpactometer2l WM s MAP_10_TH.spe ! -
2% e eml F
el 040020181624
5 [ [ D:LaeshatiSpectiometerZ WM i MAP_10_ 3 spe S o e TRETT
1950 salase Fomin 270020181501
v
1975 L ustal Fomn 20581210
saLale Fomin 1405018 1518( |
180 7 Il DA Lsesh atinSpcometer2TWN Wi leached_10.5pe _H
‘ >
75 T
N I I D:LaestatiSpactiometer2 N Maiat\MAF_T0.5p2 i) e L] B
1630 Tononaenkiie napavere
1875 I [ DA Laesh atisSpcliomeler21 WA Mara M soltor spe G ——— —————
_— k o Agrokanuposka
o5 [ [ D LaeshalisSpciromelai21 VN Wl eache 50 pe e
130 [ [ DALeshatiGpectiometer21 WNMaal\MAP_ B0 p2 S o e
1275 baE5 Pl 135 W% 0
V5, ZaswPl) MG 22 0 0 0
7I53% PI) 155 585 0 0 0
- . s T 6% 54 0 0 0
0% g mw Pl) 1A BB 0 00
2| 3 xEIE PN 082 126 0 0 0
a5 El g 5750 bnfl) 1311 819 0 0 0
- : : e ior T me o o o
g & e mgll e 2% 0 0 0
&5 & 7a13 Mgl B3 173 0 0 o
72 279068 Mgfl) 117 2588 0 0 0
2665213 Mgl 106476 21176 0 0 0
o0 29287 Moll) 3738 4113 0 0 0
&0 293650 Mgll) T3 7B03 0 0 0
= | TEGH Cafll 75721 8% 0 0 0
- = £ 318114 Cafll 35338 0 i i i
50 8 s s BN) G2ms 82313 0 0 0
g N 8 B msnvel nme me o 0 o
5 = 1S £ g 383213 Mgl 36144 8214 0 0 0
o A g = o L e Mgl 7403 1193 0 0 0
% g s g 596,626 Calll 2326 47031 0 00
H g 8
" is ‘ ‘
75 £e 2
0% 7 it 7 T il ‘\ | 7 T T T T T )
19409 2018 212 w1 %9 mn 2014 1% EE] el 2B 15 o8

¥=237.490(+465) |V=150.661

Figure 4. The metal content in the sludge studied during leaching
with 5M ammonium chloride solution

It can be noted that the reaction rate increases with an increase in the concentration of ammonium chlo-
ride solution based on the results obtained. In this case, a certain period of time occurs when the saturation
peak remains the same regardless of the concentration of the solvent. Thermodynamic parameters of the pro-
cess are of interest for the production organization on the industrial scale. We carried out a series of experi-
ments on the magnesium leaching with a 3 molar solution of ammonium chloride at different temperatures to
study the thermodynamics of leaching. 300 mL of a 3 M solution of ammonium chloride was poured into a
flask with 15 g of initial asbestos and thermostated at temperatures of 20, 40, 50, 60, 70 °C. Samples were
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taken and titrated with Trilon B after a certain period of time. The results of the titration are shown in Ta-
ble 4.

Table 4
The concentration of magnesium in the reaction mixtures, mol/L

T,h
0.5 1.5 3 24 72 96 192 288 366
20 | 0.024 | 0.044 | 0.058 | 0.071 | 0.09 | 0.092 | 0.096 | 0.1 | 0.102
40 | 0.025 | 0.054 | 0.092 | 0.105 | 0.106 | 0.108 | 0.108 | 0.109 | 0.109
50 0.03 | 0.061 | 0.1 | 0.108 | 0.108 | 0.109 | 0.109 | 0.109 | 0.11
60 | 0.036 | 0.065 | 0.102 | 0.109 | 0.11 | 0.11 | 0.12 | 0.12 | 0.13
70 | 0.037 | 0.069 | 0.105 | 0.109 | 0.11 | 0.12 | 0.12 | 0.14 | 0.14

T,°C

As a result of approximation of the experimental points the logarithmic curves are obtained in all cases
that are shown in Figure 5. The accuracy of the approximation is 95-98 %.
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Figure 5. The dependence of the concentration of magnesium
leached on the temperature of ammonium chloride solution

The activation energy was calculated with the help of the formula [4]:
In(1-
EF =Rrxinnlzo) Jf1_ 1)
Lin(l-o,)/ (T, T,

The obtained data are given in Table 5. The value of the activation energy after statistical processing
was 43.815 + 8.973 kJ/mol at a significance level of 95 % (p = 0.05).

Table 5
Reaction activation energy

T T o E,, J/mol
293.00 360.00 0.21 40941.50299
313.00 123.00 0.21 56236.10255
323.00 63.00 0.21 38413.44866
333.00 41.00 0.21 39668.83503
343.00 27.00 0.21 43814.97231

The obtained value of the activation energy is about 1.1-1.5 times exceeds the value obtained by the au-
thors [7] for the magnesium leaching from calcium-containing magnesite (~30 kJ/mol). Apparently, this dif-
ference is due to the different chemical nature of the substrates studied.
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Conclusions

The selectivity of the process with respect to calcium is most likely explained by the kinetic parameters
of the process and the somewhat higher activation energy of calcium leaching. Apparently, the reaction has
the first order in ammonium chloride and a rate constant of ~ 1-5x10~*, while the velocity is controlled by
diffusion. The experimentally determined value of the activation energy was 43.815 £ 8.973 kJ/mol at a sig-
nificance level of 95 % (p = 0.05). Magnesium goes into solution, the pH of which is 9. This solution is con-
venient for precipitating magnesium ammonium phosphate. Magnesium ammonium phosphate is a valuable
mineral fertilizer, as well as a profitable, marketable form for pure magnesium. Using ammonium phosphate
and bringing the pH to 11, we got magnesium ammonium phosphate. The study of the precipitate obtained
with LIBS showed that it contained a minor admixture of calcium and did not contain other metals except
magnesium. Thus, the sediment is pure, and the calcium contained in a small amount does not interfere in
any way for use it in gardening.
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AclOecTKypaM/bl IIUKI3aTTAH MAarHUiA/Ii CeJIEKTUBTI 06J1in ay dici

Makanaga XpU30THIAI acOecT KaIAbIKTapbhlH ©Huey OOWBIHIIA ic XKy3iHAE iCKe acBIPBUIFaH TEXHOJO-
rusuapabiH 0ojMay ceGenTepiH aHbIKTay KOHE KOMMEPLHSJIBIK KbI3BIFYLIBUIBIK TYFBI3ATHIH MAarHUH MEH
Gacka jma maiiganel eHIMIEpAl any MakcaThlHAA KaJIbIKTapibl OHACYIIH jKaHa omicTepi KapacThIPBULIBL.
Maruwuii majiManay KMHETHKAChIH 3epTTeY YILIiH TYPJi KOHLEHTpAUWsarbl aMMOHHN XJIOPHII epiTiHginepi
KaTbichiHAa Oipkarap Taxipubenep sxyprizinmi. Illaiimananran Marxuiinig xonuentpauwmsicbt NH4Cl
epiTingici KoHIeHTParuACHHBIH (Cyg = 0.092M; Cy, = 0.1M; Cyy, = 0.102M) xoFapnaysIMeH CHIIATTaIIbI.
3M xone 5M NH4Cl maruumii epiTiHAUIEpiHiH MIaliManay >KbUIIAMIbIFBl apachlHAAFbl AHbIPMAIIBUIBIK,
aifrapieikTait emec, an 1M xeme 3M mremimpaepi ymin Oyr ere yikeH. MarHuiinl maimanay sy
TEpMOAMHAMUKACEIH 3€pTTEY OpTYpJi TeMmIeparypaja aMMOHHUH XJIOPHIIHIH 3 MOJSIPIBIK epiTiHmici
KATBICBIH/AA JKYPTi3uimi. AJIBIHFAaH HOTWIKENEP HETi3IHIEC MarHWil KOHIICHTPAIUSCHIHBIH aMMOHUHA XIJIOPHII
TeMIieparypackl OOMBIHIIA JKOHE 3EPTTEyre aiblHFAaH TYHOAHBIH KYpaMbIHIAFbl METaJl apachlHIaFbl
Toyenninik rpadukrepi xkacanbiHabl. Toxipubenep HOTHKeci acOecT KypaMblHAH MarHMiaiH Iraiimanay
JIOpexeci TemIiepaTypaHblH JKOFapiaybIMeH apTaThIHIBIFBIH KepcerTi. bencenaipy sueprusicer 44 kJhx-ra
TeH. TyHOaHBI aHBIKTay Ja3epJiK-aTOMIBIK OSMHCCHOHIBI CHEeKTpoMeTpae Kkyprisinmi. ToxipuOeHin
HOTIDKeTIepi OObIHIIA aNbIHFaH TYHOAHBIH KypaMblHaa Oeirini Oip Meep/ie MarHuii, KajbLiii jxKoHe 6acka
Jla MeTajjiap Ke3lIECeTiHiH KOPCEeTTi JKOHE KaJblLMil KOCIachl ajblHFAaH TYHOAHBIH KacHEeTTEpiHe acep
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STIeHTIHIr aHBIKTaIbl. OPTYPJIi KOHICHTPALUIJaFbl aMMOHHI XJIOPHUIIH MIaliManay apKbUIbI )KYPri3iireH
TaKipubenep acoecTiH TaNIBIKThl KYPbUIBIMBI )KOWBUIMAFaHbIH KOPCETTI.

Kinm ce30ep: maruuiiii cenekTUBTI Oeuin any o/ici, acOecTKypaM/ibl IIHKi3aT, KWHETHKA, TePMOJHHAMUKA,
KOHIIGHTpALHsl, MarHUH-aMMOHU# ocatsl, OesceHaipy SHEPrHsCH, LIaiiMaay.

B.H. ®omun, A.T. Irocekeera, E.B. Munaepa, b.A. AmaHXoJ10Ba,
M.E. Kaceimos, W.E. PoxkoBsoii, H.A. Kapruna

CejleKTHBHOE U3BJIeUeHHEe MarHus u3 acﬁeCToconepmamero ChIPbA

B cratbe OGonbllioe BHUMAHHE YAENEHO BBIABICHHIO MPUYMH OTCYTCTBUSI TPAKTHUECKH PEATU3yeMbIX
TEXHOJIOTUH MepepabOTKH XPU30THII-aCOECTOBBIX OTXOAOB U MOMCKY HOBBIX METOJOB 00pabOTKH OTXOMAOB C
LEeNIbI0 TONyYEHHsI MarHusi W APYTUX IOJE3HBIX IPOJYKTOB, IPEACTaBILIONINX KOMMEPYECKHH HHTepec.
IIpoBeneHsI cepyy OIBITOB C PACTBOPAMHU XJIOPHUAA aMMOHHMS Pa3HOH KOHIIEHTPALMH JUISl H3YUSHUSI KHHETHKA
BBIIIENaYNBaHus MarHus. KOHIEHTpaIys BEIIENauNBaeMOT0 MarHUsl PacTeT C yBeIMIEHHEM KOHIIEHTPAIUU
pactBopa NH,CI (Cye = 0.092M; Cy, = 0.1M; Cyy, = 0.102M), a Takxe ¢ yBETUIEHHEM BPEMEHH CaMOTo
npouecca. [lokazaHo, 4To pasHMIA MEXIy CKOPOCTSAMH BblllenadunBaHus marHug 3M u SM pactBopamu
NH,CI ne3nauurtenbHa, a aimst 1M u 3M pacTBopoB — [M0BOJIBHO BenuKa. MccienoBaHue TepMOIUHAMUKI
BBIIIENIAUYNBAHNS MarHus NpoBoAwId 3M pacTBOPOM XJIOpHIa aMMOHHMS NIPH PA3IHYHBIX 3HAYCHHUAX TEMIIe-
patypbl. Ha OCHOBaHMM MOJTy4EHHBIX PE3yJIbTaTOB OBUIM MOCTPOCHBI IPadMKH 3aBUCHMOCTH KOHILICHTPALUH
BBIIIEIOYCHHOTO MarHusl OT BPEMEHH BBIIIETIAYNBAHIS TIPH PAa3HBIX TEMIIEpaTypax pacTBOpPa XJIOPHIA aMMO-
HUsL. Pe3ynpTaThl SKCIIEpIMEHTOB MOKA3aJIH, YTO CTENCHB BBIIIEIAUNBAHIS MarHus u3 acbecta BO3pacTaer ¢
YBEIMYEHHEM TeMIepaTyphl. Beranciiena sHeprus akTHBany, KoTopast coctaBmia 44 x/lx. nenrndukamms
ocaJika NPOBOAMIIACH HA JIA3ePHO-aTOMHOM SMHCCHOHHOM CIIEKTpOMeTpe. BplIo ycTaHOBIICHO, UTO B IOIY-
YEHHBIX 0CaJKaX COAEPIKUTCS OIpeNeIeHHOE KOJIMYECTBO MArHUs, KaJbIUs U HE3HAYUTEIHHOS KOJIHMYECTBO
JIpyrux Metayos. [Ipumech kanblys HE BAMSIET Ha CBOWCTBA MOJIy4€HHOTO ocazka. Mcnbitanus, npoBenéH-
HBIE C TIPUMEHEHHUEM PAcTBOPA XJIOpPHUIA aMMOHUS PA3IMYHON KOHIIEHTPAIMH, MOKA3alH, YTO BOJOKHUCTAsS
CTPYKTYypa acOecTa He MOBEP)KEHA pa3pyIIEHHUIO.

Kniouesvie  cnosa: CCJICKTUBHOC HU3BJICUCHUC  MarbHmus, ac6eCToconep>KaLuee CBIPBE, KHWHCTHUKA,
TCPMOJUHAMUKA, KOHIICHTPpAaIlus, MarHuH-aMMOHHI q)OC(i)aT, OHCPTUs aKTUBALlMU, BbIIICIIAYUBAHUE.
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Inhibitory activity investigation of a new nitrogen-containing surfactant
in an acid medium

In this paper, the results of testing a new nonionic surfactant as a corrosion inhibitor in a 0.5M hydrochloric
acid solution are given. The corrosion inhibitor was synthesized by catalytic esterification of maleic
anhydride with polyoxyethylene sorbitan and further amidating of the ether with diethanolamine. The
structure and composition of the developed inhibitor were characterized by the methods of FT-IR and 'H
NMR spectroscopy. Results showed that the reagent MA/Tween-DEA effectively inhibited the corrosion of
carbon steel in hydrochloric solution with an optimal inhibition efficiency of 94 % (100 ppm) at 303 K from
weight loss test. Thermodynamic parameters such as adsorption heat (AH,), adsorption entropy (AS,) and ad-
sorption free energy (AG,q,) were obtained from experimental data of the temperature studies of the inhibition
process at five temperatures ranging from 303 to 343 K. The thermodynamic parameters of the corrosion
process were calculated in the absence and presence of inhibitor and discussed. The mechanism of action of
inhibitor protection of a steel plate by a synthesized inhibitor has been studied. Adsorption of MA/Tween-
DEA on the carbon surface in 0.5 M HCI follows the Langmuir isotherm model.

Keywords: nonionic surfactant, inhibitor, corrosion protection, inhibition efficiency, temperature, adsorption,
thermodynamic, carbon steel.

Introduction

The problem of corrosion and protection of oil and gas equipment in Kazakhstan is becoming actual,
which is primarily due to an increasing number of developing oil, gas and gas condensate fields, containing
aggressive components, secondly, with increasing work intensity of oilfield equipment. The use of corrosion
inhibitors in the oil and gas industry makes it possible to extend the life of equipment and pipelines trans-
porting oil and gas. Nowadays, the oil and gas industry around the world are the largest consumers of corro-
sion inhibitors [1].

The authors of [2—4] note that organic and polymeric compounds containing polar functional groups,
such as nitrogen, sulfur and / or oxygen in the conjugate system, are effective corrosion inhibitors for steel
structures. The inhibitory capacity of these substances is associated with the presence of cyclic rings in them
and heteroatoms, which are the main active centers of adsorption [5—7]. Adsorption centers help to form
complexes with metal ions. The formed complexes are adsorbed on the metal surface to form a barrier film
that separates the metal surface from the corrosive agents present in the aggressive solution [8—11]. The pur-
pose of this work is to study the kinetics parameters, inhibition efficiency and mechanism of corrosion in
0.5M HCI solution of carbon steel plates by a new MA/Tween-DEA reagent by weight loss method at vari-
ous temperatures (303-343 K).
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Experimental

Materials

Maleic anhydride (MA), diethanolamine (DEA), polyoxyethylene sorbitan trioleate (Tween-85), pyri-
dine, N,N-dimethylformamide obtained from Sigma Aldrich and used without further purification.

Solutions

The aggressive solutions of 0.5M HCI were prepared by dilution of analytical grade 37 % HCI with dis-
tilled water.

FT-IR, NMR analysis

The structure of the synthesized organic inhibitor was confirmed by FT-IR spectrometry on an Agilent
Cary 660 spectrometer; by 'H NMR spectroscopy in dimethylsulfoxide on a Bruker Avance 300 Mhz NMR
spectrometer; by HPLC with H;O / CH;CN / 0.1 % TFA, column: Nucleodur RP C18 10 um, buffer races:
A =5%CH;CN/H,O/0.1 HCOOH, B =100 % CH;CN /0.1 HCOOH. Flow rate — 1 ml/min; Pressure —
68 bar; Electrospray — positive ionization (150-900).

Synthesis

Synthesis of a corrosion inhibitor was carried out in two stages. In the first stage, the reaction product
was obtained by the catalytic esterification of maleic anhydride and polyoxyethylene sorbitan trioleate. In the
second stage, amidation of the ester with diethanolamine was carried out.

A two-necked round bottom flask (50 ml) equipped with a magnetic stirrer and a reflux condenser was
charged with maleic anhydride (0.5 g, 0.005 mol) and 5 ml of solvent (DMF). After the maleic anhydride is
completely dissolved, Tween-85 (6.5 g, 0.005 mol) and pyridine (0.4 g, 0.005 mol) dissolved in 7.5 ml of
DMEF are added dropwise. The reaction mixture is heated to 115 °C and left with stirring and reflux for 5 h.
Diethanolamine (0.8 g, 0.005 mol) is added to the mixture and the reaction is continued for another 5 h. After
that, the process was stopped, cooled to room temperature and the solvent was removed on a rotary evapora-
tor. The yield of the desired product was 80-85 %.

Weight loss measurements

Chemical composition of the steel St3. is given in Table 1. Carbon steel samples (5%2.5%0.2 cm) were
abraded with a series of emery papers (grade 500-800—1200) and then washed with distilled water and ace-
tone. After weighing accurately, the specimens were immersed in a 250 mL beaker containing 250 mL 0.5M
HCI solution with and without addition of different concentrations of MA/Tween-DEA. After 5 h the speci-
mens were taken out, washed, dried, and weighed accurately. In order to get good reproducibility experi-
ments were carried out in triplicate. The average weight loss of three parallel sheets was obtained. The tests
were repeated at different temperatures.

The corrosion rate V., (mg/cm>x<h) is calculated by the formula:

W
cor S“C >
where W — is the average weight loss of three parallel St3 sheets; S — is the total area of one specimen and
T — is the immersion time.

The inhibition efficiency (IE) was calculated as follows:

o—h

1E% = 100,

0
where V, and V; — are the values of the corrosion rate without and with addition of the inhibitor, respective-

ly.

Table 1
Chemical composition of the steel (%)
C Si Mn Ni S P Cr N Cu As Fe
0.14 0.15 0.4 0.3 0.05 0.04 0.3 0.0008 0.3 0.08 other

Results and discussion

A new chemical compound was prepared by the catalytic esterification of maleic anhydride with
Tween-85 and further amidation of the ester acid with diethanolamine. IR and NMR spectroscopy methods
were used to study the composition.
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Figure 1 shows the FT-IR spectra of MA/Tween-DEA, in which the band at 3382 cm ' refers to the vi-
brations of the OH group, bands at 2921 and 2878 cm™', respectively, to aliphatic -CH, asymmetric and
symmetrical vibrations, a band in the region of 1724 cm™' to the stretching vibrations of the C=0 bond of the
ester, 1640 cm ! refers to the amide bond (N—-C=0, amide I). The band at 1168 cm ! can be attributed to the
asymmetric vibration of C—-O—C in the ester bond (O—C=0).
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Figure 1. The FT-IR spectra of MA/Tween-DEA
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Figure 2. The '"H NMR spectrum of MA/Tween-DEA

Figure 2 shows the NMR spectrum of the MA / Tween-DEA reagent. 'H-NMR (300 MHz, D,0, ppm):
6=0.85-0.9 (t, 6 H, =2 x CHj, alkyl chain), 1.1-1.4 (m, 36 H, =2 x (CH,) 4, alkyl chain), 1.51-1.71 (m, 4 H,
—2 x NCH,CH;,™), 3.01 (s, 12 H, =2 x N+(CHj3),), 3.61 (s, 4 H, =2 x CH,0), 4.21 (s, 4 H, =2 x N+CHy,),
6.39-6.67 (m, CH = CH).

Based on the results obtained by FT-IR and NMR spectroscopy, the structure of the new compound was
presented as follows:
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Analyzing the structure of the synthesized compound, it is assumed that the new reagent can exhibit the
properties of a corrosion inhibitor. The corrosion rate and inhibition efficiency for St3 steel in 0.5M hydro-
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chloric solution at 30, 40, 50, 60 and 70 °C in the absence and presence of MA/Tween-DEA are given in Ta-
ble 2. The study of the temperature range on the inhibition effectiveness is important for clarifying the mech-
anism and kinetics of their action and, ultimately, for the correct selection of these inhibitors for specific
practical purposes.

Table 2

Corrosion parameters obtained from weight loss of carbon steel in 0.5 M HCI solution
containing various concentrations of MA/Tween-DEA at different temperatures

Tempera- | Concentration, | Inhibition efficiency | Corrosion rate (V,,,),
ture, K ppm (IE), % (mg/cm*xh)

Blank 0.3870

50 60 0.1548

303 100 72 0.1084
150 85 0.0581

200 94 0.0232

Blank 0.4310

50 58 0.1810

313 100 67 0.1422
150 79 0.0905

200 89 0.0474

Blank 0.5220

50 54 0.2401

323 100 61 0.2036
150 73 0.1409

200 89 0.0574

Blank 0.6130

50 51 0.3004

333 100 58 0.2575
150 69 0.1900

200 79 0.1287

Blank 0.6750

50 49 0.3443

343 100 53 0.3173
150 61 0.2633

200 75 0.1688

Data analysis on temperature effect on corrosion rate show that with increasing temperature from 303 K
to 343 K corrosion rate increases, which corresponds to the regularity of the temperature effect from the Ar-
rhenius equation. Thus, at the temperature of 303 K, the corrosion rate of the uninhibited medium is
0.3870 mg/cm’xh, and the introduction of the inhibitor, even in a minimum amount of 50 ppm decrease the
corrosion rate by two times and a half and V., is 0.1548 mg/cm2><h, 200 ppm decreases V., in 16 times to
0.0232 mg/cm’xh. A similar pattern was found for the temperature range studied from 313 to 343 K. The
effectiveness of inhibitory protection in the temperature range under study increases with increasing con-
sumption of the inhibitor, but decreases with increasing temperature. Thus, at the temperature of 303 K, the
effectiveness of inhibitor protection increases from 60 % at a reactant consumption of 50 ppm to 94 % at
200 ppm. However, with an increase in temperature to 343 K, inhibitor protection achieves lower values
from 49 % at a reagent consumption of 50 ppm to 75 % at 200 ppm.

The relationship between the corrosion rate (mg/cm®xh) of the steel plate in a neutral medium and the
temperature can be described using the Arrhenius equation [9]:

E
V. =kexpl ——% |,
cor p[ RT]

where £, — is activation energy, kJ/mol; A — is pre-exponential factor; R — is universal gas constant,
J/molxK; T — is the absolute temperature, K.
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Figure 3 shows plots of InV,, from 1/T at various concentrations of the reagent and without the intro-
duction of an inhibitor, where extrapolation to the y-axis gives In), and extrapolation to the abscissa value
(=E./R).
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Figure 3. Arrhenius plot for St3 steel in the absence and presence
of different concentrations of MA/Tween-DEA

Thermodynamic parameters such as enthalpy and entropy of corrosion process were calculated using
the alternative Arrhenius equation [9].

RT AS’ AH!
W =——exp exp| — )
Nh R R

where 4 — is the Planck’s constant 6.6261x107* Js; N — is the Avogadro’s number 6.0225x10* mol ™.
Figure 4 shows a plot of InV,,,/T versus 1/T at different inhibitor’s concentration, where extrapolation to

the y-axis yields AS,/R, and extrapolation to the abscissa axis (-AH,/R) [12, 13].
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Figure 4. Transition state plot for St3 steel in 0.5M HCI solution
in the absence and presence of different concentrations of MA/Tween-DEA

Using the data of the effect of temperature on the corrosion rate, the activation energy was calculated in
the presence and absence of an inhibitor. From the obtained values of the activation energy, we can assume
the mechanism of action of corrosion inhibition. Calculated values of the activation energy and enthalpy
from Figures 3 and 4 are shown in Table 3. As can be seen from Table 3, for the corrosion process at a reac-
tant concentration of 50 ppm £, is 12.66 kJ / mol and it increases with an increase in the amount of added
inhibitor to 42.97 kJ / mol. An increase in the enthalpy with an increase in the amount of inhibitor introduced
is explained by the fact that the decrease in the corrosion rate of steel is mainly controlled by kinetic activa-
tion parameters [ 14].

Table 3
The values of the parameters E,, AH,, AS, in the absence and presence of corrosion inhibitor
Concentration, g/l | E, kJ/mol | AH,, kJ/mol™ |AS, (J-mol"-K™)
Blank 12.66 9.98 —22.59
0.05 18.20 15.52 -11.96
0.1 23.74 21.06 3.55
0.15 32.59 29.92 27.82
0.2 42.97 40.29 54.47

Positive values of the enthalpy of AH, indicate the endothermic nature of the corrosion process. The ef-
fectiveness of organic substances as corrosion inhibitors can be attributed to the adsorption of molecules of
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reagents with the help of polar groups on a metallic surface [15]. Based on the data of thermodynamic calcu-
lations, it was shown that, by the mechanism of action, the inhibitor is prone to physical adsorption on the
metal surface. The choice of the adsorption isotherm equation depends on the convergence of the obtained
data with the trend line. In this paper, we used the equation of the Langmuir adsorption isotherm:

Cinh 1

X + inh >

6 K,
where K, — is adsorption constant; 0 — is the fraction of steel surface covered by the adsorbed molecules.
The diagram of the dependence of C;,,/0 on C,,;, is shown in Figure 5, where the value of K4 was ob-

tained by extrapolation to the axis ordinate.

0.3000

£ : ; + 303K
2 0.2000 P —

B e m313K
& 0.1000 i

£ 0.0000 323K

0O 0,05 0.1 0.15 0.2 0.25 < 333K

Cinh (ppimn) 343 K

Figure 5. Langmuir adsorption isotherm plots for carbon steel
in 0.5M HCI with different concentrations of MA/Tween-DEA

Calculated values of K, are given in Table 4. Values of the K, indicate that at temperatures of 303—
313 K the system practically stays in equilibrium (K,4~1.0). A further increase in temperature from 323 to
343 K leads to an increase of desorption process and decrease in the effectiveness of inhibitory protection.
Standard free energy of adsorption AG,,, was calculated by equation:

AG4=—RT In(55.5K .4),

where AG,;,— is free energy of adsorption, 55.5 — is the water concentration of the solution mL/L.

Table 4 shows the values of the equilibrium constant of adsorption-desorption K, and free Gibbs ener-
gy AGads-

Table 4
Values of the adsorption-desorption equilibrium constant K, and the summary Gibbs energy AG 4
Temperature, K | K,;,x10°, mol” AG 4, kJ/ mol
303 1.1022 -10.4
313 1.0207 —10.5
323 0.9123 -10.7
333 0.8758 -10.9
343 0.8518 -11.3

Negative values of AG,4 prove [16] the stability of the adsorbed film on the surface of the steel plate.
A decrease in AG,,, (more negative values) with increasing temperature indicates the presence of an endo-
thermic process, which also confirms the mechanism of physical adsorption of the reagent.

Conclusions

MA/Tween-DEA is a good inhibitor for carbon steel in 0.5M HCI solution. The adsorption of reagent
on St.3 steel follows the Langmuir adsorption isotherm. Inhibition efficiency increases with increasing inhi-
bition concentration but decreases with increase of temperature. Gibb’s free energy, enthalpy and entropy of
adsorption indicate that adsorption process is endothermic and inhibitor adsorbed on surface of carbon steel
samples through physical adsorption.
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B.H. Arokaesa, I'.U. Boiiko, H.I1. JTroOuenko,
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KbIIIKbLT 0pTajaa ’kaHa KYpaMbIH/AA a30Thl 0ap OeTTik-0esiceH/i 3aTTapAbIH
KOpPpPO3Us HHTHOUTOPJIAPbIHBIH KOPFayFa TeMIlePaTypPaHbIH dcepi

Makanama »xaHa OcHOpraHMKalbIK OCTTiK-OCICeHII 3aTThIH TY3 KbIMKeUIBIHBIH 0,5M epiTiHmicinmeri
KOPPO3Usl HMHTHOMTOPBI PETIHAC KOJAMAHYy HOTMXKedepi Kenripiared. Kopposws HHrHOMTOPBI MasCHHIL
AQHIUAPUII MEH IOJMOKCHATHICHCOPOMTAHHBIH KATAIUTHKAIBIK OSTepUUKALMACH JKOHE OJaH api
JMATaHONAMHUH 3(GHUpIMEH aMHUATEY apKblIbl CHHTe3/e . MHruouTopnapasiH KypbuibiMbl MeH Kypambl MK
xome 'H SIMP-cmektpockommst omicTepimMen cumarranmel. Hormxemep MA/Tween-DEA  pearenti
THIPOXJIOPIBEI epiTiHAiferi keMipTekTi OonaTTeiH KopposusiceH 303 K temmeparypama canmak >XOFaiTy
coiHarbeiHAaH 94 % (100 ppm) oHrainel Texey THiMamirin kepcerti. 303-tem 343 K-re meitin Oec
TeMIepaTypa apajbIFbIHAA HHTHOpIEY YPIICIHIH TeMIepaTypasblK 3epTTEyHiH TXIpHOETiK Jepexrepi
HoTIXKeciHAe OSHTanbmus (AH,), sHrpomus (AS,) »xone [ub6ctiH 6oc sHeprusicel (AG,;) CHIKTHI
TEPMOJANHAMUKAJIBIK ITapaMeTpiepi anbiHabl. KOppO3HSHBIH TEpPMOJUMHAMMKAIBIK ITapamMeTpliepi HHIHOUTOp
KaTBICBIH/IA JKOHE MHTHOMTOPCHI3 €CeNTENil, TaIKbUIaHbl. O3IpJICHIeH MHTMONTOPMEH OoJlaT IUIaCTHHAHBIH
HMHIHOUTOPIIBI KOpray opekeTiHiH Mmexanm3Mmi 3eprrengi. 0,5M HCl-geri MA/Tween-DEA kewmiprerinik
6erinzeri ancopouusice! JISHIMIOp H30TEPMHSIIBIK MOJICITIHE CIlKeC Keei.

Kinm co30ep: nounpl emec Bb3, muruburop, kopposusjgaH KOpray, WHTHOMTOPIBI KOPFAy THIMMIIMIri,
TeMIeparypa, aacoponus, TepMOANHAMIKA, KOMIpPTEriIik 0oaT.
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B.H. Aroxaesa, I'.1. Boiixo, H.II. JIroOuenko,
P.I'. Capmyp3una, P.®. Myxamenosa, Y.C. Kapabanun

HccnenoBanne HHTrHONTOPHOH AKTUBHOCTH HOBOT0 a3oTcoaepxainero [IAB
B KHCJIOH cpefe

B crarbe npuBeneHbl pe3ynbTaThl UCIBITAHUN HOBOTO HEMHOT€HHOTO NMOBEPXHOCTHO-AKTUBHOTO BENIECTBA B
KadecTBe MHruouTopa xopposun B 0,5M pacTBope CONSHOM KUCIOTHL. THrHONTOp KOPPO3UH CHHTE3UPOBAIN
KaTaJIUTHIECKON 3TepuUKanyell MaJeHHOBOTO aHTHIPHIA C MOIHOKCHITWICHCOPOUTAHOM U JAIIbHEHIINM
aMHANpPOBaHHEM dpupa quITaHOIaMUHOM. CTPYKTypa M cOCTaB pa3pabOTaHHOTO MHIHOMTOpa OBIIN OXapak-
TepusoBanbel MeTonamu MK- u 'H SIMP-cnextpockomuu. Pe3yisTaThl mokasamd, uto pearenT MA/Tween-
DEA s¢dexTuBHO HHTHOUPYET KOPPO3HIO YIIIEPOAUCTON CTAIN B PACTBOPE COJISHON KHUCIOTHI C ONTHMAIb-
HOH cTenenbio HHruouTopHOit 3amuTsl 94 % (100 ppm) npu 303 K rpaBuMerpudeckuM metonoM. Tepmoan-
HaMUYeCKHUe MapaMeTphl, Takue Kak sHTanbsnus (AH,), sutponus (AS,) u ceobonHas sueprust ['n66ca (AG ),
OBbLIM MONYYEHBI 3 SKCIIEPUMEHTANBHBIX JAHHBIX TEMIIEPATYPHBIX HCCIEI0BaHU MpoLecca MHTHOMPOBaHUS
IpU ISITU TeMneparypax B auanasone oT 303 no 343 K. Tepmoaunamudeckue mapaMeTpsl KOPPO3UH paccuu-
TBHIBAJIM B OTCYTCTBHE M IPHCYTCTBUM MHruOUTOpa M oOCyxaanu. M3ydeH MexaHu3M IeHCTBUS HHTHOHTOP-
HOH 3aIIUTHI CTAIBHOM ITACTHHBI CHHTE3UPOBAHHEIM MHTHOHTOpOM. Ancopbrms MA/Tween-DEA nurutu-
Topa Ha yriepoaHoi nosepxuocty B 0,5M HCl cooTBeTcTBYeT MOeIM H30TEpMBI JIeHTMIOpa.

Kniouesvie cnosa: nemonorenusiid IIAB, naruburop, 3ammra 0T KOppo3ud, 3GPEKTHBHOCTh HHIHOUTOPHOM
3aIllUThl, TEMIIEPATypPa, aACOPOIHMS, TEPMOIMHAMUKA, YTIEPOIUCTAs CTallb.
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Catalytic wet peroxide oxidation of 4-nitrophenol with new pillared clays
prepared from the natural material extracted in deposits of Kazakhstan

Natural resources are among the main wealth of the Republic of Kazakhstan, including abundant and cheap
natural clays in the southern and northern region of the country. The chemical industry in Kazakhstan has
been developing well in recent years and there is an urgent need to find solutions for the treatment of the
wastewaters they generate. Composite adsorbents based on natural and pillared clays modified with metal
ions have significant prospects for practical use in various fields, such as wastewater treatment, oxidation of
organic pollutants, and adsorption of light organic gases. Development of destructive methods based on deep
transformations of organic pollutants is considered as a promising direction. Oxidation-reduction reactions
activated by various physicochemical reagents allow ensuring complete destruction of hardly oxidizable or-
ganic substances and transferring them to safe low-molecular compounds. This work aims to explore natural
clays in the synthesis of low-cost pillared clays to be used as catalysts in oxidation technologies for the treat-
ment of wastewaters. Pillared clays with Zn/Fe cations have been prepared from natural clays of Kazakhstan
deposits and assessed as catalysts for the catalytic wet peroxide oxidation of 4-nitrophenol that was followed
by measuring 4-nitrophenol, H,O, and the total organic carbon at 398 K. The degradation efficiency of
4-nitrophenol was 100 % with Karatau and Kokshetau Zn-Fe pillared clays and total organic carbon removal
was 66 % with Karatau Zn-Fe pillared clay after 2h, considering reaction runs carried out with 5 g/L of pil-
lared clays and at a temperature of 50 °C.

Keywords: natural clays, pillared clays, catalytic oxidation, 4-nitrophenol, wastewater, TOC, CWPO, degra-
dation.

Introduction

The products of the modern industry are becoming increasingly important for the health of the ever-
growing population of the planet. In Kazakhstan, a lot of industry has been developing well in recent years,
but there is the need to solve the problem of cleaning their drains. One solution passes through the study of
wastewater treatment by catalytic wet peroxide oxidation (CWPO) [1]. CWPO is a technology that relies on
the oxidation of organic pollutants contained in wastewaters by the action of hydroxyl radicals generated
from the catalytic decomposition of hydrogen peroxide. The years of independence in Kazakhstan have be-
come the year’s of formation of a completely new state system for ensuring environmental safety, environ-
mental management and nature management, a well-organized and territorially ramified system of executive
bodies in the field of environmental protection in the Republic of Kazakhstan. The most contaminated rivers
are Nura, Syrdarya, Ili, Lake Balkhash [2, 3]. Ground water is also contaminated, which is the main source
of drinking water supply for the population [3]. 4-Nitrophenol (4-NP) is widely used in the production of
medicines, fungicides, dyes and dark leather products [4]. Also, it is dangerously toxic, non-biodegradable
industrial pollutant, discharged by various enterprises. The oxidation of 4-NP by techniques, such as photo
catalysis, Fenton and intensified Fenton, involves the occurrence of oxidized intermediates, namely catechin,
hydroquinone and benzoquinone [5, 6]. In this work [7], experiments were done on the photo oxidation of
4-NP in water by UV/H,0, and the results showed that 4-NP in photo degradation almost completely de-
graded. Pillared clays (PILCs) have received increased interest due to their texture and catalytic activity for
various reactions [8] and they can be an interesting type of porous material used as a sorbent and catalyst.

In this work, we report results of 4-NP oxidation as a model pollutant by CWPO with pillared clays
modified by Fe-Zn cations from natural clays of Karatau and Kokshetau deposits.
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Experimental

Material and Solid Synthesis

Two natural clays with different characteristics from locations in South and North of Kazakhstan of re-
gions Karatau and Kokshetau deposits were used as raw material to prepare the pillared clays. Clays were
washed with water several times at 50 °C. The wash with HCI (37 wt.%) was also assessed at 50 °C in order
to eliminate residual content inside of the clays. Pillared clays were prepared from natural clay with acid
washed. Pillared clays were synthesized with zirconium tetrachloride as a source of zirconium polycations.
The pillaring solution was prepared by slow addition of NaOH (0.2M) to the solution containing Zr at room
temperature until pH = 2.8 was obtained. The resultant solution was aged for 24 h at room temperature. The
clay pillaring process keeps a ratio of 10 mmol of total metal per gram of washed clay. The final material
was dried at 350 K for 24 h and calcinated during 2 h at 823 K considering a heating rate of 275 K min™. The
X-ray spectral analysis method was used to determine the physico-chemical characteristics of the natural
clays. An electron probe microprobe of the brand Superprobe 733 (Super Probe 733) from JEOL (Jael), Ja-
pan, was used to determine the angular position and intensity of reflexes. Analyzes of the elemental compo-
sition of samples and photography in various types of radiation were performed using an Inca Energy with
adispersive spectrometer from Oxford Instruments, England. UV-Vis absorption spectra were obtained using
a T70 Spectrophotometer (PG Instruments, Ltd.) in the wavelength range of 200-660 nm, with a scan inter-
val of 1 nm. SEM was performed on a FEIQuanta 400FEG ESEM/EDAX Genesis X4M instrument equipped
with an Energy Dispersive Spectrometer (EDS). Transmission electron microscopy (TEM) was performed by
LEO 906E instrument operating at 120 kV equipped with a 4 Mpixel 28x28 mm CCD camera from TRS.

Results and discussion

The results of elemental composition of pillared clays were obtained using EMP analysis. Table pre-
sents the content of elements in the catalysts.

Table
The results of elemental analysis

Mass of the element (%)
0 Na Mg Al Si K Ca Ti Fe Zn Zr
Fe-Zn (Karatau) 47.02 | 1.79 1.80 7.11 | 2499 | 2.92 1.90 0.62 | 14.06 | 1.85 0.31
Fe-Zn (Kokshetau) | 51.29 | n.d. 0.24 | 13.51 | 2429 | 0.36 0.15 1.35 | 22.85 | 0.18 n.d.

Pillared clays

After pillaring treatment of clays with FeSO, and ZnCl, solutions the amount of iron in a sample ob-
tained on the Karatau Fe-Zn pillared clay was 14.06 %, and based on the Kokshetau clay was 22.85 %. The
chemical composition analysis shows that Si content is higher than other metal elements (see Table). The
amount of aluminum absorbed by Kokshetau clay is larger than by Karatau one. The Ca content for Karatau
and Kokshetau pillared clays is 1.90 % and 0.15 %, respectively. These results prove a modification of the
Fe-Zn pillared clays by hydrolysis and polymerization [9].

The spectra obtained by X-Ray Diffraction (XRD) for natural clays from Karatau and Kokshetau are
depicted in Figure 1.
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Figure 1. X-ray diffraction spectra of natural clays by EMP

Cepusa «Xumuns». Ne 4(92)/2018 57



M.S. Kalmakhanova, B.K. Massalimova et al.

Our attention was attracted by widespread and cheap mineral clays, which are traditionally used as
sorbents for various purposes. The direct use of natural clays for wastewater treatment from organic pollu-
tants is limited due to their chemical and structural features. But they are promising materials for the prepara-
tion of carriers for active metals on their basis. The mineralogical composition of Karatau clay is a repre-
sentative of polymineral clay. Clay samples were subjected to X-ray diffractometric analysis and
polymineral composition was confirmed by the appearance of the corresponding signals on the X-ray pat-
terns: montmorillonite (d = 14.73-14.56, 4. 2.54-2.60 A), muscovite (d = 2.38 A), kaolinite (d = 7.09-7.04,
2.56 A) with the formula Al,05-4Si0,-xH,0. Kokshetau clay showed the presence of kaolinite (4 = 7.18 A)
and muscovite (d = 4.45 A).

a — Karatau Fe-Zn PILC b —Kokshetau Fe-Zn PILC
Figure 2. SEM images

The surface morphologies of PILCs are shown in Figure 2. After pillaring the clay the surface of PILCs
became rough and porous. The rough surface of PILCs indicated the increase in active sites which made the
catalyst more active [10].

The catalytic oxidation of 4-NP in a diluted aqueous medium was carried out in a 250 mL well-stirred
glass reactor and thermostated at 323 K. The reactor was loaded with 100 mL of a 4-NP aqueous solution
(5.0 gxL™"), the initial pH of solution was adjusted to 3 by adding H,SO, and NaOH solutions (not buffer).
The stoichiometric quantity of hydrogen peroxide for mineralization was added. The catalyst was loaded
(2.5 g/L) after homogenization of the resulting solution, that moment being considered as to= 0 min. All ex-
periments were carried out for 24 h. Several samples were withdrawn from the medium of reaction at previ-
ously selected times to take the course of the 4-NP conversion and the appearance of the intermediate com-
pounds that were measured by high-performance liquid chromatography (HPLC). For that purpose, a Jasco
HPLC system equipped with a UV-Vis detector (UV-2075 Plus), a quaternary gradient pump (PU-2089 Plus)
for solvent delivery (1 mL min-1) and a Kromasil 100-5-C18 column (15 cm x 4.6 mm; 5 pum particle size;
reversed-phase) was employed. Total organic carbon (TOC) and H,O, were also measured during experi-
ments by using a Shimadzu TOC-L. The pillared clays modified with iron and zinc cations showed excellent
catalytic activity in the 4-NP oxidation reaction, with the best results obtained for the modified pillared clay
of the Karatau deposit after washing with an acid solution (Fig. 3).

The resulting pillared clays showed very high catalytic activity for the removal of 4-NP. 100 % oxida-
tion of 4-NP with Karatau Zn-Fe catalyst was achieved after 4 h of reaction. Kokshetau pillared clay gives
the removal of the contaminant only after 4 hours of reaction. The catalyzer of Karatau Zn-Fe showed a
higher activity. In this case, the oxidation process takes no more than 2 hours, which is also the best result in
comparison with the known analogues.
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Figure 3. Catalytic peroxide oxidation of 4-NP with Zn-Fe Karatau and Kokshetau PILCs
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Figure 4. Conversion of TOC in the removal of 4-nitrophenol by CWPO with natural and pillared clays
from Karatau and Kokshetau catalyst at 24 hours of reaction time

In the catalytic oxidation experiments, the total removal of the pollutant is reached after 8§ h when
Karatau and Kokshetau Zn-Fe pillared clays are used as a catalyst. The conversions of TOC after 24 h, with
each material, are shown in Figure 4. The high activity for mineralization of the Karatau and Kokshetau Zn-
Fe pillared clays obtained with more than 66 % TOC removal after 8 h of reaction.

Conclusions

Natural clays from the Kokshetau and Karatau regions of the Republic of Kazakhstan can be used as
catalysts in the catalytic oxidation of organic pollutants with H,O, Their catalytic activity can be increased
significantly by pillaring processes. The pillaring process of these natural clays is possible when using Fe**
and Zn®"cations, increasing the catalytic activity of the materials. The conversion of TOC (66 %) and con-
versation of 4-NP (100 %) was obtained with the Karatau Zn-Fe pillared clay. Pillared clays showed higher
catalytic activity in the oxidation of 4-NP.
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M.C. Kannmaxanosa, b.K. Macanumosa, JI.JI. lua3z ne Tyecra,
A.C. Kynaxanosa, /[.A. Kyn6aeBa, C.M. KanrapOaeBa

Kazakcranaarsl esiii MekeHaepiHaeri TAOMFU MATEPHAJIIAH AJIbIHFAH
’KaHa 0araHaJIbl ca30aIbIKTAPAbIH KOMeriMeH 4-HUTPO(eHO0IIbl bIJIFAIIbI
KATAJIUTUHKAJIBIK CYTeri aCKbIHTOTHIKIIEH TOTHIKTBIPY

Kaszakcran PecryOnukachlHbIH HeTi3ri OailbIKTapbIHBIH Oipi TabWFH pecypcrap, coHbly immiHae OHTYCTIK
sxoHe ConTycTik OHipiHaeri ap3aH jxoHe Oail TaOuru ca3baiuibikTap 0osbin TadbuTanbl. COHFBI KBULIAPHI
Kasakcranzna XuMus eHEpKaciOi KapKbIHIbI JaMblll, aFbIHIbI CyJIapAaH eHAIPIC KaJbIKTapblH Ta3apTy.IbIH
IICIIY JKOJJAPhIH KapacThlpy KaXeTTimiri 6ap. Merayur MOHAapbIMEH MOAW(GUIMPICHICH OaraHajbl KoHE
TaOUFH ca30aIIbIK HEeTi3iHaeTi KOMIO3ULIHOH/IBIK aICOPOCHTTEp SpTYpIli TXIpHOETiK aiiMaKkTapaa KoaaHy
MaHbI3IBUIBIFBI 0ap, COHBIH IIIIHIE aFbIHABI CYJIapIbl Ta3apTy, OPraHUKaJbIK J1acTaybIITapbl TOTHIKTHIPY,
JKEHIJT OpraHMKallbIK Ta3napibl ancopOuusiiay. OpraHuKanblK JIacTayblIITAPIbIH TEPEH KalWTa KypyblHa
HETIi3AeNTeH JEeCTPYKTHBTIK SMIiCTEPIiH AaMybl NEpCIIEKTHBAIBIK OAFBIT PeTiHIE KapacTHIPBUIABL. OPTYpIi
(bHU3MKa-XUMUSIIBIK PEAreHTTEPMEH aKTHBTEIICH TOTHIFY-TOTBIKCHI3[aHy PEaKUHUsIapbl KUbIH TOTHIFATHIH
OpraHMKaJbIK 3aTTapAbl TOJBIK JKOIObIHA JKOHE KAyilCi3 TOMEHMOJIEKYJaNbIK KOCBUIBICTApFa aWHalyFa
MYMKIHJIK Oepeni. By jKyMbIC aFbIHIBI Cynapibl TOTHIKTHIPY TEXHOJOTHSJIAPBIHIA KAaTajau3aTop peTiHie
KOJIIaHBUIATBIH  KbIMOAT emec OaraHaibl  ca30aNIIbIKTapAbl CHHTE3/CY YVIIIH ajblHFaH TaOUFH
caz0amubIKTapAsl 3eprreyre OarbiTTanraH. Zn/Fe kaTHoHZapbIMeH MOIU(MHULMPICHIeH Cca30ailibIKTap
KazakcraHHBIH el MeKeHIepAeri TabuFy ca30aIbIKTapiaH CHHTE3/IEIII )KOHEe KaTall3aTop PETiHAe CyTeri
ACKbIH TOTBHIFBI KATBICBIHAA 4-HUTPO(EHONIbIH KaTaMTHUKAIBIK Oencenainiri Tekcepinin, 398 K kepcerki-
miage 4-autpodenonnsiy, H,O, koHe Kammbl OpraHMKAJIBIK KOMIPTEK KOHBepCHsCH enmeHni. Zn-Fe
Kapatay xone Kexmeray Oaranamsl caz0anmmbIKTapbiMeH 4-HuTpodeHon merpamamms tuimairri 100 %
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Goblin, 5 I/ KOHLIEHTpauusAchl OolibiHIIa 2 car apanbiFbiHaa Zn—Fe Kaparay Garanains! caz6amubirbl 66 %
Kbl OPraHUKAJIbIK KOMIPTEK HOTHXKECIH KYPABI.

Kinm co30ep: Taburu caz0aniblK, OaraHaibl ca30alIbIK, KaTATUTHKAIBIK TOTBIFY, 4-HUTPO(EHOI, aFbIHIIbI
cy, TOC, CWPO, nerpananus.

M.C. Kannmaxanosa, b.K. Macanumosa, JI.JI. lua3 ne Tyecra,
A.C. Kynaxanosa, /[.A. Kyn6aesa, C.M. KanrapOaeBa

KaTaanTuyeckoe MOKpoe nepokcuHoe OKucjaeHue 4-HuTpodeHona
€ HOBBIMH CTOJIOYATHIMH INIMHAMHU, NOJYYEHHBIMH U3 IPUPOJHOI0 MaTepHuaJa,
A00BITOr0 HA MecTOpo:xaeHnsix Kazaxcrana

IIpuponusie pecypcsl SBISIOTCS OJXHUM N3 OCHOBHBIX OoratcTB Pecryommkn Kasaxcran, B ToMm uncie Oora-
Thle U JeleBble npupoaHble rauHbl B FOxHOM 1 CeBepHOM peruoHax CTpaHbl. XMMUYECKasl IPOMBIIIICH-
HocTh Ka3zaxcTaHa B mocienHue rojsl ObICTPO pa3BUBAETCA, U CYIIECTBYET HACTOSTENbHAS HEOOXOAUMOCTD
HaWTH peIeHUs! JJIsl OUUCTKH CTOYHBIX BoA. KoMmo3uionHble aicoOpOEHTHI HA OCHOBE NMPUPOJIHBIX U CTOJIO-
YaThIX TJIMH, MOJU(UIUPOBAHHBIX MOHAMH METAIJIOB, UMEIOT 3HAYUTEIbHBIE NMEPCIEKTUBBI IS MPAaKTHUE-
CKOT'O HCIIOJb30BAaHHS B PA3IUYHBIX 00JNACTSIX, TAKUX KAK OYMCTKA CTOYHBIX BOJ, OKUCIEHHE OPraHUIEeCKHX
3arpsisHATEINEH, acopOLus JTETKUX OPraHNYeCKUX Tra3oB. Pa3paboTka IecTpyKTHBHBIX METO/IOB, OCHOBAaHHBIX
Ha NIyOOKUX NPEBPaICHUSIX OPraHMYeCKUX 3arps3HUTENeH, pacCMOTpeHa Kak IePCIeKTHBHOE HalpaBJICHHE.
OKHCIINTENFHO-BOCCTAHOBHUTEIIBHBIE PEAKINH, aKTHBUPYEMbIe Pa3IMIHBIMH (DPU3UKO-XHUMHUYECKUMHU pearcH-
TaMu, TTO3BOJISIIOT 00ECTICUUTH MOIHOE pa3pylIeHHe TPYIHO OKHCISIEMBIX OPTaHUYECKHX BEIIECTB U IpeBpa-
eHre uX B Oe30MacHbIe HU3KOMOJIEKYIISIPHbIE COeAMHEHHs. JTa paboTa HampapieHa Ha U3y4EHUE HMPHPOA-
HBIX TJIMH B CHHTE3€ HEJOPOTUX CTOJI0YATHIX INIMH, KOTOPbIe OyIyT UCIOIb30BaThCS B KAUECTBE KaTalIH3aTO-
POB B TEXHOJIOTUAX OKUCJICHUS JJI OYUCTKH CTOYHBIX BOJ. MoaMHIMPOBaHHbIE TIIMHBI C KaTHOHaMH Zn-Fe
ObIIIM CHHTE3MPOBAHBI U3 MPUPOJHBIX INIMH MecToposxkaAeHnil KasaxcTaHna n nccienoBaHsl Kak KaTalau3aTopbl
TIPU KAaTaJUTHIECKOM OKHCIEHHU 4-HUTpo(eHoNa ¢ MEepOKCHIOM BOJOpPOJa, IOCIE 4ero OBUIM M3MEpEHBI
xoHBepcus 4-uutpodenona, H,O, u obmuii opranuueckuii yriepon npu 398 K. DddexruBrocTs nerpana-
1 4-auTpodenona cocraBmwia 100 % co cronbuarsivu riauHaMu Zn-Fe Kaparay u Kokmeray, a o6t op-
TaHM4YeCKUH yriaepox — 66 % co cromduaToii riauHoit Zn-Fe Kaparay npu koHIeHTpamuu 5 1/11 1 TeMmepa-
Type 50 °C npu UIMTEIBHOCTH Ipoliecca 2 4.

Kniouesvie cnoea: TMpUpOIHBIE TIHHBI, CTONOYATHIC TJIMHBI, KaTATUTHYECKOE OKHUCIeHHE, 4-HUTpOdEeHO,
ctounsle Bogpl, TOC, CWPO, nerpamarus.
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Influence of coal heat treatment parameters
on physical-chemical properties of smokeless fuel

A series of experiments on coking long-flame coals by high-speed thermooxidative pyrolysis was carried out
as a part of smokeless fuel technology development from domestic energy coals. The objective of experi-
ments was to determine the influence of basic technological parameters of the coking process (heating rate,
coking temperature) on the final physical-chemical properties of the semi-coke, which is an initial material
for briquetted smokeless fuel manufacture. The experiments were carried out in a Tamman resistance furnace
at 600—1100 °C imitating the coking process in industrial shaft furnace. The rate of heating and the final tem-
perature of coking were found the most important control factors ensuring the production of lump coke with
sufficient strength. In the mentioned temperature interval, the reactivity of semi-coke changes by a compli-
cated pattern varying from 3.5 to 9.7 ml/g's. Along with coking temperature and heating rate, the structural
strength of semi-coke grows monotonically, reaching 80 % at heating rate of 90 degrees per minute and a
temperature of 1100 °C. Thus, the results of this work allow us to conclude that the most rational temperature
range for smokeless fuel production by means of high-speed pyrolysis of young high-volatile coal is found
within 600-700 °C (the temperature interval of semi-coking). To ensure sufficient structural strength of semi-
coke the rate of coal heating should be at least 30 °C/min. A highly active material with a reactivity of over
9 ml/g's and a sufficiently high strength and a residual volatiles content of about 8—11 % can be obtained us-
ing this method.

Keywords: smokeless fuel, thermo-oxidative pyrolysis, energy coals, semi-coke, coking temperature, struc-
tural strength, reactivity, volatile substances.

Long flame coal from the Shubarkol coal field was used as a raw material for smokeless fuel making.
Shubarkol deposit with overall reserves of over 1.8 billion tons [1, 2] is located in Tengiz area of Karaganda
region. The coal is related to long flame (free-burning) coal type, is petrographically homogeneous and
vitrinized. By reflectance, the coal is related to grade D (candle type) [3]. Coals are low-ash, low-sulfur with
low phosphorus content, easy and medium-enriching. The content of vitrinite is over 80 % of the organic
mass. The reflection is 0.6 %. The quality of coals according to exploration data is as follows: WP — 15 %;
A% — 5515 %; V' — 40 %; S 0.5 %; C* — 76 %; H¥ — 5.5 %; Q,*' — 26 MJ/kg; QF — 22 MJ/kg. It
can be seen that for Shubarkol coal has distinctively low ash content. In separate parts of the coal bed, the
ash level has extreme values of 1.4 and 31.0 %. At the same time, the bulk of coal contains 6.0 % ash and
below.

The method of high-speed thermooxidizing coking was used to obtain durable lump material from
sieved Shubarkol coal based on the rapid heating of coal particles by heat released during the combustion of
volatile products of thermal destruction [4—6]. In this process, the formation of the coke structure goes
through a series of reactions of coal matter decomposition and the synthesis of new compounds with the
formation of semi-coke. Further transformations of the latter lead to the formation of a carburized coke mate-
rial [7].

To simulate coal heating conditions of high-speed thermooxidizing coking, we used the Tamman re-
sistance furnace, into which a crucible of heat-resistant steel with a coal sample inside was introduced. The
crucible has high walls to provide access of air oxygen into the reaction zone. The electric supply of the
heater is provided by a power transformer of 80 kVA with thyristor regulation of voltage and current, which
allows maintaining the set temperature with an accuracy of 10 °C. A portion of the coal charge was prepared
from the 10-20 mm Shubarkol coal. The temperature in the furnace and in the coal layer was constantly
measured during the experiment. After the experiment, the residue was weighted to determine the mass loss.

The studies were carried out at a strictly fixed temperature, which was varied from 600 to 1100 °C with
the interval of 100 °C. A sample of coal in a heat-resistant steel reactor was loaded into a preheated furnace.
During the experiment, a continuous measurement of the temperature in the coal bed was made and, after
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reaching a predetermined level of heating, an exposure was held for 5 minutes. After that, the reactor was
removed from the furnace and cooled in a sealed container to room temperature. The coking gas evolved in
the process of pyrolysis was burned down outside the furnace.

In order to eliminate the influence of heat loss by moisture evaporation, the beginning of recording the
temperature in the layer is attributed to the dry state of the material. The zero test time corresponds to coal
sample temperature of 180-250 °C, at which point the physical moisture is completely removed from the
sample (Fig. 1).
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Figure 1. Dynamics of temperature changes in the coal layer at various initial temperatures in the furnace

The influence of temperature and coal heating rate on the structure and properties of the coking product
was studied experimentally. The process of high-speed pyrolysis of coal was imitated by pre-heating the fur-
nace to certain degree, which allowed heating the coal samples with varying temperature gradients [8]. The
dynamics of the temperature change in the coal layer is shown in Figure 1 as a function of time and the initial
temperature level in the furnace.

The data in Figure 1 show that in the temperature range of 320-540 °C corresponding to coal matter de-
struction processes the rate of coal heating depends on the preset temperature gradient and amounts to 29.4—
90.9 degrees per min (Fig. 2), which is sufficient for the formation of a stable structure of the coke residue
(semi-coke).

heating rate , ®/min

1] 200 400 600 800 1000
temperature gradient At, °C

Figure 2. Effect of the temperature gradient on the coal heating rate
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Table represents the data on the heating rate and the numerical values of coal mass loss and the results
of the proximate analysis of semi-coke samples obtained in interval of 600—1100 °C and heating rates of
29.4-90.9 degrees per minute.

Table
Parameters of high-speed coking process and proximate composition of semi-coke

- — 5
Temperature, °C | Heating rate, °/min Mass loss, % /I\’Cr oximate compom;l]odn of the product, \f;r
600 2941 42.5 3.01 11.02 2.76
700 35.7 47.0 3.23 7.74 3.54
800 45.45 47.8 3.48 3.22 4.17
900 53.57 50.3 3.61 3.04 431
1000 65.22 51.0 3.80 2.86 3.16
1100 90.90 49.8 3.95 0.45 3.37

As we can see, the residual amount of volatiles in the semi-coke (see Table) is in full compliance with
coal mass loss (Fig. 3). It can be seen that the most intensive loss of coal mass is observed at low tempera-
tures of 600—800 °C where the greatest decrease of volatiles level takes place. The level of volatile substanc-
es stabilizes after 800 °C and varies insignificantly from 3.22 to 2.86 % up to 1000 °C. It is only above
1100 °C, that the volatiles level sharply decreases, reaching 0.45 %. At a temperature of 950—1000 °C the
structure of the semi-coke begins to decompose with the release of heavy resins containing hydrogen.

Evaluation of structural strength and reactivity of semi-coke samples obtained at different heating rate
and temperature was carried out in accordance with State Standards, namely, «State Standard 9521-74» and
«State Standard 10089-89». Evaluation results are shown in the Figure 4. The structural strength of the semi-
coke is minimal (no more than 50 %) in the low temperature range of 600—700 °C and at a heating rate below
40 degrees per min. The most noticeable increase in the structural strength occurs in the interval of 700—
800 °C and the heating rate range of 40—60 degrees per minute, where structural strength reaches 72 %.

Am, % V. %
55 A F 12

50 -

45 4

40

35

500 600 700 800 900 1000 1100
temperature, °C

Figure 3. Dependence of mass loss (Am) and residual volatiles level (V) from the coking temperature

The monotonous growth of the structural strength up to 80 % is observed at a heating rate of 90° de-
grees per minute and a temperature of 1100 °C. The rate of heating and the final temperature of coking are,
therefore, the most important control factors ensuring the production of lump coke with sufficient strength,
as follows from the experimental data.

64 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Influence of coal heat treatment parameters ...

coking temperature, ° C

600 700 800 900 1000 1100

90 . . . . 13

1

80 - L 10
z =
= Ba
B 70 1 L s &
= 2 -
o =
}: r.?l
wm -
i
= B
B2 60 4 -6 =
] 1 ]
= p -
i w
=
wm

3
50 - \ -4
40 ' ; ' x 2
20 40 60 80 100 120

heating rate, © C / min

Figure 4. Influence of heating rate (1) and temperature (2) on structural strength
and temperature (3) on the reactivity of semi-coke

It follows from the data in Figure 4 that the level of reactivity of semi-coke varies within 3.5-9.7 ml/g's
in the investigated temperature range, and, while the coking temperature grows monotonically, the reactivity
variation follows more complicated pattern. Semi-coke has greatest reactivity, which reaches 9.7 ml/g-s, at
600-700 °C. Growth of coking temperature from 600 to 700 °C has very slight influence on overall reactivi-
ty. However, the latter sharply decreases to 3.5 ml/g's in the interval of 700-800 °C and remains practically
unchanged up to 900 °C, after which point it begins to increase faster to reach 5.6 ml/g-s at 1100 °C.

Conclusion

Thus, the results of this work allow us to conclude that the most rational temperature range for smoke-
less fuel production by means of high-speed pyrolysis of young high-volatile coal is found within 600—
700 °C (the temperature interval of semi-coking). The production of the most reactive material, with a suffi-
ciently high strength and a residual volatile content of about 8—11 %, is ensured under these conditions. This
semi-coke considering its basic physical-chemical and technological properties can be proposed as a high-
quality intermediate material for further production of smokeless fuel.

The work was performed within the program-purpose financing O. 0787 Project for 2018—2020. «De-
velopment of smokeless fuel production technology and creation of an experimental coal coking planty.
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Kemipai TepMUSJIBIK 6H/IEY PesKMMIEPiHIH TYTIHCI3 OTHIHHBIH
(pu3nKa-XUMHSJIBIK KacHeTTepiHe dcepiH 3epTTey

OTaHIbIK DHEPreTUKAIBIK KOMIPJACPICH TYTIHCI3 OTBIHIBI OHIIPY TEXHOJOTHSUIBIH jKacay IIapachlHaa
JKOFaphbl KbUIAAMIBIKTHl TEPMOTOTHIKTHIPFBII ITHPOJIM3 TOCUIIMEH Y3bIH JKAIBIHIBI KOMipJIepai KoKcTay
GoiipIHIIA 3epTTey JKYMbICTaphl XKyprizingi. Kokcray mpoueciHiH Herisri TeXHOIOTHSUIIBIK, MapaMeTpliepiHiy
(KbI3IBIPY KBUIAAMIBIFBI, KOKCTAy TEMIIEPaTypachl) )KapTbllail KOKCTHIH — OPEKEeTTENreH TYTIHCI3 OTBIHABI
aIlyFa apHaJIFaH 0acTanKbl MaTePUAJIIBIH COHFBI (PM3MKa-XUMHUSUIBIK KAaCHETTepiHe acepi OpHATHUIABL. 3epTTey
OHIPICTIK MIaxTajbl MemTeperi keMipai Kokcray mporecrepin kenrtiperin, 600-1100 °C Temnepatypana
Tammana xeneprimi memriHge >Kypri3inmi. 3epTTey MoONIMETTEpiHIH Tajjaybl KOKCTayABIH KBI3ABIPY
JKBUIIAM/IBIFB] JKOHE COHFBI JKBUIIAMJIBIFBI KECEKTI jkoHe Oepik j>kapThUlall KOKCTHI ayblHAa BIKIAN €TeTiH
AHBIKTAFBIII HeTi3ri (akTop OoubIN ecenTelieli. 3epTTeNreH TeMIIepaTypa apabiFblHIA JKapThUlai KOKCTHIH
peakIMsUIbIK KabijeTi Kypaesni 3aHabUIbIK OoifblHIIA e3reperdi oHe 3,5-9,7 Mir/r'c IaMachkl apaibiFbIHAA
aybITKUIbL. KbI3IBIPY OKbUINAMIBIFBIH JKOHE TEMIIEPAaTypachlH JKOFapbUIaTy OapbIChIHAA  KbI3IBIPY
temneparypackl 90 rpag/muH sxoHe Temmeparypackl 1100 °C kesinne 80 % xeTeTiH kapThulail KOKCTBIH
MOHOTOH/bI KYPBUIBIMIBUIBIK 6Cyi Oaiikanaapl. 3epTrey wmiemimi OGoiblHIIA GAacTamKbl YIIKBIII 3aTTap/AblH
JKOFaphl MOJIIEpiHe e jKac KOMipJep/ieH KOFaphl JKbUIJaMABIKTEl MHPOJIN3 TOCUTIMEH ajbIHATHIH TYTIHCI3
OTBIHJIBI TEPMISIIBIK oHey Temreparypacsl 600-700 °C (kapTbutail KOKCTay JKOHE >KapThUIall KOKCTHI ary
TeMIepaTypachl HHTEPBaJbl) HEFYpPJIBIM YTBIMIABI Oosbim  kemexi. JKapTeurail KOKCTBIH  OKETKINIKTI
KYPBUIBIMIBIK OEpIKTIriH KaMTaMachl3 €Ty YIIiH KeMipAi KeI3AbIpy >KeuiaaMasirsl 30 °C/MuH keM Gonmaysl
kepek. ByHbIH e3iHIe KOFapbl OeNCeH/i MaTepHall, peakHsUIbIK KadizeTi 9 Mi/T'Cc KeM eMec, JKeTKUTIKTI
OepiKTiKKe Me JKoHe KalJbIK YIIKBIII 3aTTap Meutuepi 8—11 % 0onaTbiH aiy KaMTaMachl3 eTijesi.

Kinm ceo30ep: TYTIHCI3 OTBIH, TEPMOTOTHIKTBIPFBIII MHPOJIN3, JHEPreTHKANBIK KOMIp, JKapThuiail KOKC,
KOKCTay TeMIePaTypachl, KYpPbUIBIMIBIK OCPIKTIK, peakiusaFra KaOieTTIIiK, YIIKBIII 3aTTap UIBIFbIHBL

C.B. Kum, , O.P. Capues, C.X. KynapuHos,

O.A. borosBnenckas, A.C. Opinos, B.B. Opinosa, A.B. )Knanos

Biausinue pe:kuMoB TepM0OOOPaOdOTKH YIJisi
Ha PU3UKO-XMMHUYeCKHe CBOHCTBA 0€31bIMHOI0 TOILIUBA

B pamkax co3maHusi TEXHONOTHU MPOU3BOACTBA OE3[BIMHOTO TOIUIMBA U3 OTEUECTBEHHBIX 3HEPTETHYECKHX
yTIIel mpoBeieHa cepHs HKCIIEPUMEHTOB M0 KOKCOBAHUIO JUTMHHOIUIAMEHHBIX YTl METOI0M BBICOKOCKOPO-
CTHOTO TE€PMOOKHCIHUTEIBHOTO MUPONN3a. Y CTaHOBJICHO BIMSHUE OCHOBHBIX TEXHOJIOTMYECKHX MapaMeTpoB
npolecca KOKCOBaHUsI (CKOPOCTH HarpeBa, TEMIIEPAaTypbl KOKCOBAHMS) Ha KOHEUHbIE (HH3MKO-XHMUUCCKHE
CBOIfCTBA MOJYKOKCa — HCXOJHOTO MaTepHala Ui HOJydeHHs OpUKETHPOBAaHHOTO OE€3BIMHOTO TOILIHBA.
OmnbITHl NPOBOAWIM B IIe4H conpoTuBiaeHus Tammana npu temneparype 600-1100 °C B ycinoBusx, UMHUTU-
PYIOIIUX MPOLECC KOKCOBAHMS yIVIA B IPOMBIIIICHHON IIAXTHOM Ieyd. AHAIU3 3KCICPUMEHTAIbHBIX JaH-
HBIX yKa3blBaeT Ha TO, YTO CKOPOCTb HAarpeBa M KOHEYHAs TEMIIEpaTypa KOKCOBAHUS SABIIIOTCS OIPEACIIA0-
UMK, HanOoJee BaXKHBIMU (DAaKTOpPaMH, BIHMSIONIMMM Ha MOJIyYCHHE KYCKOBOI'O M IIPOYHOIO IOJYKOKCa.
B nccnenoBanHOM 1uana3oHe TEMIEPATYpP BENUUHHA PEAKIIMOHHON CIOCOOHOCTH MOTYKOKCA U3MEHSETCS 110
CJIOXKHOU 3aKOHOMEPHOCTH U KoJjtebneTcst B npenenax 3,5-9,7 miu/r-c. [lpu HOBBILICHUH TEMIEPATYPhI U CKO-
pocTu HarpeBa HaOMIOAAETCS] MOHOTOHHBIH POCT CTPYKTYPHOH MPOYHOCTH MOTyKOKca, pocTturaromei 80 %
npu ckopoctu HarpeBa 90 rpag/mun u temmeparype 1100 °C. Io pesymbraTam HCCIeIOBaHUN OHpENENCHO,
YTO JUIs OE3BIMHOTO TOILIMBA, ITOJYIaeMOI0 METOJIOM BBICOKOCKOPOCTHOTO IMHPOJIN3a U3 MOJIOABIX yriei ¢
BBICOKM HCXOAHBIM COJEPXKaHUEM JIETyYHX BEIIEeCTB, TeMIepaTypa tepmoodpadotku 600-700 °C (Temmepa-
TYpHBIIl MHTEpBall INOJTYKOKCOBAaHMS M IIOMYYEHHS IIOJYKOKca) sIBIsleTcss Hambosee paruoHanbHOM. s
obecriedeHns1 JOCTaTOUHOH CTPYKTYpPHON HMPOYHOCTH MOTYKOKCAa CKOPOCTh HAarpeBa yIuisl AOJDKHA OBITH HE
menee 30 °C/mun. IIpu 3TOM obecrieyrBaeTcs MOJyueHHE BRICOKOAKTHBHOTO MaTepuaia ¢ peakiHOHHOMN CIIo-
COOHOCTBIO HE MeHee 9 MiI/T-C, ¢ JOCTaTOYHO BBICOKOH IPOYHOCTHIO M COJEPIKAHMEM OCTATOYHBIX JIETYYHX
BelecTB okoio 8—11 %.

Knrouegovie crosa: 6e3Z[I)IMHOC TOILIXBO, TepMOOKI/ICIII/ITeIIbeIfl NMUPOJIU3, SHEPICTUYCCKUEC YTJIHU, ITOJYKOKC,
TEMIIEpaTypa KOKCOBaHUA, CTPYKTYpHas MPOYHOCTDb, pCaKIINOHHAsL CHOCO6HOCTB, BBIXO/J JICTYYHX BCIICCTB.
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Comparison of the chemical flood recovery efficiency
via experimental studies on the Pre-Caspian Basin core samples

This article examines the polymer and ASP flooding effects on the X field. Experimental studies were carried
out on core material from heavy oil to compare the effectiveness of these methods. Core data as a sampling
depth, porosity, permeability and core volume, as well as properties of reservoir oil and water were deter-
mined before filtration tests. At early stage of the study, an optimum composition of alkali-surfactant system
for combined flooding has selected. At the second stage, type of the polymer and its optimum concentration
has been determined, both for the polymer and for the ASP flooding methods. The one-concentration values
have been used for a comparative analysis of the both flooding methods. At the final stage, the filtration tests
have been performed on the PLS-200 unit for the comparative evaluation of polymer or ASP flooding effi-
ciency. The studies represent increased displacement coefficient through both recovery methods. For this
field, the maximum total displacement coefficient with a value of 0.68 unit fraction is achieved when a solu-
tion of both the polymer and the polymer in combination with surfactant and alkali solutions affect. However,
the maximum displacement with coefficient 0.19 has been achieved by the ASP method.

Keywords: core samples, polymer flooding, ASP flooding, heavy oil, surfactant, alkali, concentration, dis-
placement coefficient.

Introduction

Nowadays the hydrocarbon resource can be characterized by a significant increase in hard-to-recover
heavy oil reserves. The Pre-Caspian Basin remained highly concentrated on reserves of heavy oil and natural
bitumen; there is an increasing tendency due to the depletion of light fraction. The yields are currently low;
the water breakthroughs are more rapid in more permeable layers and inter-layers, the field development be-
comes less profitable.

Oil reserves of such fields can be recovered with the use of tertiary recovery, for example, chemical
flooding method. These methods are not an innovation and have used around the world for more than
30 years. However, due to the development of technology and chemical industry, oil companies again turned
their attention to chemical methods. The main Chemical Enhanced Oil Recovery (EOR) includes technolo-
gies based on injection of surfactants, alkalis, gel and sedimentation reagents, and polymer solutions [1, 2].
Such flooding methods are widely used in countries such as Russia and China. For example, 80 % of applied
tertiary methods refer specifically to chemical EOR in Russia [3]. Also, there are successful examples of
polymer flooding in the Daqing and Shenglioil fields in China, where in 2004, oil production increased to
14 % due to the polymer injection and increased to 25 % due to surfactant / alkali / polymer injection [4].

It was agreed to carry out a laboratory test at one of the local oilfields based on such successful chemi-
cal methods abroad. The polymer and polymer / surfactant/ alkali systems are the most acceptable in order to
remove highly water cut heavy oil. The polymer greatly influences the water viscosity, because of which the
solution mobility ratio was reduced and displacement efficiency was increased [5, 6]. The use of water-
soluble polymers allows improving the front of oil/water displacement, to extent the water-free operation,
which as a result contributes to the increased oil recovery [7, 8]. The combination includes surfactant solu-
tions to reduce the interfacial tension between oil and water, which leads to improved rheological and filtra-
tion properties of the oil and microemulsions stabilized by surfactants.

In many websites and articles, both a polymer and ASP flooding methods are applied at various fields
with theoretical justification, the field and experimental data [9—15]. Based on the review results, both meth-
ods have demonstrated good oil displacement properties, suitable for heavy oil located at the West Kazakh-
stan field. Therefore, in order to identify an effective flooding method, the laboratory tests have been carried
out on core samples from Pre-Caspian Basin. When selecting test samples, factors such as reservoir type,
average porosity and the permeability, reservoir temperature and water salinity have been taken into account
[16]. Based on the above, the laboratory tests have been carried out on X field chosen as comparative study
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for heavy oil displacement and identification of an effective method. Data on core samples from his field is
presented in Table 3 and the parameters of the reservoir water are presented in Table 1.

Experimental

Experience with late stage development project has shown the high water cut and high level of viscosi-
ty. The field has several productive horizons, which has represented by sandy siltstone with the medium- and
high-permeable layers having average porosity of 34 %. The net pay thickness reaches up to 10 meters and
has a reservoir temperature of about 24-30 °C, which are acceptable indicators for polymer flooding.

Cretaceous deposits were selected for the study; core samples with a diameter of 3.8 cm and 5.8 cm
have been used. The studies were carried out on four core models with porosity about 33 %. To determine
the effect of permeability the cores were selected varying within the range of 400-2300 mD. Core sampling
was made manually with subsequent laying out. Upon selection, all samples have been sent for the extraction
from mineral oils, water and salts [17, 18]. After core preparation, the next step was to prepare oil and reser-
voir water. Oil sample was selected manually from the field; water was prepared under laboratory conditions.
The reservoir water was prepared based on its chemical composition using the salt types specified in Table 2
[19].

Table 1
Reservoir water parameters (initial data)
. Ion content (mg/L)
Horizon HCO,' Br Cl Na+K' Ca" Mg"
M-I 268.0 8.22 71672.0 41069.0 2405.0 1459.0
Table 2
Necessary salt amounts to create reservoir water
M-II
No. Salts o/l
1 |Sodium bicarbonate (NaHCO;) 0.369
2 |Sodium bromide (NaBr) 0.011
3 |Magnesium chloride (MgCl,-6H,0) 12.204
4 |Calcium chloride (CaCl,) 6.660
5 |Sodium chloride (NaCl) 78.047
6 |Potassium chloride (KCI) 19.571
Total mineralization 116.861

The next step was the selection of the surfactant / alkali / polymer systems. The lauryl sulfate was used
as a surfactant; the sodium hydroxide was used as an alkali. These reagents were prepared in the reservoir
waters in the desired concentrations and mixed until complete dissolution has occurred. A phase behavior
study of the surfactants and alkali at the oil/water interface was made for the selection of a suitable ASP so-
lution. The following factors have been taken into account for selecting the most suitable polymer for this
field:

— high water solubility;

— high viscosity at a given concentration;

— emulsion stability;

— economic parameters.

Based on the above characteristics a FloPaam 5205 VHM polymer having a concentration of 2500 ppm
has been selected for the study. Then the main experiment has implemented on the filtration unit. PLS-200
system with four hydrostatic core holders was used for filtration tests. Core samples have been initially satu-
rated with water, and then inserted into the hydrostatic core holders of the equipment [20].

The saturation process of the water samples was performed on an automatic saturator (AST-600), which
allows selecting the time of air extraction and saturation pressure in an automated manner for fast and com-
plete saturation of the core samples. The studies were carried out on four core samples. The filtration tests
were carried out using two-cylinder high-pressure syringe pumps and piston displacement cylindrical tanks
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for the supply of reservoir water and polymer solutions. All experimental studies were carried out at the lack
of back pressure, since the liquid volumes were calculated by the method of material balance. The experi-
ment was carried out in the following sequence:

1. Samples were saturated 100 % with water, which then was displaced by oil to create reservoir condi-
tions.

2. The stage of water/oil displacement was carried out to determine the displacement coefficient. In this
regard, measuring tubes were installed at the core holder outlet to count the recovered oil. The water/oil dis-
placement coefficient was determined by the ratio of the displaced oil ¥, to the initial oil volume and was
calculated by the following formula:

V.

init o

3. After the injection of 6—8 pore volume and bringing the water cut to the 95-99 %, a selected alkali /
surfactant system was injected at a 1-1.5 of the pore volume (only for ASP flooding).

4. Then 2500 ppm polymer solution was injected. Polymer injection continued until the water cut
reached 99 % when the pressure was stable.

Results and discussion

Filtration studies on the effectiveness of polymer systems (polymer and ASP flooding) were carried out
on four core samples. Table 3 represents the investigation data indicating the sampling intervals and the typi-
cal parameters.

Table 3
Core samples and results
Name | Value
Core data
Model number No.1 No.2 No.3 No.4
Depth, m 258.75 258.75 258.85 260.8
Diameter, cm 3.82 3.83 3.81 3.8
Cross section area, cm’ 11.47 11.52 11.42 11.34
Pore volume, cm’ 24.69 24.68 21.58 27.05
Air permeability, mD 724.1 1460 393.5 2370
Porosity, % 37.27 36.76 32.87 37.27
Experiment data
Flooding method ASP | Polymer
Temperature, °C 20
Oil viscosity in the experiment, mPa-s 407.4
Water viscosity in the experiment, mPa-s 1.05
Polymer concentration, ppm 2500
Alkali/Surfactant concentration, gram 0.02/0.6 | 0.02/0.8 | 0 | 0
Experiment results

D1§placement coefficient in water injection, 051 049 0412 0.58
unit fraction
Re.s1dua1 .011 saturation after water injection, 0265 0315 0.476 0.343
unit fraction
D1§placement coefficient in polymer injection, 0.60 068 051 068
unit fraction
Re.s1dua1 .011 saturation after polymer injection, 022 020 0416 0275
unit fraction

For the filtration studies on ASP flooding it was necessary to predict the phase behavior of all the in-
jected liquids. For this purpose, the different alkali/surfactant solutions were prepared in the reservoir water.
According to the experiment the following results were achieved:

— the surfactant concentration of 0.02 % reacts without sedimentation,

—the alkali concentration of 0.6 % and 0.8 % demonstrates the low sedimentation at the Cretaceous

horizon. Therefore, the following concentrations were chosen for filtration studies:
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a) 0.02/0.6;

b) 0.02/0.8.
Surfactants and alkalis should not be used for polymer flooding. The results of the filtration studies are
shown in Figure 1.
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volume of injected fluids in pore volumes

Figure 1. The values of displacements at a polymer and an ASP flooding method

In the Figure above, models 1 and 2 are related to ASP flooding method. Oil displacement by water in-
jection reaches 0.51 unit fraction for the first model and is 0.49 unit fraction for the second model. Then re-
mained oil is displaced by surfactants / alkali solutions, which gave absolutely different results for the both
model. For example, the first model, which has a surfactant concentration of 0.02 and alkali concentration of
0.6, does not provide additional extraction. However, an increase in alkali concentration to 0.8 for the second
model showed an increase in displacement coefficient for 5 %. Models 3 and 4 demonstrate only polymer
flooding, where oil initially displaced by reservoir water then by polymer solution. Based on the results of all
four models, a polymer flooding has shown the low displacement equal to 0.51 unit fraction, and both poly-
mer and an ASP flooding have shown the maximum displacement equal to 0.68 unit fraction. In addition,
there were signs of increase in displacement coefficient when increase the permeability. The relationship be-
tween the displacement coefficient and permeability has shown in Figure 2.
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Figure 2. Dependence of displacement coefficient on core sample permeability
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Conclusion

The following results have been obtained during the experimental studies. Firstly, when choosing a sur-
factant/alkali system, it is not enough to study only the phase behavior of polymer solution at the oil/water
interfaces; the key element to achieve the effectiveness of solutions is to carry out filtration tests. Secondly,
filtration tests with polymer concentration 2500 ppm have shown an equally high displacement coefficient
for both flooding methods. However, this value of 0.68 unit fraction was achieved by polymer and water in-
jection. To obtain more accurate data on the effect of chemicals, the displacement coefficient was calculated
only for injected solutions without effect of water displacement and study showed the following results:

a) for model 1, the displacement coefficient increases by 9 % for polymer flooding; there is no dis-
placement due to combined surfactant/alkali flooding;

b) for model 2, the displacement coefficient increases by 5 % in surfactant and alkali injections and in-
creases by 14 % in polymer flooding and showed 19 % increase due to the chemical flooding;

¢) for models 3 and 4, the displacement coefficient increases by 10 % in polymer flooding.

Based on these results, the maximum incremental production of 19 % has achieved only with ASP
flooding. Undoubtedly, the oil/water displacement also depends on the permeability, which has shown in
Figure 2. However, the incremental production for the first core model reached 9—10 % at a lower permeabil-
ity of 724 mD within ASP flooding and at a higher permeability of 2370 mD within polymer flooding. This
is another proof of effectiveness of the ASP flooding method. The laboratory results prove that an ASP
flooding is more developed and effective oil recovery method compared to polymer flooding.
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A K. Haykenosa, XX.b. Kyatos, b.E. bex6ayos, P.b. Mep0aeB

MyHaii Oepyai apTTBIPY/ABIH XUMHMAJIBIK dlicTePiHiH THIMAITITIH
Kacnuii MaHbI 0finaThl Tay *KbIHBIC YJTiIepiHIe IKCIIePUMEHTTIK
3epTTeyJepai KYPrizy apKbLibl CAJIBICTBIPY

Makasnana Gpu3rKa-XxuMHUSIIBIK icTepMeH X KeH OpbIHbIH/IA KOWHAY KaTKa ocep eTyJIe HOJIMMEpIIi kKoHe apa-
Jac Cy TOFBITYIObl KOJIaHy KapacThIpbliabl. OChbl OIicTEepAiH THIMAUINH CaJbICTBHIPY MaKCaThIHIA
TYTKBIPIBIFBl JKOFapbl MYHAWJIBl KEpH YICUIepiHAe SKCICPUMEHTANIBl 3epTTeyiep kyprizingi. KepH
JIEpEKTepi: KepH/i IpIKTey MHTEPBAIbI, KEPHHIH KCYEKTLIIr, OTIMIUTIIT jXKOHE KeJIeMi, COHai-aK KabaTThIK
MyHail MEH CyJABIH KacuerTepi (GHIbTPAlMSUIBIK 3epTTeyJep OTKi3iIreHre NeWiH aHBIKTAIAbl. 3epTTeymiH
OipiHini Ke3eHiHZe apanac Cy TOFbITy yiIiH BA3 joHe cinTi epiTiHALIepiHIH OHTAWIbl apakaThIHACHI
TaHanbl. EKiHII Ke3eHIe MOJUMMEpIiK JKOHE apanac omicTep YIUiH HOJMMEpAiH TYpi TaHAAIABI jKoHE
OHTAHJIbl KOHLEHTPAUMACH aHbIKTaNIbl. Cy TOFBITYIBIH €Ki TOCUIIH CalbICTBIpMajbl Tajjgay YIIiH
KOHIICHTPAMSICHIHBIH Oip MoHIH mainanaHy memingi. KopsITEIHIBI Ke3eHae MOIUMEepIlK JKoHe apanac cy
TOFBITY OMICTEpIHIH THIMIUINH CalbICTHIPMaNbl Oaranay YINiH (QUIBTpamsuibK 3eprreyiaep PLS-200
KOHJBIPFBICBIHAA OpbIHAANABL. JKyprisinren 3eprreynep HOTHKECIHIE aHBIKTAIFaHAAM, OCHI €Ki SMiCIeH
KOMHay KaTKa ocep eTy Ke3iHJe BIFBICTHIPY K03((GHUIueHTiHIH ocyi Galikanasl. OCkl KeH OpHBIHIA IIOJIMEp
epiTiHaiciMeH MeH nonumepain BA3-0eH jxoHe cinTi MeH KOMOMHALMSAarbl epiTiHAlIepl MeH KOoifHay KaTKa
acepi Ke3iHIe ©H JKOFapFbl JKUBIHTHIK BIFBICTBIPY KOd(duuueHTiHiH MoHiHe 0,68 yiectik OGipmik Koi-
JKETKI3inai. Amaiina erep KoiHay KaTKa T€K XHMUSUIBIK 9CEPIi €CKepPCeK, OHMA BIFBICTBIPY KO HIMEHTI
cotikeciniue 0.1 xone 0.19 Tex 6onmagpl, Oy apanac oic THIMALTITIH KOPCETEi.

Kinm co30ep: Tay *BIHBI CYITLIEPI, IIOIMMEPMEH Cy TOFBITY, KOMOMHALMSIIBIK Cy TOFBITY 9JIiCl, TYTKBIPIIBIFBI
JKOFaphl MyHaii, BA3, cinTi, KOHIEHTpaNusl, BIFICTEIPY KO3 QUIUCHTI.

A.K. HaykenoBa, XK.b. Kyaros, b.E. bex6ayos, P.b. Mep6aes

CpaBHenne 3¢ GeKTUBHOCTH (PU3UKO-XUMHYECKUX METOI0B YBeJIUYEeHUSI
HedTeOoTAa4H MMyTEM IKCIEPUMEHTAIbHBIX HCCJIeJ0BAHUM
HA KePHOBBIX 00pa3uax mecropo:xaenunii Illpukacnuiickoii BnaguHbl

B crarbe paccMOTpeHO NMoJIuMepHOe U KOMOMHUPOBAHHOE 3aBOJHEHHE Ul (PM3UKO-XUMHYECKOTO BO3JCHCT-
BUS Ha IU1acT MecTopokaeHus X. [t cpaBHeHust 3pGEKTHBHOCTH JaHHBIX METO/IOB ObLIN MPOBEJICHBI 3KC-
HEePUMEHTAIbHbIE UCCIIEIOBAHNS Ha KEPHOBBIX 00pa3liax, COAep KalMX BhICOKOBs3kue HedTH. [JaHHbIE Kep-
Ha (MHTEpBaI 0TOOpA, MOPUCTOCTH, IIPOHHUIIAEMOCTh, 00BEM, a Takke CBOWCTBA IIACTOBOI He(TH M BOIbI)
OBLIM OIIpE/IeNICHEI JI0 IPOBEACHNS (PIIIBTPALIOHHBIX HcclienoBanmii. Ha mepBoM sTane ncciemoBaHuii ObLTO
1oJj00paHoO ONTHUMAILHOE COOTHOILIEHHE pacTBOpoB ITAB m menodeil a1t KOMOMHHPOBAHHOTO 3aBOJHEHHUS,
Ha BTOPOM 3Tare ObUTH BEIOpAaHBI THII MOJIMMEPa H ONTHMaJIbHast KOHIIEHTPALHS KaK [UIS TOJMMEPHOTO, TaK U
JU1sL KOMOMHUPOBAaHHOTO MeToja. s CpaBHUTENIBHOTO aHalIM3a JBYX CIIOCOOOB 3aBOAHEHMs OBUIO PELICHO
UCHOJIb30BaTh OJIHO 3HAYEHHE KOHLEHTpauuu. Ha 3aKkiIi0unTesIbHOM 3Tane A CPaBHUTEIBHOH OLEHKH 3¢-
(hEeKTHBHOCTH MOJIMMEPHOTO U KOMOMHUPOBAHHOTO 3aBOJHEHHS ObLIN BBINOJIHCHBI (DMIBTPALMOHHBIC HCCIIE-
noBaHus Ha ycraHoBke PLS-200. B pesynpraTe npoBeIeHHBIX UCCIEIOBAHUM yCTAaHOBIEHO, YTO MPU 000UX
METOJlax BO3ACHCTBHS Ha IUIACT HAOMIONATOCH yBEJIMUeHUE KOG (UIMEHTa BEITeCHEHUS. ST JaHHOTO Me-
CTOPOXJCHHUS MaKCHMAIIBHBIN CyMMapHBIH K03()(GHUIUEHT BhITeCHEHHs co 3HaueHueM 0,68 momm exn. mocTH-
raeTcs IIpH BO3/CHCTBHU PAcCTBOPOM Kak IOJIHMMEpa, TaK U MOJIMMepa B KOMOMHaAIMHK ¢ pactBopamu [TAB n
menoun. OHAKO €CM y9ecThb TOJBKO XMMHUYECKOE BO3JICHCTBHE Ha IUIACT, TO KOA()(UINECHT BBHITECHEHUS
6yner pasubiM 0,1 1 0,19 cOOTBETCTBEHHO, YTO MOKa3bIBaeT 3PPEKTHBHOCTH KOMOMHUPOBAHHOTO METO/IA.

Kniouegvie cnosa: KepH, NMONUMEPHOE 3aBOJHEHUE, KOMOMHHPOBAHHBIH METOJ| 3aBOJHEHHS, BBICOKOBSA3KAs
HedTh, [TAB, 1meno4p, KOHUEHTpAKs, KOIGPHUIHEHT BHITECHESHNUS.
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Analysis of oil sludge and selection of solvents
for the extraction method of petroleum products recovery

Analysis of oil sludge formed in a storage tank for straight-run fuel oil of «Pavlodar Oil Chemistry Refinery»
LLP was carried out in this work. Content of water, oil products and mechanical impurities was 12.4 %,
17.6 % and 70 %, respectively. A sample of oil separated from the sludge was analyzed for the content of sil-
ica gel resins, paraffins and asphaltenes, and their group composition was studied using the IR spectrometry
method. It was revealed that the oil sludge stabilizers belonged to the paraffin type. TG/DSC analysis was
used to obtain information on the initial and final temperature of the thermal decomposition of the oil sludge.
It was shown that oil products are completely burned to a temperature of 600 °C. This temperature was used
for calcining oil sludge. The phase composition of mechanical impurities isolated from the oil sludge was de-
termined by X-ray diffraction analysis. According to the data obtained from X-ray diffraction analysis, main
constituents of the mineral part of the oil sludge were quartz sand (63.1 %) and albite (16.5 %). The most op-
timal mixture of solvents (white spirit: hexane) for extracting petroleum products from the oil sludge was ob-
tained using the extraction method.

Keywords: oil sludge, mechanical impurities, solvent, extraction, paraffins, resins, asphaltenes, TG/DSC
analysis.

Introduction

Oil sludge is a complex physico-chemical mixture consisting of water, oil products and mechanical im-
purities (clay, sand, metal oxides). These components are well mixed and stabilized. The oil phase primarily
consists of saturated and aromatic hydrocarbons, asphaltenes and resins [1-4]. A significant amount of oil
sludge is produced by the oil industry during production, transportation, storage and refinery. In oil refiner-
ies, sludge is formed during processes of fluid catalytic cracking, visbreaking, air flotation and wastewater
treatment. Oil sludge accumulates in sedimentation tanks and at the bottom of storage tanks, occupying a
working volume [3, 5-7]. Storage of oil sludge causes complex environmental problems, while the oil part of
it is a valuable organic raw material. As a result of utilization it is possible to obtain such commodity prod-
ucts as hydrocarbon gas, commercial fuel components, lubricants, bitumen etc., as well as recycling products
such as uncultivated soil, ash, soot, gaseous components.

Several methods of processing oil sludges are known with the aim of reducing toxicity, minimizing the
volume of oil sludge and extracting petroleum products. Flotation, pyrolysis, combustion, biodegradation,
freezing/thawing, ultrasonic treatment, electrical processing, microwave radiation and solvent extraction are
among them [3, 4]. Their effectiveness depends on the properties of specific oil sludge such as macrostruc-
ture and chemical composition [8]. However, most of the methods are expensive, requiring a long time and
even causing secondary pollution of the environment [6]. Based on the analysis of literature data extraction
of sludge by a solvent is the most effective method of extracting petroleum among the listed methods, which
is characterized by low energy costs [7]. In connection with the foregoing the authors of this paper had aim
to analyze the oil sludge and offer the most effective solvent or solvent system for recovering petroleum
products by the extraction method based on the data obtained. A sample of oil sludge taken from the storage
tank of straight-run heavy fuel oil of «Pavlodar Oil Chemistry Refinery» LLP was selected as a research ob-
ject of this work.

Experimental

The composition of the sludge was determined by the gravimetric method. A sample of oil sludge
(10 g) was dried to constant mass in a thermal oven at 105 °C. The weight loss of the sample was corre-
sponded to the water content of the sludge. The water content determined by the described method corre-
sponds to the water content obtained by the Dean-Stark Method (State standard 2477—-65). The content of

Cepusa «Xumuns». Ne 4(92)/2018 75



Ye.S. Panova, Ye.A. Issabayev et al.

petroleum products in the sludge was calculated from the weight loss of the sludge sample subjected to heat
treatment in a muffle furnace at 600 °C. A sample of oil extracted from the sludge was analyzed for the con-
tent of silica gels (State standard 11858-66), paraffins (State standard 11851-85), resins and asphaltenes
(State standard 11858-66%*).

Results and discussion

It was noted that oil from the sludge is characterized by a relatively large content of silica gel resins (R)
and paraffins (P) 4.67 wt. % and 6.88 wt. % respectively. The content of asphaltenes (A) 1.98 wt. %. It is
known that, depending on the ratio (R + A) / P, oil sludge stabilizers can be subdivided into the following
types, namely, asphaltene ((R + A) / P > 1.0); paraffin (R + A) / P < 1.0); mixed (R + A) / P = 1.0). The
stabilizers of the sludge investigated were assigned to the paraffin type based on the data obtained.

The group composition of isolated paraffins, resins and asphaltenes were studied by IR spectroscopy at
20 °C on a Cary 660 FT-IR spectrometer (Fig. 1). From the IR spectrum of paraffin (Fig. 1a) it can be seen
that its composition contains an intense set of absorption bands in the 2920 and 2852 cm™ region that
corresponds to stretching vibrations of C—H bonds of methyl and methylene groups. The absorption bands in
the 1464 cm ' region are due to bending vibrations of -CH, and —CH; groups. The absorption band in the
region of 1271 cm ' indicates the presence of unbranched paraffin chains [9]. It follows from Figure 1 that
the resin is characterized by a high content of C—H bonds of saturated hydrocarbons in the regions of the
absorption bands 1377, 1459, 2861, 2922 cm ', The absorption bands in the IR spectra of 1018 and
1704 cm™ indicate the presence in the samples of both aromatic structures and carbonyl groups. Asymmetric
and symmetrical oscillations of ~CH; and —CH, groups at 2926, 2857 cm ' are observed in the spectrum of
asphaltenes (Fig. 1¢). The absorption bands around 1700 cm™ are due to the presence of carbonyl groups.
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Figure 1. FT-IR spectra of components of oil sludge

Figure 2 presents photographs of samples of oil sludge before and after calcination. Figure 2a shows
that oil sludge is a mass of black color. The sample acquired a ginger color and became crumbly after calci-
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nation at 600 °C (Fig. 2b). Thus, it can be concluded that all petroleum products are oxidized and burned dur-
ing calcination at temperature of 600 °C.

a
a — a sample of the original oil sludge; 5 — a sample of oil sludge after calcination at 600 °C
Figure 2. Photographs of oil sludge before and after calcination

Oil sludge investigated was analyzed on TG/DSC to obtain information on the initial and final tempera-
ture of thermal decomposition. The studies were performed on a differential scanning calorimeter DSC 131
evo from Setaram at a temperature range from 25 °C to 900 °C. The scanning was performed at a velocity of
20 °C/min. The results of the analysis are shown in Figure 3.
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Figure 3. Thermogram of the oil sludge

Several stages of mass loss can be observed from the curves of TG and DSC of oil sludge shown in
Figure 3 at temperatures below 160 °C, the mass loss on the TG curves corresponds to the evaporation of
moisture and light components whose boiling points are below 160 °C [6]. The thermogram shows the boil-
ing range of the aqueous phase at a temperature of 94.6 °C. The mass loss during the evaporation of light-
boiling components was 10.69 %. The largest loss of mass (17.88 %) is observed at temperatures from
158.3 °C to 578 °C. The exothermic peak (280-578 °C) with a maximum at 450 °C, according to the litera-
ture [9], refers to the oxidative cracking of hydrocarbons. The loss of mass observed above 600 °C is deter-
mined by the thermal decomposition of some inorganic mineral substances [10]. Using this method of re-
search, it was shown that oil products are completely burned to a temperature of 600 °C. Thus, the calcina-
tion temperature was found to determine the content of petroleum products in the oil sludge.
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Determination of the phase composition of mechanical impurities isolated from oil sludge calcined at
600 °C for 1 hour of oil sludge was carried out by X-ray diffraction analysis using a D8 Advance X-ray
diffractometer (Bruker).
Table 1
Results of X-ray phase analysis of mechanical impurities of oil sludge

Name Formula Content, %
Silicon oxide SiO, 63.1
Albite NaAl(Si;0g) 16.5
Orthoclase KAI(Si30g) 6.9
Magnetite FeO-Fe, 05 6.4
Muscovite KAI(Si3A104,)(OH), 4.1
Kaolinite Al,0532 (Si0,) 2 H,O 2.9

According to the data obtained (Table 1), the main constituents of the mineral part of the oil sludge are
quartz sand (63.1 %) and albite (16.5 %), silicates (6.9 %), magnetite (6.4 %), muscovite (4.1 %), kaolin
(2.9 %). The mineral part of the oil sludge investigated, according to the results of the study, is suitable for
use as components of building materials.

Thus, on the basis of a complex analysis of oil sludge, it was determined that the water content in the oil
sludge under investigation was 12.4 wt.%, the content of oil products was 17.6 wt.% and mechanical impuri-
ties was 70 wt.%. As it is known from the literature [3] oil recovery is the most preferred option for the pro-
cessing of oil sludge, it is noted that it is economically feasible to process sludge containing more than
10 mass% of oil. Extraction-gravimetric method for oil sludge was used to select solvents that have an opti-
mal ratio of dissolving power and the ability to break conglomerates of sparingly soluble components into
small fragments.

Table 2

Results of experiments on the selection of solvents by extraction-gravimetric method
at the boiling point of solvents

Solvent/mixture Solvent ratio, Extraction rate
of solvents vol.% of oil products, %
Petroleum ether 100 63.13
White Spirit 100 71.02
Benzene 100 74.60
Petrol 100 82.95
Hexane 100 89.60
Thinner 646 100 96.99
Gasoline: hexene 95:5 88.30
Hexane : hexene 95:5 92.05
White spirit : hexene 95:5 97.44

According to the results obtained (Table 2), the most effective solution for dissolving the sludge is a
mixture of solvents such as white spirit with hexene, the degree of recovery of petroleum products with this
mixture was 97.44 % while in white spirit, which is a mixture of liquid aliphatic and aromatic hydrocarbons
the recovery rate does not exceed 71 %. Good results were obtained using a solvent 646, in which toluene,
butyl acetate, acetone, butanol, ethyl alcohol are present. The recovery rate of oil products was 96.99 %. Pe-
troleum ether was the least effective solvent as it is a mixture of light aliphatic hydrocarbons; the content of
dissolved petroleum products in it was 63.13 %. It can be noted that an increase in the efficiency of solvents
is observed when an unsaturated hydrocarbon (hexene) is added to them.

A series of experiments were carried out to select the optimal ratio of hydrocarbons in white spirit:
hexene mixture in order to extract oil products from oil sludge efficiently. Mass ratio of oil sludge : solvent
was held at 1:4 and the dissolution time was 1 hour. The maximum yield of petroleum products 17.15 % by
weight was observed at a volume ratio of white spirit : hexene 95:5. In this connection, for a given ratio of a
mixture of hydrocarbons, studies were carried out on the selection of the oil sludge: solvent optimal ratio.
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The data indicate that for the oil sludge and solvent mixture of white spirit : hexene (95:5) the ratio 1:4 is
optimal.

Conclusions

Thus, an analysis of oil sludge from a storage tank for straight-run fuel oil was carried out. According to
the TG/DSC analysis, it was found that water evaporation occurred at 94.6 °C, mass loss in the 158.1—
578.3 °C region corresponds to the combustion of organic substances, and at a higher temperature, some in-
organic mineral compounds are expected to decompose. It is established that the mineral part of the oil
sludge was mainly represented by quartz. The most optimal mixture of solvents for extracting petroleum
products from oil sludge was extracted using the extraction method. The best results were obtained by using
a mixture of white spirit : hexene in a weight ratio of 95:5, the ratio of oil sludge : solvent 1:4. At this ratio,
the recovery of oil from the sludge was almost 98 %.
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E.C. ITanosa, E.A. HcabaeB, M.T. Balirasues,
I".". boiiko, H.I1. JIro6uenxo, P.I'. Capmyp3una

MyHaii eHiMAepiH IKCTPAKIUSIBIK dicieH 0eJ1in any ymiH MyYHal HIJIaMbIH
TaJl1ay ’K9He epiTKilTepAi Tanaay

Makanana «IlaBnomap myHaii-xumus 3aybeITel» JKIIC Ma3yTTel cakray pe3epByapblHaH ajbIHFAH MYHal
nuIaMblHa Tangay xyprisiini. Cy, MyHail eHiMIepl MEH MEXaHUKAJIBIK KOCTIAJIAp/ABIH MOJIIIepl ColKeciHIe
12,4 %, 17,6 % xone 70 % xypansl. lllmamuan OemiHII anblHFaH MYHAHIBIH ChIHAMAchl KypaMbIHIa
CHJIMKArelslb IaibIpiIapsl, mapaguHaep jkoHE acGalbTeHAEP MOJIIIEpiH aHBIKTAy YINiH TaJJaHIbl, COHBIMEH
KaTap oOJapAblH TONTHIK Kypamel MK crekrpoMeTpwsicsl apKbUIbl 3epTTenii. MyHai-IITaMbIHEIH
TYPaKTaHABIPFbIITAPbl NapaduHAI TYPiHE >KATATHIHABIFBI AHBIKTAAbl. MyHal NIIaMBIHBIH TEPMHUSIIBIK
BIIBIPAYBIHBIH OacTankbl KOHE COHFBI TeMIlepaTypaiapbl jkainbl akmapar any yuwid TI/JCK Tamngayst
naipanaseiael. MyHait eHimzepi 600 °C TemmepaTypaga TOJBIFBIMEH JKAaHBII KETETIHIIN Oailkasgsl.
CoHABIKTaH aTalfaH TeMmIepaTypa MyHail NUIaMblH KYHOipy YuriH naidpanaHeuinsl. MyHail [iTaMbIHaH
OeJIiHIN anbIHFAaH MEXaHWKAaIBIK KocnaltapiblH (asanslk Kypamsl D8 Advance (Bruker) penrtren-¢asainbix
Iu(dpaKkTOMeTpi KOMETiMeH PeHTIeH-(ha3anblK Tajlgay dAiCiMeH aHBIKTAIAbL. AJBIHFAH MoJIiMeTTep OOHBIHIIA,
kBapI KymeI (63,1 %) sxone ansout (16,5 %) MyHall IUIAMBIHBIH MUHEPAIABI OOJITiHIH HETi3ri KypayIIbIChl
0O0JIBIN TaOBUIATHIHABIFEI KOpceTiai. MyHall MITaMbIHAH SKCTPAKIMs 9iciMEH MyHall eHiMJepiH Oexin axy
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YILIIH epiTKilITep/iH eH OHTAMIBl Kocmachl TaHAanAbl. EH »aKChl HOTMKE YaWT-CIUPUT : TeKCEH KOCIAChl
APKBLIBI AJIBIH/IBL.

Kinm ce3dep: MyHaill LIIaMbl, MEXaHHMKAIBIK KOCIAnap, epiTKill, sKcTpakuus, napaduHaep, Laifbipriap,
acamsrennep, TI'/ACK Tannay.

E.C. ITanosa, E.A. HcabaeB, M.T. Balirasues,
I'.". boiiko, H.II. JIro6uenxo, P.I'. Capmyp3una

AHaJIN3 He(PTAHOIO HIJIaMa U OA00p pacTBopuUTeei
JJISl IKCTPAKIMOHHOI0 METO0/1a U3BJIeYeHHs HeQTenpPOIyKTOB

B crarse nposenen anamu3 HedrsHoro nutama TOO «ITHX3», otoOpaHHOrO M3 pe3epByapa XpaHEHHs IIpsi-
MoroHHOro MasyTa. CojepkaHue BOZBI, HE(TENPOAYKTOB M MEXaHHIECKHX Hpumecell cocraBmio 12,4 %,
17,6 % u 70 % cootBercTBeHHO. O0paszen He(TH, BBIICICHHBIA U3 IIIaMa, ObUT MPOAHAIM3UPOBAH HA CO-
JiepKaHUe CHJIMKAreJIeBbIX CMOJI, MapaMHOB U ac(hajJbTeHOB, a TaKXKe OBUI H3y4YEeH X TPYIIIOBOI COCTaB C
nomouibio Merona MK-crnektpomerpun. BeisBieHo, 4To cTrabunuzatopsl HeTeniaMa OTHOCATCS K mapadu-
HoBoMy THIy. 1 nosy4yeHus nHGOpPMALMK O HauyaJbHOM W KOHEYHOI TeMIepaTypax TepMHUYECKOrO pasiio-
JKeHHs uccaeayeMoro Hedrenuiama 6su1 ucnoan3oBan TT//ICK ananus. Beuio nokasano, 4to HeTenpomyk-
THI TIOJIHOCTBIO cropatoT a0 Temmeparypsl 600 °C. [lanHas TeMneparypa UCIOIb3yeTCs Al NpOBEeAeHUs 00-
xwura Herenmiama. OmnpeneneH (Ga3oBEIl cocTaB MEXaHHMUYECKUX IPHMECEH, BBIICICHHBIX U3 He(Telama,
METOJIOM PeHTreHO0(a30BOr0 aHAIM3a Ha peHTreHogasoBoM mudpakromerpe D8 Advance (Bruker). ITo mo-
JIy9eHHBIM JIAHHBIM BBISIBIIEHO, YTO OCHOBHBIMH COCTAaBJISIOIIMMH MUHEPAIBHOH YacTH He(Telriama sBis-
I0TCS KBapIeBslil necok (63,1 %) n ansbur (16,5 %). beura monobpana Hanbosnee oNTUMaNbHas CMeCh pac-
TBOpUTENEil 11 M3BIeUeHUs HeTenpoayKTOB M3 HedTelulaMa SKCTPAKIMOHHBIM MeTonoM. Jlyumme pe-
3yJbTaThl OBLIN MOTYYEHBI MPU MPUMEHEHUN CMECH YalT-CITUPHT : TEKCEH.

Knoueevie cnosa: HedTSIHON 1I1aM, MEXaHUYECKUE TIPUMECH, PACTBOPHUTENb, SKCTPAKLHS, napaduHbl, CMO-
ab1, achansrensl, TI/JJCK ananus.
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Application of educational games in the teaching of chemistry

The authors of the article consider the possibilities of using the game method of instruction in the study of
chemistry. Correctly selected game and tasks allow activating both the learning process itself and creating
conditions for the multilateral development of students. The article presents two games «Electronic formula»
and «Guess the compound». The main rule of the game «Electronic formulay which guides the players is the
strictly consistent construction of electronic formulas of the currently selected elements. As a result, students
learn the knowledge of electronic constitution of elements and the ability to build them. The second game
«Guess the compound» is based on the question-and-answer principle and ends at the moment when one of
the players (or a group of players) with the help of their guiding indirect questions will guess what this sub-
stance is. Questions can be asked in different ways, but in general, based only on the chemical and physical
properties of the substance being determined. The content and form of the organization of game training con-
tribute to the formation of skills and practical skills, the disclosure of the creative abilities of students. The
opportunity is shown to awaken and strengthen interest in chemistry, a sense of collectivism and mutual assis-
tance in solving difficult problems. The possibilities of mutual enrichment with information and skills in the
process of the game, the development of the ability to generalize and control the acquired knowledge, con-
firmed by the long-term use of the game method of learning in the study of chemistry in secondary schools
and in higher education institutions are revealed.

Keywords: education, educational chemical games, electronic formula, analysis of substance composition.

The use of new technologies in teaching and upbringing is the most priority in the modern educational
process. One of the most effective methods for developing and improving cognitive activity, intellectual and
creative abilities of students is the use of gaming technologies. As practice has shown, they contribute to the
activation of attention, thinking and quick reaction in solving set tasks. A great contribution to the develop-
ment of the theory and practice of gaming technologies was made by many foreign and domestic authors, for
example [1-7].

As a result of the use of game training methods: 1) cognitive activity is stimulated; 2) mental activity is
activated; 3) associative thinking and memorization is formed; 4) develops the ability to solve problematic
issues; 5) personality traits are manifested; 6) the motivation to study the subject increases. Game technolo-
gies in the chemistry lesson contribute to the acquisition of specific practical skills, consolidating them, turn-
ing knowledge into experience. Of course, any learning games should have a great content and cognitive sat-
uration, a scientific content that generates interest in cognition. This strategy can be used to arouse and
strengthen interest in the study of the fundamentals of natural sciences, and in particular the subject of chem-
istry [8]. When using gaming technologies in training, it is necessary to use such methodical procedures that
would activate the thought of students, stimulate them to independently acquire knowledge.

It is necessary for the pupil to work actively and enthusiastically in the lessons, to use this as a starting
point for the emergence and development of curiosity, deep. The process of the game allows to form the
qualities of an active participant in the game process, learns to find and make decisions, develop abilities that
can be found in other conditions and situations, to learn consciousness, non-ordinary behavior, the ability to
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adapt in the existing conditions set by the game. To learn the ability to communicate, establish contacts, get
pleasure from communicating with partners, learn to create a special emotional environment, attractive for
students. Game forms can be used both in school and in higher educational institutions, as well as used in
conducting non-traditional lessons.

A feature of educational games in the natural sciences is the need for a game form to teach students the
laws of a particular science. At the same time, it is necessary to link the educational material with the corre-
sponding teaching game, which is quite a difficult task, since the creation and use of such games require the
consideration of a large number of conditions. For training in higher education, there are few such educa-
tional games. Therefore, the creation of such games for the natural sciences, in particular for chemistry, is an
independent scientific, pedagogical and methodical interest.

One of the first examples of such games in chemistry was presented in [9]. Almost at the same time in
[10; 12-65], similar games were shown for use in chemistry classes at higher educational institutions.

It should be noted that the use of educational games in chemistry classes has made it possible to intensi-
fy the process of chemistry teaching itself, and therefore, as a first example consider the game called «Elec-
tronic formula» which is based on the building of electronic formulas of different chemical elements. The
game offered for learning makes it easier by the students to obtain the knowledge they need for understand-
ing the principles of formation of the electron configuration of the chemical elements. The second game giv-
en as an example is called «Guess the compound», which allows the determination of the substance, asking
the least number of questions about the properties of the ions which compose this compound.

Educational game «Electronic formulay

As is known from the textbooks, the distribution of electrons in the atom by levels and sublevels is rep-
resented by the electronic formulas of the elements. For example, the electronic formula of zinc will look
like this: Zn — 1s*2s%2p®3s”3p®3d'%4s”.

In the learning process, students need knowledge of the electronic structures of elements and the ability
to build them. In the educational game «Electronic formula» use the cards, which show the individual com-
ponents of the electronic formula of the element (see Fig. 1):

2 g2

Figure 1. Card of the educational game «Electronic formulay

All cards have the same size, for example, with cards that are widely known to us for the card game.
The game continues until one of the students-player gets rid of their cards. The main rule that guides players
is the rule of strictly sequential construction of electronic formulas of the currently selected elements (natu-
rally, in the order of the sequence of student moves). For example, the teacher decides to check the students'
knowledge of electronic carbon, chlorine and scandium formulas. To do this, they prepare cards for the com-
ponents of the electronic structures of these elements. In the case of carbon having the electronic formula
1s*2s2p®, make 4 cards (see Fig. 2).

C°||1s*| |2s°| |2p°

Figure 2. A set of cards for the carbon atom in the game «Electronic formula»

Correspondingly, 6 and 8 cards are prepared for chlorine and scandium having electronic structures:
1s*2s*2p°3s”3p” and 1s*2s*2p° 35> 3p°3d' 4s”. Then the cards are mixed and distributed to the playing stu-
dents. Since the number of cards in this example will be equal to 18 and each player is given at least 4-5
cards, the optimal number of players will be 3—4 players. The sequence and direction of the moves of the
participants in the game are agreed in advance. As a rule, the game goes along the clock hand and the first
student begins it, sitting in this direction immediately after the person who distributes cards. The distribution
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of cards to students performs in turn. The scheme for students’ location and the course of the game «Elec-
tronic formulay is presented in Figure 3.

O AL

@ 2
ONNORNENGO

1 — table; 2 — frame of the periodic table; 3 — students; 4 — teacher

Figure 3. Location of the game participants

You must strictly follow the rule of compulsory course for each student. In one move, only one card is
laid out from the number of cards of chemical elements or the electronic formulas that make up them. The
game «Electronic formulay is carried out using the Table shown in Figure 4.

Figure 4. Table of the educational game «Electronic formulay

Cards with components of electronic structures can be laid out only after the card with the chemical
symbol of the corresponding element is put. For example, proceeding analysis of the task described above,
let's say that when distributing cards our student got the following ones (see Fig. 5).

Cl" 222 p% 352340

Figure 5. Cards received for the game by the student-player

To his first move, we can assume that the following game situation will appear on Table, shown in
Figure 6.

C6 | 12252

Sc2l| 162

Figure 6. The situation of the educational game «Electronic formula» at the moment of the student's possible move

Our player can make, according to the rules of the game, two possible moves. The first is to go with a
card of chlorine, while opening up opportunities for other players, allowing them to get rid of other cards, the
second — with a 2s” or 3s” card, continuing the already begun series of respectively carbon or scandium. The
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second move seems naturally more profitable for the player because he has a card 3d', which he can lay out,
sending the game in the direction of building the corresponding for the scandium series. This is also correct
in that he can use the 2p° card in this row. And chlorine cards also allow other players to orientate the game
in a direction more advantageous for them.

Thus, the educational game «Electronic formula» gives students the specific subject knowledge and has
a direct impact on the formation of such qualities of students as the system approach, flexibility, and under-
standing of the basic law of chemistry.

Educational game «Guess the compoundy

The «Guess the compound» educational game is simple both in design and by the rules. Any number of
students can take part in it in any quantitative ratio. The basic principle of the game is the question-and-
answer, and it ends at the moment when one of the players (or a group of players) using his leading questions
will guess the substance hidden from him (her). The opposite side, respectively, selects the substance, in the
literal sense of the word or theoretically, and answers the questions of the requesting side. The answers can
only be unambiguous «yes» or «no». Questions should be as clear and simple as possible. That player (or
team) wins, who will determine the substance, asking the least number of questions. The game is more con-
venient to carry out, thus, when one student stands on the board, and the rest, having chosen up the sub-
stance, answer the questions. Then there is a change of players in order of priority. The game ends when all
students already had have been in the role of guessing player. If the number of players in the group is large,
then it is recommended to play with teams. For a more complete understanding of the game, let's analyze the
corresponding example. It deals with the chemical properties of selected compounds from the cations and
anions. Suppose that for the game the group has offered a solution of the silver nitrate salt. How can the stu-
dent guess this problem? For this, one of the possible variants of questions and answers with comments to
them is supplemented then.

Question: Is it a solution?

Answer: Yes.

Question: Is it colored?

Answer: No.

Two of these questions make it possible to determine whether a solubilized unknown substance is well
dissolved in water (or some other solvent, which it is desirable to specify by asking an additional question: is
the solvent the water?). And whether there are colored anions or cations in solution. If they are available, it is
recommended to find out their color, giving additional information. In our case, this is not the case, and fur-
ther questions can be asked in different ways, but in general, based only on the chemical and physical prop-
erties of the substance being determined. Asking questions like this: the substance cation is in the first group
of the periodic table? — is not allowed, because such generalizations do not give a more complete picture of
the game, so further questions can continue in the following order:

Question: Is the cation of substance monovalent?

Answer: Yes.

Knowledge of the valence of the cation sharply narrows the circle of cation search. Anion ions reacting
with the cation can also act. In our case, the cation circle is limited, and therefore the greatest effect can be
given by the question concerning anions that can precipitate a number of related cations.

Question: Does the substance cation form a precipitate in an ammonia solution with a carbonate ion?

Answer: No.

Question: Does the substance cation form a precipitate with the chlorine anion?

Answer: Yes.

Thus, using the leading questions given above, it was possible to find out that the required cation is pre-
cipitated with hydrochloric acid. Further determination of the cation does not cause difficulties. The cation is
monovalent, so, it can be Hg” or Ag". We will know the cation by asking the question: «Does the molecule
of the chloride precipitate contain two anion atoms?» Having determined the silver ion, we proceed to find
the nature of the anion. This process is simplified since we know that not all anions give a colorless solution
with Ag". The determination of the anion is carried out, in the main, already disassembled above. So, one of
the recommended questions can be:

Question: Is the anion of substance monovalent?

Answer: Yes.

Question: Does the combination of this anion with the hydrogen ion form a very common acid?
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Answer: Yes.

Question: Is it a complex anion consisting of several atoms of two elements?

Answer: Yes.

After these questions and answers, students almost always become clear that the anion which needed to
guess is silver nitrate.

In future, the order of the game does not change much. After determining the substance, the total num-
ber of questions is recorded for the following comparison with the results of other students. The teacher dur-
ing the training game «Guess the compound» serves as a referee and consultant.

Thus, from the material discussed above, it is clear that the game «Guess the compound» forces stu-
dents to use not only all their knowledge but also develops such valuable qualities for specialists as logic,
initiative, ingenuity, non-standard thinking and much more. It is also important that the game can be used
from the very first steps and until the end of training course, up to the exam. Recommend only to take into
account the preparedness of students for the subject in the compilation and selection of tasks for the game. It
is usually better to give for guessing the problem, consisting only of one substance, element, which is espe-
cially valuable for the first periods of training of students in chemistry.
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H.K. Axmeros, I'.T. O3iMbaeBa

XumusaaaH 0ijiM 0epy 0apbICBIHIA OMBIH aPKbLIbI OKBITY JICiH KOJIIaHY

Makasa aBTOpiapbl XuMusiian OimiM Oepy OapbiChiHOA OWBIH apKbUIBI OKBITY OICIH mHaiijanany
MYMKIHIIKTEpiH KapacThIpAbl. JlypbIiC TaHAAJbIN ajblHFAaH OWBIHIAD MEH TalChlpMalap OKy IpoLeci
GapbIChIHIAFBl OUTIM  amyIIbUIapAbIH OCJICCHATINH apTThIPyFa JKOHE ONapAbIH IKAaH-)KAKTHl JaMybIHA
MYMKiHZIiK Oepai. Makanaga «DneKTpoHABIK (opmynay sxoHe «KOChUIBICTBI Tam» OMBIHAAPBIH KApacThIPY
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ycbiHbUTFaH. OHBIHIIBUTAPABIH «NEKTPOHABIK (OpMyJIa» OHMBIHBI OOWBIHIIA YCTaHATHIH OacThl epexeci
TaHJAM alfaH JJIEMEHTTIH 3JIeKTPOHABI (OPMYyJIaChlH KaTaH TypAe OipTiHAen KypacTbIpy OOJbIN TaObLIa/IbL.
HarikeciHge OKyIIbl 3JEMEHTTIH JJIEKTPOHIBI KYPBUIBIMBIH OiNlil, OHBI KYPacThIpyabl Yipenexi. Eximri
olibIH «KOCBIIBICTHI TaI» CYpaK->kayarl IIPUHINI OOMBIHINA XKYPri3ijesi xKoHe OHBIHIIBIIAp LI Oipi (HeMece
OUBIHIIBUIAp TOOBI) OJIAPJBIH XKaHAMa CYpaKTapbIHBIH KOMETIMEH OCHI 3aTTHIH KaHAail ekeHiH OuIreH coTTe
asikranansl. OWBIH apKbUIBI OKBITYABI YHBIMAACTBIPYIBIH Ma3MYHBI MeH ()opMachl OLTIM aTyIIBIHBIH
IIBIFApMAIIbUIBIK KaOiJeTTepiH alibll, IMPAKTHKANBIK JaF[bUIapbl MEH OLTIKTUINIH KaJbIITaCTHIPYFa BIKIIAJ
ereni. XHMMHAFa KbI3BIFYIIBUIBIFBIH OATYFa JKOHE apTTBIPYFa, KMBIH MocelesepAi MISHIye YKbIMIBIK XKOHE
e3apa KOJI YIIBIH Oepyre JereH MYMKIHIIKTEPiH KajlbINTacThlpy KepcerinreH. OHbIH mpoiieci GapbichiHIa
OLTiM aNyIIBIHBIH aKmapar MeH JaF[bUIapbIHBIH KaJbIITACybl, ajiFaH OUTIMIEPiH XKalmbuiay KoHe Oakpuiay
MYMKIHIIKTepiHiH JKeTiyi )Kabl Oi1iM OepeTiH MEeKTeNTepAe JKoHE KOFaphl OKY OPBIHAAPBIH/IA OMbIH 9/IiCiH
¥3aK YaKbIT OOHBI KOJIIAHy JQJIeNIeT OTEIp.

Kinm ce30ep: 6inim 6epy, OKy-XUMUSUIBIK OMBIHAAD, SIEKTPOHIBIK (GopMyia, 3aTTapIbIH KYpaMbIH Tajlay.

H.K. Axmeros, I'.T. AsumbacBa

IIpuMeHeHne y4eOHBIX UTP B IPENOAABAHNH XUMUH

B crarbe paccMOTpEHBI BO3MOXKHOCTH MPUMEHEHHST HTPOBOTO METOIa OOYUCHUS IIPH U3Yd4eHNH XUMHUH. [Ipa-
BIJIBHO MOA00paHHAas Urpa M 3aJaHus MO3BOJISIOT aKTHBU3UPOBATh KAaK CaM IPOIecC 0OydeHUs], TaK U CO3-
JaTh yCJIOBUS Ui MHOTOCTOPOHHETO Pa3BUTHUS ydaIlIuXcsi. ABTOpaMH NPEICTaBICHBl HA PACCMOTPEHUE ABE
Urpsl «DJIeKTpoHHas GpopMyia» U «Yraiail coenrHeHre. [ TaBHBIM MIPaBUIIOM HIPhI «NEKTpOHHAs GopMy-
J1a», KOTOPBIM PYKOBOJCTBYIOTCSI MIPOKH, SIBISIETCS CTPOTO IIOCNIEN0BATENbHOE MOCTPOSHUE BIEKTPOHHBIX
(opMyT BEIOpaHHBIX B JAHHBIH MOMEHT 3JIeMEHTOB. B pesymbraTte y oOywaromuxcs Gopmupyercs 3HaHHE
JJIEKTPOHHBIX CTPYKTYP 3JIEMEHTOB M yMEHHE UX IOCTPOUTH. BTopas mrpa «Yramail coequHEHNe» BEIeTCs
10 TIPUHIIMIY BOIIPOC — OTBET M 3aKaHYMBAETCS B TOT MOMEHT, KOTa OAWH M3 UIPAIOMUX (WX IPyMIIa Ur-
paroImuXx) ¢ MOMOIIBIO CBOMX HABOJSIIUX KOCBEHHBIX BOIIPOCOB JOTagaeTcsl, 4TO 3TO 3 BEmecTBO. Bompocs!
MOTYT 3aJaBaThCsl II0-Pa3HOMY, HO B IIEJIOM OCHOBBIBASICh TOJIBKO HA XUMHYECKHX M (PU3MUECKHX CBOMCTBAX
omnpenenseMoro Bemiecta. Conepkanue U popMa OpraHU3alMy UIPOBOrO 00y4eHHUs cHOCOOCTBYIOT (hopMu-
POBaHUIO YMEHUH U MPAaKTUYECKUX HABBIKOB, PACKPBITHIO TBOPUECKUX CIIOCOOHOCTEH yuamuxcs. [lokaszana
BO3MOXHOCTh MPOOYIUTh U YKPEMHTh UHTEPEC K XUMHHM, YyBCTBO KOJJIEKTHBH3MA U B3aUMOBBIPYYKHU B pe-
IIEHUH TPYJHBIX NPOOsIeM. PacKpbIThl BOSMOXXHOCTH B3auMooOoraiieHus: HHGopMaLueil 1 yMEHUSIMH B IIpoO-
Lecce Urphl, Pa3BUTHSI CHOCOOHOCTH K OOOOIICHMIO M KOHTPOJIO IIOMYYEHHBIX 3HAHHUM, MOATBEP)KICHHBIC
MHOTOJIETHAM IIPHMCHEHHEM MTPOBOTO METOJa 00Oy4eHHs IIPU W3yYeHWH XUMUH B CPEIHEH IIKOJIE U B BBIC-
IIMX y9eOHBIX 3aBEACHHSX.

Knrouegvie cnosa: 06pa3033HHe, 06yqa}ou11/1e XUMHYCCKUEC HUI'PBI, 3JICKTPOHHAA Q)opMyna, aHaJIn3 cocCTaBa
BEIICCTBA.
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